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PREFACE 


This  compendium  is  one  of  a series  of  publications  on  oxygen  by  the  NASA  Aerospace 
Safety  Research  and  Data  Lustitute.  It  is  the  result  of  an  oxygen  system  engineering  and 
technology  review  which  was  conducted  to  identify  the  special  considerations  for  achieving 
safe  and  reliable  oxygen  systems.  The  document  identifies  the  major  problems  affecting 
the  reliability  of  oxygen  systems,  and  it  summarizes  the  basic  oxygen  technology  appli- 
cable for  the  design,  fabrication,  and  use  of  oxygen  systems.  Included  is  a compilation 
of  data  that  helps  to  define  the  limiting  conditions  of  use  that  oxygen  **compatB>le"  math* 
rials  may  be  expected  to  withstand  when  used  in  oxygen  systems. 

The  purpose  of  this  volume  is  to  show  how  oxygen  systems  may  be  designed  and  used 
safely  and  reliably  by  applying  known  engineering  principles  and  past  ei^neerli^ 
experience. 


Solomon  Weiss,  Acting  Director 
Aerospace  Safety  Research  and  Data  Institute 
National  Aeronautics  and  Space  Administration 
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FOREWORD 

The  design  and  operation  of  oxygen  systems  has  been  relatively  routine,  but  the  occa- 
sional accidents  that  have  occiirred  dviring  the  handling  and  use  of  liquid  and  gaseous  ox- 
ygen indicate  a need  for  a better  understanding  of  the  reactivity  of  oxygen  at  temperatures 
and  pressures  beyond  the  familiar  experience. 

Technically,  how  to  handle  and  use  oxygen  is  primarily  a matter  of  understandit^ 
the  circumstances  that  cause  oxygen  to  become  reactive  with  its  surroimdings.  Liquid 
and  gaseous  oxygen  in  contact  with  or  mixed  with  most  materials  will  not  react  or  ignite 
without  an  ignition  source.  Therefore,  problems  are  usually  not  experienced  when  de- 
signing for  and  operating  oxygen  systems  at  nominal  pressures  and  temperatures.  With 
higher  oxygen  system  pressures  and  the  resulting  flow  velocities,  the  severity  of  the  ox- 
ygen environment  is  increased,  the  resulting  sensitivity  to  ignition  sources  is  increased, 
and  the  compatibility  of  materials  with  oxygen  is  decreased.  The  effect  is  a reduction  in 
the  number  of  candidate  materials  that  can  be  used  in  such  systems. 

The  environmental  limits  of  time,  temperature,  pressure,  flowrate,  contamination, 
and  other  physical  and  chemical  stresses  that  materials  can  be  exposed  to  and  withstand 
in  oxidizer  systems  need  to  be  defined  and  known  for  each  application.  This  is  necessary, 
too,  for  planning  the  research  and  development  for  extending  the  state-of-the-art  in  ox- 
ygen utilization.  If  compatibility  data  as  functions  of  environmental  conditions  are  pro- 
vided, the  state-of-the-art  can  be  advanced  with  less  risk  of  unknown  factors,  and  engi- 
neerii^  groups  without  high  pressure  oxygen  experience  will  avoid  the  problems  inherent 
in  these  systems. 


Harold  W.  Schmidt 
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CHAPTER  1.  INTRODUCTION 


The  commercial  availability  and  widespread  use  of  oxygen  by  the  general  public,  in- 
dustry, NASA,  and  other  federal  agencies  have  made  the  handling  of  oxygen  commonplace 
and  routine.  However,  it  has  been  stated  that,  in  general,  oxygen  is  so  easy  to  handle 
that  it  can  be  dangerous.  When  an  incident  occxirs  with  oxygen  it  can  be  catastrophic  in 
nature,  and  the  vigorous  burning  of  a part  of  the  system,  or  an  explosion,  can  occur. 
Because  they  are  rare,  these  occurrences  are  always  unexpected.  Oxygen  system  fail- 
ures are  most  often  associated  with  a charge  from  a steady -state  condition.  They  are 
also  associated  with  contamination  that  is  sensitive  to  ignition  with  oxygen. 

Accident  prevention  in  the  use  of  oxygen  requires  understanding  the  characteristics 
of  the  fluid  being  handled,  recognizing  the  limits  of  compatibility  of  materials  with  ox- 
ygen, and  maintaining  a clean  system.  The  purpose  of  this  volume  is  to  provide  the  phys- 
ical and  chemical  backgrotind  information  which  will  be  helpful  in  meeting  these  require- 
ments. It  is  the  function  of  the  designer  to  reduce  or  eliminate  the  possibility  of  oxygen 
system  failure  by  anticipating  potential  operating  problems  and  selecting  appropriate  ma- 
terials, configurations,  and  controls.  Accordingly,  the  emphasis  of  this  review  is  on  de- 
sign. However,  where  they  are  pertinent,  considerations  for  assembly,  maintenance, 
and  operations  are  an  integral  part  of  the  review. 

The  following  chapters  discuss  many  of  the  special  considerations  that  should  be 
taken  into  account.  They  also  attempt  to  provide  an  under standii^  of  the  characteristics 
of  gaseous  and  liquid  oxygen  and  how  to  deal  with  them  vinder  various  circumstances. 
Understanding  the  behavior  of  oxygen  with  materials  under  use  conditions  reduces  the 
possibility  of  system  failures.  Also  reduced  are  the  potential  hazards  aiid  their  resulting 
costs  and  time  losses. 

The  subject  is  covered  in  four  parts:  (1)  oxygen  characteristics,  purity,  and  spec- 
ifications (ch.  2),  (2)  compatibility  of  materials  with  oxygen  (ch.  3),  (3)  fluid  flow  phe- 
nomena and  fluid  system  characteristics  of  special  concern  in  oxygen  systems  (ch.  4), 
and  (4)  engineering  review  of  oxygen  systems  and  components  (chs.  5 to  10).  The  first 
two  parts  provide  an  insight  into  the  nature  of  oxygen  - its  characteristic  behavior  with 
other  materials  and  how  this  behavior  varies  with  operating  conditions.  The  last  two 
parts  deal  primarily  with  the  application  of  oxygen  technology  to  fluid  systems  and  their 
components. 


Special  effort  has  been  made  to  compile  and  correlate  data  on  ignition  energies  and 
burning  rates  of  materials  in  various  oxygen  environments.  Although  the  data  came  from 
many  sources  using  different  techniques,  good  correlation  was  obtained  on  the  effect  of 
oxygen  pressure  (and  partial  pressure)  on  bvirning  rates  and  ignition  temperatures. 

Operating  pressure  ranges  as  they  are  used  in  this  document  are  defined  as  follows: 
Low  pressure  0 to  500  psia 

Medium  pressure  500  to  2000  psia  ^ 

High  pressure  2000  to  7500  psia 

Very  high  pressure  7500  to  10  000  psia 

Ultra -high  pressvire  10  000  to  15  000+  psia 

While  the  general  design  considerations  for  oxygen  systems  for  both  flight  and 
ground-based  hardware  are  essentially  the  same,  the  problems  encountered  in  flight 
hardware  design  are  often  more  severe.  This  is  true  because  of  the  weight  limitations 
and  lower  structural  margins  of  safety  for  fl^ht  hardware  and  the  more  critical  nature 
of  the  flight  environment.  For  this  reason  the  two  classes  of  hardware  are  usually 
treated  separately  in  this  review. 

A microfiche  supplement  covering  the  pertinent  pages  of  the  references  listed  is 
attached  to  the  back  cover  for  the  convenience  of  the  reader.  (Commonly  available 
handbooks  and  copyr^hted  text  books  are  not  included. ) An  index  to  the  microfiche 
supplement  is  included  as  a part  of  the  list  of  references.  Definitions  of  terms,  acro- 
n3ntns,  and  trade  names  are  included  in  appendix  A.  Also,  since  the  units  used  through- 
out the  volume  are  generally  those  of  the  references,  conversion  factors  are  included 
as  appendix  B. 
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CHAPTER  2.  CHARACTERISTICS  OF  OXYGEN 


Oxygen  occurs  naturally  as  one  of  the  elements  and  is  one  of  the  five  strongest  el- 
emental oxidizers  along  with  fluorine,  chlorine,  bromine,  and  iodine  (the  halogens). 

Under  most  circumstances  oxygen  reacts  very  slowly  or  not  at  all.  But  under  other  cir- 
cumstances it  becomes  highly  reactive  and  will  react  with  fuels  at  high  energy  release 
rates.  It  is  this  reactivity  which  is  the  primary  reason  for  special  concern  when  design- 
ing hardware  to  be  used  in  oxygen  service.  Under  certain  conditions  the  elemental  ox- 
idizers oxygen  and  fluorine  and  the  fluorine -oxygen  mixtxmes  (FLOX)  have  the  same  char- 
acteristics and  behave  in  the  same  manner: 

(1)  They  form  oxidation  films  on  metals  that  inhibit  further  reaction. 

(2)  They  ignite  spontaneously  with  fuels  at  their  respective  ignition  temperatures. 

(3)  They  burn  metals  and  most  nonmetals  vigorously  when  ignited. 

Oxygen  reacts  with  nearly  all  materials  that  are  not  already  fxilly  oxidized.  However, 
oxygen  is  more  able  to  mix  and  form  explosive  mixtures  with  gases,  liquids,  and  solids 
than  with  either  FLOX  or  fluorine.  Fluorine  is  too  reactive  (hypergolic)  to  mix  with  most 
materials  and  instead  reacts  on  contact  at  whatever  rate  the  reactants  are  combined. 

The  passive  mixing  characteristics  of  oxygen  are  the  basis  for  its  greatest  hazard:  once 
the  oxygen -fuel  mixtvire  is  ignited,  the  reaction  may  proceed  violently,  even  explosively. 
The  most  common  hazard  exists  when  gaseous  oxygen  is  mixed  with  any  vaporized  fuel, 
thus  formit^  an  easily  ignited  and  frequently  explosive  mixture.  Of  nearly  equal  concern 
is  the  absorption  of  oxygen  by  porous  solids  such  as  clothing  which,  when  ignited,  may 
burn  vigorously.  Similarly,  a liquid  oxygen  spill  may  soak  a solid  fuel  material,  such  as 
asphalt  pavii^,  and  form  an  extremely  reactive  or  explosive  mixture.  Oxygen  in  the  liq- 
uid state  is  also  potentially  hazardous  due  to  its  extremely  low  temperature. 

Recognition  of  these  basic  characteristics  of  oxygen  is  necessary  to  evaluate  the 
safety  of  any  oxygen  system  and  is  important  in  preventing  system  failure  and  the  result- 
ing hazards,  cost,  and  time  loss.  The  more  subtle  characteristics,  that  is,  its  potential 
reactivity  in  fluid  systems  due  to  pressure,  temperature,  and  flow  effects,  are  discussed 
in  succeedii^  sections  of  this  volume. 
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TABLE  2-1.  - FIXED  POINT  PROPERTIES  OF  OXYGEN^ 

[values  in  parenthesis  are  estimates  ] 

(a)  Metric  units  (ref.  1,  p.  314);  gas  constant.  R = 62  365. 4 cm^-mm  Hg/mole-K;  molecular  weight.  31.  9988,  mole  = gram  mole 


Properties 

Conditions 

Triple  point 

Normal  boiling 
point 

Critical 

point 

Standard  condi- 
tions 

Solid 

Liquid 

Vapor 

Liquid 

Vapor 

STP 

(O'^C) 

NTP 
(20°  C) 

Temperature,  K 

54.351 

90.  180^ 

154.  576 

273.  15 

293.  15 

Pressure,  mm  Hg 

1.138 

760 

37  823 

760 

760 

Density,  (mole/cm^)xiO^ 

42.  46 

40.  83 

0. 000336 

35.65 

0.  1399 

13.63 

0.04466 

0.  04160 

3 -3 

Specific  volume,  (cm  /mole)xlO 

0.02355 

0.02449 

2975 

0.  028047 

7.  1501 

0.07337 

22.392 

24.  038 

Compressibility  factor,  Z - PV/RT 

0. 0000082 

0.9986 

0. 00379 

0.  9662 

0.  2879 

0.  9990 

0.9992 

Heats  of  fusion  and  vaporization,  J/mole 

1 

444.  ft  7761.4 

6812.3 

0 

Specific  heat, 
J/mole-K 

■ 

At  saturation,  Cg 

46.07 

53.313 

-108.7 

54. 14 

'53.  2 

(Very  large) 

At  constant  pressure.  C^. 

53.  27 

29.  13 

54.  28 

30.  77 

(Very  large) 

29.33 

29.40 

At  constant  volume, 

35.65 

20.  81 

29.64 

21.  28 

(38.  7) 

20.  96 

21.04 

Specific  heat  ratio,  y = C^/C^ 

1.  494 

1.  400 

1.  832 

1.446 

(Large) 

1.  40 

1.  40 

Enthalpy,  J/mole 

-6634.  4 

-6189.6 

1571.8 

-4270.  3 

2542. 0 

1032.  2 

7937.8 

8525.  1 

Internal  energy,  J/mole 

-6634.  4 

-6189.6 

1120.0 

-4273.  1 

1817.  5 

662.3 

5668.  9 

6089. 5 

Entropy,  J/mole-K 

58.92 

67. 11 

209.  54 

94.  17 

169.68 

134.  42 

202.4 

204.  5 

Velocity  of  sound,  m/sec 

1159 

141 

903 

178 

164 

315 

326 

Viscosity, 

(N-sec/m^)xlO^ 

0.6194 

0.003914 

0.  1958 

0.00685 

(0.  031) 

0.01924 

0.  02036 

Centipoise*^ 

0.6194 

0.003914 

0.  1958 

0.  00685 

(0.  031) 

0.01924 

0.  02036 

Thermal  conductivity,  k,  mW/cm-K 

1.  929 

0.  04826 

1.515 

0.08544 

(d) 

0.  2428 

0.  2575 

Prandtl  number,  N = uC  /'k 
pr  p 

5.  344 

0.  7392 

2.  193 

0.  7714 

0.  7259 

0.7265 

Dielectric  constant,  e 

(1.614) 

1.  5687 

1.000004 

1.  4870 

1.00166 

0. 17082 

1.00053 

1.  00049 

Index  of  refraction,  ® n = 

(1.  271) 

1.  2525 

1. 000002 

1.219 

1.00083 

1.  0820 

1.00027 

1.  00025 

Surface  tension,  (N/m)xlO^ 

22.65 

13.20 

0 

Equivalent  volume/volume  liquid  at  NBT 

0.  8397 

0.  8732 

106  068 

1 

254.9 

2.616 

798.4 

857.1 

(b)  English  units  (ref.  1,  p.  414);  gas  constant,  R = 0. 335385  ft^-psi/lb-°R 


Properties 

Conditions 

Triple  point 

Normal  boiling 
point 

Critical 

point 

Standard  condi- 
tions 

Solid 

Liquid 

Vapor 

Liquid 

Vapor 

STP 
(32°  F) 

NTP 
(68°  F) 

Temperature,  °F 

-361.  84 

-297.  Z5^ 

-181.43 

32.0 

68.0 

Pressure,  psia 

0.  0220 

14.  696 

731.4 

14.696 

14. 696 

Density,  Ib/tt^ 

84.82 

81.57 

0.0006715 

71.23 

0. 2794 

27.23 

0.  0892 

0.0831 

q 

Specific  volume,  ft  /lb 

0.01179 

0.  01226 

1489.2 

0.  01404 

3.  5793 

0.  03673 

11.21 

12.  03 

Compressibility  factor,  Z = PV/RT 

0. 0000082 

0.  9985 

0.  00379 

0. 9662 

0.  2879 

0.  9990 

0. 9992 

Heats  of  fusion  and  vaporization,  Btu/lb 

5.  967  104.  348 

91.  688 

0 

Specific  heat, 
Btu/lb-°R 

At  saturation, 

0.345 

0.  398 

-0.812 

0.404 

-0.  397 

(Very  large) 

At  constant  pressure, 

0. 398 

0.218 

0.  405 

0.  230 

(Very  large) 

0.219 

0.  220 

At  constant  volume, 

0.266 

0. 155 

0.  221 

0.  159 

(0.  289) 

0. 157 

0.  157 

Specific  heat  ratio,  y = 

1.496 

1.  406 

1.833 

1.  447 

(Large) 

1.  40 

1.40 

Enthalpy,  Btu/lb 

-89. 192 

-83.  216 

21. 132 

-57.  412 

34.  178 

13.88 

106.  72 

114.62 

Internal  energy,  Btu/lb 

-89.  192 

-83. 216 

15. 057 

-57.  450 

24.  435 

8.90 

76.  22 

81.  875 

Entropy,  Btu/lb-°R 

0.  4401 

0. 50122 

1.5651 

0.  70339 

1.  2674 

1.  004 

1.  5123 

1.  5278 

Velocity  of  sound,  ft/sec 

3804 

461 

2963 

583 

537 

1033 

1070 

Viscosity, 

(lb/sec-ft)xl0® 

41.62 

0.263 

13.  16 

0.460 

(2. 1) 

1.293 

1.  368 

Centipoise° 

0.  6194 

0.003914 

0. 1958 

0. 00685 

(0.031) 

0.01924 

0.  02036 

Thermal  conductivity,  k,  Btu/hr-ft-°R 

0.  11156 

0. 00279 

0.  08758 

0. 00494 

(d) 

0.01404 

0.  01489 

Prandtl  number,  = uC  /k 

pr  p' 

5.  3437 

0. 7392 

2. 1929 

0.7714 

— 

0.  7259 

0.7265 

Dielectric  constant,  € 

(1.  614) 

1.  5687 

1.000004 

1.4870 

1.00166 

1.  17082 

1. 00053 

1.  00049 

Index  of  refraction,  ® n = ^ 

(1.  271) 

1.  2525 

1.000002 

1.  219 

1.  00083 

1. 0820 

1.00027 

1.  00025 

Surface  tension,  (lb/ft)xlO^ 

1.552 

0.  9046 

0 

Equivalent  volume/volume  liquid  at  NBT 

0.  8397 

0.  8732 

106  068 

1 

254.9 

2.616 

798.4 

857.  1 

^For  basic  data  sources  the  reader  is  referred  in  ref.  1. 

*^Based  on  the  NBS-1955  temperature  scale  using  90,  180  K as  a fixed  point  for  the  normal  boiling  temperature  of  oxygen.  (The 


IPTS-1968  temperature  scale  used  90, 188  K as  the  normal  boilii^  temperature  of  oxygen  but  the  reported  data  used  in  these 
tables  has  not  yet  been  converted  to  the  new  temperature  scale, ) 273. 15  K = 0®  C = 32°  F s 491. 67°  R 
°Units  for  poise,  g/cni-sec. 

^^Anomalously  large. 

®Long  wavelengths. 


2.1  PROPERTIES  OF  OXYGEN 


Fixed  point  properties  of  oxygen  are  included  in  table  2-I(a)  (Metric  Units)  and  2 -1(b) 
(U.  S.  Customary  Units).  More  precise  tabular  data  are  presented  in  reference  1 
(pp.  145-420). 


2.  2 OXYGEN  CONTAMINATION 

One  cause  of  failure  in  oxygen  systems  is  contamination.  Contamination  may  be  in- 
troduced during  the  manufacttire  of  the  oxygen  or,  subsequently,  during  the  handlii^  or 
final  use.  In  liquid  oxygen,  dissolved  contaminants  are  primarily  hydrocarbons  although 
other  materials  such  as  carbon  dioxide  (CO2)  are  slightly  soluble.  Solid  contaminants  in 
both  liquid  and  gaseous  oxygen  include  particulates  such  as  wear  particles  or  dislodged 
oxides.  In  liquid  oxygen,  moisture  and  frozen  undissolved  contaminants,  such  as  CO2  or 
acetylene,  may  accumulate  in  the  system. 

Hydrocarbons  are  present  in  atmospheric  air  from  which  oxygen  is  generated. 

These  are  partially  removed  during  oxygen  production.  The  heavier  (high  molecular 
weight)  hydrocarbons  are  removed  to  insignificant  concentrations  during  initial  distilla- 
tion but  light  (low  molecular  weight)  hydrocarbons  such  as  methane,  acetylene,  ethane, 
ethylene,  propane,  and  butane  may  remain  with  the  oxygen.  These  are  fxirther  decreased 
by  further  distillation  and  subsequently  reduced  to  acceptable  levels  with  silica  gel 
absorbers. 

Hydrocarbon  contamination  may  be  reintroduced  through  various  means  during  sub- 
sequent handling  and  transfer.  Since  most  of  the  common  contaminants  are  less  volatile 
than  liquid  oxygen  they  tend  to  increase  in  concentration  during  handling  and  storage. 

The  normal  (atmospheric)  boiling  points  and  freezing  points  of  some  air  contaminants  are 
given  in  table  2-H  (ref.  2). 

Whenever  a hydrocarbon  is  present  in  LOX  in  quantities  greater  than  its  solubility 
limit  it  separates  out  as  a liquid  or  a solid  depending  on  the  freezing  point.  It  may  also 
accumulate  in  the  system.  Solid  hydrocarbons  in  liquid  oxygen  could  be  explosive  if  sub- 
jected to  an  ignition  source  such  as  friction,  shock  wave,  or  impact.  Severe  damage 
from  explosion  and  fire  could  result.  Subsequent  warming  of  the  system  can  vaporize  the 
liquid  oxygen  and  the  contaminant  which  could  resvilt  in  an  explosive  mixture.  In  fact,  the 
low  molecular  weight  hydrocarbons  (i.  e.  , methane,  ethane,  and  propane)  have  a solubil- 
ity limit  which  exceeds  their  respective  lower  flammability  limits  when  vaporized. 

Tables  2-IH  and  2-IV  (refs.  2 and  3)  give  solubility  limits  in  liquid  oxygen  (at  normal 
boiling  point)  and  flammability  iimits  in  gaseous  oxygen  for  some  of  the  more  common 
contaminants.  Solubilities  as  a function  of  temperature  are  given  in  appendix  C while 
table  2-V  (ref.  4)  lists  the  detonability  limits  of  some  fuels  in  gaseous  oxygen. 
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TABLE  2 -II.  - PROPERTIES  OF  SOME  AIR  CONTAMINANTS^ 


Density  at 
-297.  3°  F, 


Helium 

Hydrogen 

Neon 

Nitrogen 

Carbon  monoxide 

Argon 

Oxygen 

Methane 

Krypton 

Nitric  oxide 

Ozone 

Xenon 

Ethylene 

Ethane 

Nitrous  oxide 

Acetylene 

Carbon  dioxide 

Hydrogen  sulfide 

Carbonyl  sulfide 

Propylene 

Propane 

Ammonia 

Formaldehyde 

iso-Butane 

iso-Butylene 

1 - Butene 

1,  3 -Butadiene 
n-Butane 

2 - Butene 
Ethylene  oxide 
Acetaldehyde 
Nitrogen  dioxide 
n-Pentane 
Acetone 
Methanol 
Hexane 
Benzene 
Water 
n-Decane 


.625 
1.  58 


1.65 

.775 


Normal  boiling  point 

Freezing  point 

°F 

°C 

°F 

°C 

-452.0 

-268. 89 

’^-455.  8 

-271. 11 

-423.0 

-252. 78 

-434. 5 

-259.  11 

-410.6 

-245. 99 

-415.  6 

-248.  57 

-320. 4 

-195.75 

-345.7 

-209. 75 

-310.0 

-190. 00 

-340.  6 

-206.  95 

-302.3 

-185. 70 

-308. 7 

-189.  34 

-297.3 

-182. 88 

-361.  1 

-218. 34 

-258.7 

-161.  53 

-299.  2 

-183.  99 

-243.2 

-152. 98 

-249. 9 

-156.  57 

-241.2 

-151. 87 

-262.  5 

-163. 56 

-169.  4 

-111.  67 

-313.  8 

-192.  02 

-160.8 

-107. 02 

-169.6 

-111.  94 

-155.0 

-103. 89 

-272. 9 

-169. 34 

-126.9 

-88.  23 

-277. 6 

-171. 97 

-127.3 

-88. 53 

-152.  3 

-102.  42 

‘^-llO.  5 

-83. 51 

-115. 2 

-81.  87 

®-109. 3 

-78. 53 

-69.  9 (5.  2 atm) 

-56. 57 

-79.2 

-61.  87 

-117.  2 

-82.  98 

-54.4 

-47. 98 

-216.  4 

-137. 98 

-52.6 

-46. 97 

-301.  4 

-185. 25 

-43.9 

-42. 12 

-309. 8 

-189. 34 

-28.0 

-33. 33 

-107. 9 

-77. 68 

-5.8 

-20. 91 

-133. 6 

-91.  97 

10.4 

-11.  92 

-229.  0 

-145. 00 

21.  2 

-5.  96 

-220.  5 

-140.  28 

23.0 

-5.  00 

-202. 0 

-130. 00 

26.7 

-3.  03 

-164 

-108.  89 

31.  1 

-.  49 

-211.  0 

-135.  00 

33.  8 (cis) 

1.  01 

-218 

-138. 89 

51.3 

10.  76 

-168.  3 

-111. 31 

69.8 

21.  01 

-190. 3 

-123. 53 

70.3 

21.  31 

15.  3 

-9.  24 

97.2 

36.  21 

-204. 7 

-131.  45 

133.7 

56.  47 

-139. 0 

-95.  00 

148.4 

64.  68 

-144.0 

-97. 78 

156.2 

68.  99 

-137.7 

-94. 04 

176.2 

80.  16 

41.  9 

5.  51 

212.0 

100. 00 

32.  0 

0.  00 

345.2 

173. 99 

-23.  8 

-30. 91 
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TABLE  2-in.  - SOLUBILITY  LIMIT^  OF 
HYDROCARBONS  IN  LIQUID  OXYGEN^ 


Solubility  at  -297.  3°  F (-183°  C). 


Gas 

Solubility 

ppm  - methane 
equivalent 

ppm  - moles 

Methane 

980  000. 0 

980  000.  0 

Ethane 

430  000. 0 

215  000.  0 

Propane 

150  000. 0 

50  000. 0 

Ethylene 

55  000. 0 

27  500.  0 

Propylene 

20  100.  0 

700.  0 

i -Butane 

7 640.0 

1 910.  0 

Butene- 1 

4 000.  0 

1 000.  0 

n-Butane 

3 440.  0 

860.  0 

i- Butylene 

530.0 

135.0 

n- Pentane 

°100. 0 

°20.  0 

Acetylene 

10.0 

5.0  (°1.7) 

n- Hexane 

°12.0 

°2.  0 

n-Decane 

°6.0 

°.6 

Acetone 

°4.  5 

°1.  5 

Methanol 

°12.0 

^12.0 

Ethanol 

°30.0 

°15.  0 

Carbon  dioxide 

°4.  2 

°4.  2 

^Solubility  limits  as  function  of  oxygen  tempera- 
ture are  presented  graphically  in  appendix  D. 
'^Ref.  2,  p.  55. 

°Ref.  3,  p.  113-M. 


TABLE  2-IV.  - LOWER  FLAAIMABILITY 
LIMIT  OF  HYDROCARBONS  SOLUBLE 


IN  LIQUID  OXYGEN^ 


Gas 

Flammability  units 

ppm  - methane 
equivalent 

ppm  - moles 

Methane 

50  000 

50  000 

Ethane 

60  000 

30  000 

Propane 

63  600 

21  200 

Ethylene 

55  000 

27  500 

Propylene 

60  000 

20  000 

i- Butane 

72  000 

18  000 

Butene- 1 

64  000 

16  000 

n- Butane 

74  400 

18  600 

i -Butylene 

72  000 

18  000 

n- Pentane 

70  000 

14  000 

Acetylene 

50  000 

25  000 

n- Hexane 

70  800 

11  800 

n-Decane 

77  000 

7 700 

^Refs.  2 (p.  55)  and  3 (p.  117-M). 
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TABLE  2-V.  - DETONABILITY  LIMITS  OF  GAS- 


OXYGEN  MIXTURES,  DETERMINED  USING 
400  J HIGH  EXPLOSIVE  DETONATOR 


FOR  INITIATION^ 


Gas 

Lower  deton - 
ability  limit'^ 
(volume  percent 
gas) 

Upper  deton- 
ability  limit  ^ 
(volume  percent 
gas) 

Acetaldehyde 

12 

to 

14 

46 

to 

50 

Acetylene 

6.  5 

to 

7 

67 

to 

69 

Carbon  disulfide 

12 

to 

13 

d 

>46 

Cyclopropane 

6.  5 

to 

7 

38 

to 

40 

Diethyl  ether 

4.  5 

to 

5 

28 

to 

30 

Ethane 

10 

to 

12 

38 

to 

40 

Ethylene 

9 

to 

9.  5 

50 

to 

52 

Ethylene  oxide 

8 

to 

9 

64 

to 

66 

Ethyl  nitrite 

4 

to 

4.  5 

58 

to 

62 

Methylacetylene 

5.  5 

to 

6 

48 

to 

50 

Methyl  vinyl  ether 

5 

to 

5.  5 

44 

to 

46 

Propadiene 

5 

to 

5.  5 

48 

to 

50 

Propane 

6.  5 

to 

7.  5 

30 

to 

32 

Propylene 

6.  5 

to 

7 

36 

to 

38 

Vinyl  fluoride 

11 

to 

12 

54 

to 

56 

^Ref.  4,  p.  384. 

'^Detonation  was  observed  at  the  higher  gas  concentra- 
tion but  was  not  observed  at  the  lower  gas  concen- 
tration. 

*^Detonation  was  observed  at  the  lower  gas  concentra- 
tion but  was  not  observed  at  the  higher  concen- 
tration. 

^^Experiments  at  higher  gas  concentration  not  possible 
due  to  vapor  pressure  limitations. 


Note  the  very  low  solubility  of  acetylene  in  table  2-V.  It  is  less  dense  than  liquid  ox- 
ygen and  can  readily  accumulate  in  liquid  oxygen  systems.  Also,  acetylene  is  a highly 
unsaturated  hydrocarbon  (with  a triple  bond)  which  makes  it  unstable  and  highly  reactive 
(shock  and  heat  sensitive)  in  oxygen  to  a greater  degree  than  the  other  hydrocarbons. 
Therefore,  acetylene  is  highly  undesirable  as  a contaminant  and  its  presence  in  oxygen  is 
generally  limited  to  0.  05  ppm  or  less.  Because  of  these  characteristics  it  is  generally 
measured  separately  from  the  rest  of  the  hydrocarbons  which  are  measured  as  a group 
and  reported  as  an  equivalent  amoimt  of  methane  based  on  carbon  atom  content. 

Solid  contaminants,  in  addition  to  the  fire  and  explosion  hazard,  present  the  added 
hazards  of  mechanical  malfunction  and  plugging  or  the  restriction  of  flow.  System  fail- 
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ures  due  to  these  hazards  can  be  minimized  by  controlling  the  purity  of  the  oxygen  and 
maintaining  adequate  system  cleanliness.  Most  solid  hydrocarbon  impurities  are  lighter 
than  LOX.  (See  contaminant  densities  in  table  2 -II. ) They  tend  to  float  and  accumulate  , 
at  liquid  level  surfaces.  This  may  be  observed  by  examinir^  the  walls  in  a LOX  storage 
tank.  If  impurities  have  been  present,  there  may  be  a ring  in  the  tank  near  the  usual  liq- 
uid level. 

In  general,  the  contamination  of  oxygen  will  increase  as  it  is  handled  or  stored.  As 
liquid  oxygen  is  lost  by  vaporization,  contaminant  concentration  increases.  Whenever  a 
system  is  opened  for  repair  or  even  for  transfer  line  connect  and  disconnect  operations 
contamination  may  enter  the  system.  Long  term  wear  and  deterioration  of  mechanical 
components  may  contribute  to  particulates.  Even  residue  from  solvents  used  for  clean- 
ing may  be  a source  of  added  contamination.  These  are  the  reasons  why  it  is  important 
to  maintain  rigid  cleanliness  practices  and  provide  filters  in  stategic  locations  in  some 
oxygen  systems.  (See  chapter  10  on  FILTERS.) 

It  is  evident  that  control  of  the  various  sources  of  contamination  mentioned  pre- 
viously is  critical  to  the  safe  operation  of  oxygen  systems.  While  specific  control  proce- 
dures are  a function  of  system  complexity  and  product  end  use,  many  techniques  for  such 
control  have  evolved.  Contamination  control  procedures  and  specifications  and  oxygen 
quality  control  tests  and  test  methods  are  listed  in  references  2 (appendix  3),  5 (sec.  4), 
6,  and  7 (secs.  2 and  3).  Cleaning  procedures  and  verification  techniques  are  discussed 
in  reference  8. 


2.3  OXYGEN  PURITY  REQUIREMENTS 

Oxygen  purity -level  requirements  are  dictated  by  the  effect  the  contaminants  have  on 
the  end  use  item.  For  example,  fuel  cells  are  sensitive  to  some  impurities  that  would  be 
acceptable  for  life  support  systems.  The  requirement  for  extremely  high  pxirity  oxygen 
for  fuel  cells  is  necessitated  to  avoid  contamination  of  the  diffusion  membranes.  Toxic 
contaminants  such  as  nitrous  oxide  and  the  chlorinated  hydrocarbons  are  of  concern  for 
breathing  oxygen. 

The  purity  requirements  for  oxygen  purchased  by  NASA  for  launch  vehicle  and  space- 
craft use  are  contained  in  MSFC  (Marshall  Space  Flight  Center)  Specification  399A 
(ref.  6).  Table  2 -VI  from  this  specification  is  a summary  of  those  requirements  includ- 
ing permissible  specific  contaminant  levels.  Procedures  for  purity  verification  are  also 
included  in  reference  6.  Oxygen  systems  cleanliness  requirements  and  cleaning  proce- 
dures are  discussed  in  section  4.4. 
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TABLE  2-VI.  - OXYGEN  PURITY  REQUIREMENTS^ 

[For  grade  A oxygen  - all  other  impurities  including  inert  gases  and  nitrogen,  30  ppm.  ] 


Requirement 

Grade  A for  fuel  cells 

Grade  B for  breathing 

Grade  C for  propellant 

Purity 

99.995 

99.60 

99.60 

Methane  and 

Methane,  10  ppm 

Methane,  25.  0 ppm 

No  requirement 

ethane 

Ethane,  2.  0 ppm 

Ethane,  2.  0 ppm 

Propane  and 

1.  0 ppm  as  propane 

1.  0 ppm  as  propane 

No  requirement 

higher  hydro- 
carbons 

Alkyne  and  acety- 

0.  05  ppm  as  acetylene 

0.  05  ppm  as  acetylene 

0.  25  ppm  as  acetylene 

lene  hydrocar- 
bons 

Total  hydrocarbons 

14. 0 ppm  as  methane 

29. 0 ppm  as  methane 

50. 0 ppm  as  methane 

Moisture 

3.  0 ppm 

3 . 0 ppm 

3 . 0 ppm 

Nitrous  oxide 

1.  0 ppm 

1.  0 ppm 

No  requirement 

Halogenated  hydro- 

1.  0 ppm 

1.  0 ppm 

No  requirement 

carbons 

Odor 

No  odor 

No  odor 

No  requirement 

CO  and  CO2 

1.  0 ppm  total 

5.  0 ppm  carbon  mo- 
noxide 

5.  0 ppm  carbon 
dioxide 

No  requirement 

Particulate 

1.  0 mg/liter  max. 

1.  0 mg/ liter  max. 

1.  0 mg/liter  max. 

(liquid  only) 

(liquid  only) 

(liquid  only) 

^Ref.  6,  p.  2. 
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CHAPTER  3.  MATERIALS  SELECTION 
CRITERIA  AND  DATA 


The  reactivity  of  materials  with  oxygen  depends  on  their  conditions  of  exposure  to 
oxygen  and  their  physical  and  chemical  properties.  Except  for  most  oxides  and  inert 
gases,  most  materials  can  react  with  oxygen.  The  reaction  of  oxygen  with  these  mate- 
rials may  occur  very  slowly,  such  as  the  rusting  of  iron  or  oxidation  of  an  aluminum  sur- 
face, at  a high  rate,  commonly  observed  as  combustion  or  burning,  or  explosively, 
where  the  rate  of  reaction  is  nearly  instantaneous.  However,  most  materials  will  not 
burn  when  exposed  to  liquid  or  gaseous  oxygen  because  their  ignition  temperatures  are 
generally  much  higher  than  normal  exposure  temperatures.  Oxygen  system  failures  that 
occur  during  routine  operations  with  oxygen  are  frequently  characterized  by  an  un- 
expected ignition  of  a part  of  the  system  from  a localized  energy  source  - the  energy 
added  being  sufficient  to  reach  the  ignition  temperature  of  the  material  involved. 

If  the  energy  input  rate  (power  input)  as  converted  to  heat  is  greater  than  the  rate  of 
heat  dissipation,  and  if  it  is  continued  for  a sufficient  time  to  reach  the  ignition  temper - 
atvire,  ignition  and  combustion  will  occur.  Sources  of  energy  input  per  unit  time  (power) 
that  may  provide  sufficient  heat  flux  to  cause  ignition  temperatures  may  include  one  or 
more  of  the  following;  mechanical  impact,  abrasion,  rubbing  friction,  puncture,  or  rup- 
ture; surface  shock  from  explosions,  water  hammer,  pressure  spikes,  and  shock  waves; 
erosive  fluid  flow;  electrical  sparks  or  arcing;  chemical  reaction  from  sudden  exposure 
of  vinoxidized  sxu-face  or  pockets  of  contamination;  and  heat  transfer  from  an  external 
source.  Therefore,  an  understanding  of  the  quantitative  energy  somrces  and  energy  re- 
lease rates  capable  of  causing  combustion  or  explosion  of  a material  is  very  important. 

If  ignition  temperature  and  bxirnir^  rate  data  are  considered,  proper  design  and  opera- 
tional considerations  can  help  eliminate  potential  ignition  energy  sources  or  accommodate 
them  through  the  selection  of  proper  materials.  Existing  data  have  been  generated 
mainly  by  independent  investigations  to  resolve  the  immediate  problems  of  selecting  the 
proper  materials.  Accordingly,  because  of  varying  techniques,  procedures,  specimen 
selection,  and  purpose,  the  data  sometime  appear  to  be  scattered  and  incomplete.  How- 
ever, when  all  the  data  are  used  together,  sufficient  ignition  temperature  and  burning 
rate  data  exist  to  evaluate  the  materials  selected  for  given  applications;  these  data  are 
presented  in  the  following  sections.  Although  the  burning  rate  of  a material  is  an  impor- 
tant factor  when  selecting  materials  for  oxygen  use  (in  the  event  an  ignition  would  occur), 


the  ignition  temperature  is  the  most  important  parameter  in  preventing  ignition  and  a pos- 
sible fire  hazard.  To  avoid  ignition  and  fire  with  oxygen,  it  is  desirable  to  use  materials 
with  ignition  temperatures  as  high  as  possible.  In  addition,  it  is  desirable  to  use  mate- 
rials and  design  criteria  that  woiild  provide  for  maximum  possible  heat  dissipation  by 
thermal  conduction.  This  woxild  tend  to  require  a greater  power  input  to  reach  the  igni- 
tion temperatvu'e.  And  finally,  where  possible,  materials  with  the  lowest  heat  of  reaction 
with  oxygen  would  contribute  less  energy  to  sustain  combustion.  The  closer  the  initial 
temperature  of  the  system  is  to  the  ignition  temperature  of  the  material  the  easier  igni- 
tion becomes  because  less  energy  is  required.  The  apparent  ignition  temperature  may 
vary  depending  on  exposure  conditions  such  as  the  presence  of  an  oxide  film;  the  pres- 
sure, temperature,  phase,  and  concentration  of  oxygen;  and  the  rate  of  mechanical,  elec- 
trical, or  chemical  energy  input. 

Therefore,  it  is  desirable  to  provide  engineering  designs  for  fluid  systems  which 
preclude  excessive  energy  releases,  and  it  is  necessary  to  provide  a valid  factor  of 
safety  by  choosing  materials  to  meet  all  possible  environmental  conditions.  To  do  this, 
two  things  must  be  known:  (1)  the  ignition  temperature  (or  ignition  energy  requirements) 
of  the  material,  and  (2)  the  energy  sources  and  energy  release  rates  to  which  the  mate- 
rial may  be  exposed  vinder  worst  case  combinations  of  power  input.  The  selection  of  ma- 
terials for  use  in  oxygen  systems  has,  up  to  the  present  time,  been  based  largely  on  use 
experience  and  standardized  impact  and  flammability  tests.  These  tests  are  described 
in  section  3.6.  However,  the  final  selection  of  a material  for  oxidizer  applications  is  a 
trade-off  between  the  chemical  compatibility,  the  ignition  and  combustion  characteristics, 
and  the  physical  properties  of  the  material.  Material  selection  is  based  only  on  use  ex- 
perience, and  precedence  is  acceptable  if  the  use  conditions  are  the  same  and  ignition 
and  burning  rate  data  are  not  available.  However,  it  is  always  better  to  review  the  pos- 
sible ignition  factors  carefully  to  be  sure  the  precedent  is  applicable. 

The  many  trade-off  factors  to  be  considered  when  selecting  materials  are  discussed 
in  succeeding  sections. 


3.1  OXIDE  FILM  FORMATION  ON  METALS 

Solid  or  quiescent  liquid  metals  will  form  surface  oxide  films  when  exposed  to  oxygen 
environments.  For  a given  metal  the  instantaneous  rate  of  oxide  film  formation  is  pri- 
marily a function  of  temperatxire  and  pressvire  and  of  oxide  film  thickness.  This  is  illus- 
trated schematically  in  figure  3-1.  The  higher  the  initial  sxirface  temperature,  the  higher 
the  rate  of  reaction  and,  thus,  of  initial  oxide  film  growth.  However,  the  oxide  film 
tends  to  prevent  the  oxygen  from  contacting  the  base  metal;  for  further  reaction  the  ox- 
ygen must  diffuse  through  the  oxide  film.  Therefore,  the  reaction  becomes  diffusion  rate 
limited,  and  the  film  growth  reaction  rate  decreases  and  approaches  zero  with  time. 
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Period  of  greatest  Initial  metal  temperature,  T3>T2>Tj 


Figure  3-1.  - Typical  oxide  film  formation  on  metal  surfaces. 

The  resulting  film  forms  a protective  barrier  which  inhibits  further  reaction.  Increasing 
the  oxygen  partial  pressure  can  increase  the  reaction  rate  by  increasing  the  diffusion 
rate,  but  the  protective  film  formed,  although  thicker  than  before,  will  continue  to  ap- 
proach zero  growth  with  time  and  provide  protection  from  the  higher  pressure  conditions. 

Studies  of  oxide  film  growth  on  various  materials  indicate  the  rate  of  growth  may  be 
linear,  parabolic,  cubic,  or  logarithmic  when  the  film  thickness  is  plotted  against  time. 
For  some  materials  and  conditions  the  rate  may  follow  a combination  of  all  four  profiles. 
Film  formation  on  most  metal  surfaces  approaches  maximum  thickness  within  a few  min- 
utes to  several  hours,  depending  on  the  materials  and  temperature. 

Since  the  process  of  film  formation  is  a chemical  reaction,  the  heat  of  reaction  may 
become  significant  in  some  cases.  For  example,  powdered  metals  with  a very  high  sur- 
face area  to  mass  ratio  may  ignite  when  exposed  to  oxygen,  or  even  air  at  room  temper- 
ature, because  the  heat  of  reaction  from  film  formation  is  sufficient  to  raise  the  metal 
particles  to  their  ignition  temperature.  Similarly,  if  a bulk  metal  is  exposed  to  a tem- 
perature near  enough  to  its  ignition  temperature,  sudden  exposure  of  an  unoxidized  sur- 
face (such  as  from  rupture  or  puncture)  and  subsequent  heat  of  reaction  may  be  sufficient 
to  initiate  combustion.  The  rate  of  film  growth  or  oxidation,  as  illustrated  in  figures  3 -2 
and  3-3  (refs.  9 and  10),  indicates  an  increase  in  reaction  rate  as  the  temperature  is  in- 
creased. Figure  3-3  illustrates  a linear  film  growth  rate  which  is  typical  of  magnesium 
above  the  critical  temperature  (approximately  425°  C).  Note  that  the  very  high  rate  of  ox- 
ide formation  on  magnesium  is  550°  to  575°  C.  The  ignition  tem.perature  is  only  625°  C. 

As  illustrated  by  the  data  in  figures  3-2  and  3-3,  when  the  temperature  of  the  mate- 
rials exposed  to  oxygen  approaches  (but  does  not  reach)  the  ignition  temperature  of  the 
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Figure  3-2.  - Film  growth  on  nickel  as  function  of  time 
and  temperature  (ref.  9,  p.  492). 
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Figure  3-3.  - Oxidation  of  pure  magnesium  in  oxygen  at 
various  temperatures  (ref.  10,  p.  46).  Ignition 
temperature,  625°  C. 


materials,  the  film  formation  rate  may  become  catastrophic;  that  is,  the  film  loses  its 
protective  capability  and  a continuous  surface  deterioration  occurs.  The  rate  of  deteri- 
oration depends  on  the  diffusion  rate  of  the  reactants  through  the  oxide  film. 

A noncombustive,  catastrophic  reaction  or  film  formation  can  occur  when  any  of  the 
following  conditions  exist: 

(1)  A metal  or  alloy  is  exposed  to  oxygen  at  a temperature  approaching  the  ignition 
temperature  of  the  alloy  or  one  of  its  constituents^. 

(2)  The  material  forms  an  oxide  with  a melting  point  below  the  exposure 
temperatxire^. 

(3)  The  exposure  temperature  exceeds  the  melting  point  of  the  base  metal^. 

(4)  A metal  or  alloy  forms  a relatively  volatile  oxide  at  the  exposure  temperatime. 

(5)  The  specific  volume  of  the  oxide  formed  is  less  than  the  specific  volume  of  the 
base  material,  which  would  not  permit  complete  coverage  of  the  surface  at  any  given 
time. 

For  example,  the  oxidation  of  iron  alloy  15Mo-75Fe-10Cr  exposed  to  oxygen  at  910°  and 
1000°  C is  catastrophic  (fig.  3-4  (ref.  11))-  The  oxides  formed  on  the  surface  of  this 
material  are  as  follows: 


^Ignition  temperatures  and  melting  points  of  selected  metals  and  their  oxides  are 
given  in  the  table  on  p.  17. 
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Oxide 

Melting  point, 
°C 

Chromium  oxide  (Cr20g) 

2435 

Iron  oxide  (Fe202) 

1565 

Molybdenum  oxides; 

MoOg 

795 

M0O2 

778 

MoOg  eutectic 

778 

In  this  case,  the  melting  points  of  the  oxide  of  one  constituent  (MoOg)  and  its  eutectic  are 
below  the  test  temperature.  The  MoOg  formed  can  diffuse  to  the  base  metal  and  aid  in 
oxidizing  the  surface.  Not  only  does  the  MoOg  formed  aid  in  oxidizing  the  base  metal, 
but,  since  it  melts  at  the  test  temperature,  it  leaves  the  surface  unprotected.  At  temper- 
atures below  the  critical  temperature  (778°  to  795°  C)  catastrophic  oxidation  does  not  oc- 
cur. Above  the  critical  temperature  (910°  to  1000°  C),  however,  the  rate  of  catastrophic 
oxidation  increases  very  rapidly  as  shown  in  the  example  given  in  figure  3-4. 

Another  effect  is  the  volatility  of  the  oxide  contributing  to  catastrophic  oxidation  as 
shown  in  figxire  3-5  (ref.  12).  Normal  film  formation  occurs  when  ttmgsten  is  esiposed  to 


Figure  3-4  - Oxidation  of  15IVlo-75Fe-10Cr  alloy 
(ref.  11, 'p.  18). 


Figure  3-5.  - Oxidation  of  tungsten  at  1050°  C. 
Effects  of  pressure;  A,  0. 1 atmosphere,- 
B,  0.0512  atmosphere;  C,  0.0263  atmosphere; 
D,  0.0112  atmosphere;  E,  0.0066  atmosphere; 
F.  0.0033 atmosphere;  G,  0.00131  atmosphere; 
Fi,  volatility  W03(ref.  12,  p.  623). 
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oxygen  at  950°  to  1050°  C.  The  melting  point  of  the  oxide  formed  WOg  is  1473°  C;  when 
the  pressure  is  r^pced  as  indicated,  WOg  is  stofficiently  volatile  to  sublime,  and  rapid 
weight  loss  is  indicated. 

For  an  additional  discussion  of  surface  oxidation  phenomena  and  experimental  test 
results  see  chapter  4 of  reference  13. 


3.2  CORROSION 

The  term  corrosion  is  used  to  describe  three  surface  reactions:  stress  corrosion, 
chemical  corrosion,  and  galvanic  corrosion.  These  could  be  classed  as  catastrophic. 
The  phenomena  should  not  be  confused  with  film  formation.  As  previously  emphasized, 
film  formation  is  a regressive,  protective  process;  corrosion,  on  the  other  hand,  is  a 
progressive,  destructive  process  that  continues  as  long  as  both  reactants  are  in  contact. 


3.2.1  Chemical  Corrosion 

The  chemical  corrosion  is  a straightforward  chemical  reaction  of  a flxiid  with  the 
metal  surface  like  the  attack  of  salt  solution  on  metal  automobile  bodies.  The  rate  of  at- 
tack or  corrosion  is  determined  by  the  temperature  at  the  reaction  zone  and  the  type  and 
concentration  of  the  reactants.  Although  oxygen  in  a pure  state  is  noncorrosive,  the  film 
formation  phenomenon  which  is  normally  self -limiting  can  become  propagating  if  the  nor- 
rpal  protective  oxide  film  is  compromised.  For  example,  the  presence  of  impurities 
such  as  moisture  or  other  contaminants  in  the  oxygen  (or  air)  can  result  in  serious  chem- 
ical corrosion.  Moisture  is  especially  corrosive  because  the  oxides  are  partially  soluble 
in  water  which  permits  ionization:  Consequently,  an  accelerated  reaction  results.  For 
this  reason  oxygen  systems  must  be  kept  clean  and  dry  and  their  external  surfaces  pro- 
tected from  corrosion  where  necessary. 


3.2.2  Galvanic  Corrosion 

Galvanic  corrosion  occurs  where  dissimilar  metals  are  in  contact  in  the  presence  of 
an  electrolyte.  Any  fluid  or  substance  that  can  conduct  an  electric  current  will  do  so  by 
transferring  ions  from  the  cathode  to  the  anode;  in  the  process,  the  anode  surface  is  de- 
stroyed. The  presence  of  moisture  or  contaminants  accelerates  the  corrosion  of  the  dis- 
similar metal  junction. 

If  metals  are  arranged  in  the  order  according  to  their  electromotive  potential,  the 
more  widely  they  are  separated  the  greater  the  electromotive  potential  between  them. 
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TABLE  3-1.  -METAL  COUPLES^ 


Group 

Metallurgical  category 

Electro- 

motive 

force, 

V 

Permissible  couples'^ 

1 

Gold,  solid  and  plated;  gold-platinum  al- 
loys; wrought  platinum 

0.  15 

C 

2 

Rhodium,  graphite 

0.05 

i 

'A 

) 

3 

Silver,  solid  or  plated;  high  silver  alloys 

0 

i 

- 

f 

4 

Nickel,  solid  or  plated;  Monel  metal,  high 
nickel-copper  alloys,  titanium 

-0.  15 

• C 

r. 

5 

Copper,  solid  or  plated;  low  brasses  or 
bronzes;  silver  solder;  German  silver; 
high  copper-nickel  alloys;  nickel- 
chromium  alloys;  austenitic  stainless 
steels 

-0.20 

i 



i; 

) i 

i C 

6 

Commercial  yellow  brasses  and  bronzes 

-0.25 

3 

b i 

• ^ 

7 

High  brasses  and  bronzes;  Naval  brass; 
Muntz  metal 

-0.30 

'1 



8 

18  Percent  chromium  type  corrosion- 
resistant  steels 

-0.35 

> 1 

.. 

n 

1 

1 



9 

Chromium,  plated;  tin,  plated;  12  percent 
chromium  type  corrosion-resistant  steels 

-0.45 

4 

1 ( 

A 

_j 

A 

1 c 

10 

Tin-plate;  terneplate;  tin-lead  solders 

-0.50 

4 

n 

> i 

— 1 
) i 

M 

? 

11 

Lead,  solid  or  plated;  high  lead  alloys 

-0.55 

1 

i 

h 

i i 

r 

> c 

L_ 

12 

Aluminum,  wrought  alloys  of  Duralumin 
type 

-0.60 

4 

) « 

• 

1 4 

1 c 

) 

13 

Iron,  wrought,  gray,  or  malleable;  plain 
carbon  and  low  alloy  steels,  Armco  Iron 

-0.70 

C 

n 

> 4 

1 i 

14 

Aluminum,  wrought  alloys  other  than 
Duralumin  type;  aluminum,  cast  alloys 
of  the  silicon  type 

-0.75 

1 

• 

4 

1 4 

• 4 

► 

15 

Aluminum,  cast  alloys  other  than  silicon 
type;  cadmium,  plated  and  chromated 

-0.  80 

( 

1 

i 1 

' 

> 4 

16 

Hot-dip-zinc  plate;  galvanized  steel 

-1.05 

17 

Zinc,  wrought;  zinc-base  die-casting 
alloys;  zinc,  plated 

-1.  10 

> 

18 

Magnesium  and  magnesium-base  alloys 
cast  or  wrought^ 

-1.60 

• 

^Ref.  14,  Std  63. 

'^Members  of  groups  connected  by  lines  are  considered  to  form  permissible  couples.  These  per- 
missible  couples  should  not  be  construed  to  be  totally  devoid  of  galvanic  action,  but  rather  to 
represent  an  acceptably  low  galvanic  effect.  The  O indicates  the  most  cathodic  member  of 
the  series,  # an  anodic  member,  and  the  arrows  the  anodic  direction. 

^Aluminum  alloys  5052,  5056,  5356,  6061.  and  6063  are  considered  to  form  permissible  couples 
with  magnesium  alloys. 


Galvanic  corrosion  rates  are  a function  of  this  potential.  Therefore,  metals  with  the  low- 
est potential  difference  are  preferred  to  minimize  galvanic  corrosion.  A NASA  table  of 
preferred  metal  couples  is  given  in  table  3-1  (ref.  14).  Where  dissimilar  metals  must  b’e 
in  contact,  they  should  be  insulated  with  gaskets,  plating,  or  coatings.  For  additional  de- 
tail, see  reference  15. 


3. 2. 3 Stress  Corrosion 

Stress  corrosion,  the  phenomenon  of  crack  formation  and  propagation  that  occxms  in 
some  metal  alloys,  is  generally  caused  by  intergranular  corrosion  at  points  of  localized 
strain  from  high  stress  levels. 

The  occurrence  of  intergranular  attack  requires  exposing  the  strained  surface  to  an 
electrolytically  active  fluid  such  as  moist  oxygen , moist  air , or  water . The  electro  - 
chemical  potentials  that  exist  across  grain  boundaries  when  the  electrolyte  is  present 
cause  the  progressive  attack.  Since  the  reaction  is  chemical  and  the  cause  is  stress,  the 
rate  of  stress  corrosion  is  determined  by  the  amplitude  and  frequency  of  the  strain,  the 
temperatxme  at  the  reaction  zone,  and  the  type  and  concentration  of  the  reactant. 

One  problem  is  that  the  rate  of  attack  or  even  the  occurrence  of  stress  corrosion 
varies  in  a specific  alloy  depending  on  the  heat  treatment.  Therefore,  care  must  be 
taken  when  selecting  alloys  and  their  heat  treatments  for  any  application  where  high  local- 
ized stress  can  occur  in  the  presence  of  an  electrolytic  fluid.  Since  the  exterior  of 
nearly  all  oxygen  system  components  are  exposed  to  moist  air,  an  electrolyte  is  nearly 
always  present  on  the  outside  of  the  system.  Another  related  problem  is  the  phenomenon 
of  oxide  film  formation  under  stress.  The  strain  resulting  from  the  critical  stress  level 
permits  the  oxygen  to  undermine  the  sm*face  film  and  thus  allow  bare  metal  oxidation 
rates.  The  critical  stress  is  generally  the  stress  required  to  exceed  the  elastic  limit  of 
the  oxide  film  and,  according  to  reference  16  (p.  17),  corresponds  to  a strain  of  approxi- 
mately 1 percent  in  100  hours.  The  effect  is  very  similar  to  catastrophic  oxidation. 


3.3  CRACK  PROPAGATION  AND  FATIGUE  LIFE  REDUCTION 

The  presence  of  oxygen  affects  the  rate  of  fatigue  crack  growth  in  metals  as  illus- 
trated by  the  examples  of  stainless  steel  and  nickel  in  figures  3-6  and  3-7  (refs.  17 
and  18).  In  each  case,  as  the  oxygen  pressure  is  increased,  the  fatigue  life  is  reduced. 
Note  that  this  phenomenon  occurs  at  very  low  oxygen  pressures.  The  significance  of  this 
is  that  an  oxygen  environment  has  a serious  effect  on  fatigue  life  when  compared  to  an 

inert  gas  environment.  In  the  example  given  for  stainless  steel,  the  crack  growth  was 

5 6 

almost  negligible  for  10  cycles  at  an  oxygen  pressure  of  ixlO  torr.  When  the  oxygen 
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Figure  3-6.  - Increase  in  rate  of  fatigue  crack  growth  in 
316  stainless  steel  upon  introduction  of  Itorr  oxygen 
during  fatigue  at  800°  C with  0. 062  percent  strain 
(ref.  17,  p.  950). 
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Partial  pressure,  torr 

Figure  3-7.  - Effect  of  oxygen  and  water-vapor  pressure  on 
fatigue  life  of  nickel  at  300° C at  a plastic  bending  strain 
of  0. 17  percent  (ref.  18,  p.  223). 


pressvire  was  increased  to  1 torr,  the  crack  growth  increased  abruptly.  In  the  case  of 

nickel,  at  oxygen  pressures  in  the  rai^e  of  10  torr  or  less,  there  was  very  little  effect, 

—3 

but  when  oxygen  was  present  at  pressures  of  10  torr  or  greater,  the  cycles  to  failure 
were  reduced  an  order  of  magnitude. 

The  reaction  of  oxygen  at  crack  boundaries,  where  fresh  surface  metal  is  exposed 
durit^  stress  cycles,  weakens  the  metal  and  thus  causes  the  cracks  to  grow  faster. 

Metals  which  are  more  reactive  with  oxygen  show  this  effect  whereas  the  noble  metals 
are  not  significantly  affected  (ref.  19,  p.  170). 

The  presence  of  water  vapor  generally  accelerates  the  effect  of  oxygen,  and  fatigue 
crack  growth  from  the  presence  of  both  water  and  oxygen  is  greater  than  either  alone. 

The  failiu’e  of  a D7AC  alloy  steel  tank  being  tested  under  water  was  attributed  to  this 
phenomenon,  (See  section  5. 1. 4. ) 

Although  the  examples  given  in  figures  3-6  and  3-7  were  of  results  at  elevated  tem- 
peratime,  it  is  important  to  recognize  that  component  metal  parts  subject  to  high  stress 
cycles  in  moist  oxygen  or  air  environments  may  have  a lower  cycle  life  than  would  be  ex- 
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pected.  When  cycle  life  is  an  important  consideration,  testing  under  exact  environmental 
exposiire  may  be  indicated. 


3.4  IGNITION  OF  MATERIALS 

Ignition  is  defined  by  various  researchers  in  slightly  different  ways,  and  there  is 
even  some  controversy  as  to  whether  a particular  material  has  a precise  ignition  temper- 
ature which  is  completely  independent  of  all  other  parameters.  In  order  to  avoid  this 
controversy,  this  document  will  employ  the  apparent  or  measured  ignition  temperature  of 
materials. 

The  apparent  ignition  temperature  of  a given  material  is  affected  by  its  heat  capacity, 
thermal  conductivity,  and  heat  of  reaction  and  the  rate  of  heat  input,  the  method  of  tem- 
peratime  measurement,  and  measurement  techniques.  Other  parameters  affecting  the  ig- 
nition temperature  include  the  thickness  of  the  protective  oxide  film  present  before  addi- 
tional exposiire  and  the  surface  to  mass  ratio  of  the  exposed  material  (i.  e.  , powdered 
material,  siirface  finish,  configuration,  etc.).  In  addition,  variables  such  as  oxygen 
concentration,  pressure,  and  temperature  as  well  as  exposure  conditions  (static  or  dy- 
namic) affect  measured  ignition  temperatxires.  Also,  most  materials  often  have  localized 
imperfections  such  as  contaminant  inclusions  (commonly  found  in  both  metals  and  non- 
metals)  as  well  as  variations  in  polymeric  chain  endings  and  molecular  irregularities 
(nonmetals).  Such  local  imperfections  may  have  much  lower  ignition  temperatures  than 
the  bulk  material  and  may  serve  as  an  igniter;  this  condition  naturally  causes  variations 
in  the  measured  ignition  temperature. 

The  ignition  temperatvme  and  ignition  energy  data  presented  in  this  chapter  and  in 
appendixes  D and  E are  useful  in  selecting  the  most  compatible  material  to  meet  the  phys- 
ical requirements  for  specific  applications. 

A summary  of  melting  points,  ignition  temperatures,  and  thermal  diffusivity  and  heat 
of  combustion  data  for  selected  materials  are  presented  in  table  3 -II  (refs.  20  to  22). 

The  thermal  diffusivity  parameters,  (i.e. , thermal  conductivity,  density,  and  spe- 
cific heat)  may  be  used  to  calculate  energy  input  rate  or  power  input  to  reach  the  ignition 
temperature  of  the  material.  As  the  thermal  conductivity,  density,  and  heat  capacity  in- 
crease, the  rate  of  energy  (power)  input  to  reach  an  ignition  temperature  increases. 

Also,  if  the  heat  of  reaction  is  relatively  high,  the  material,  once  ignited,  burns  with 
greater  heat  release  which  tends  to  propagate  combustion  more  readily. 

The  melting  points  of  the  base  metal  and  its  oxide  are  important  parameters  since 
the  protective  effects  of  the  oxide  film  are  destroyed  if  the  metal  or  its  oxide  melts. 

These  are  some  of  the  factors  which  must  be  considered  in  an  engineering  trade-off 
for  selecting  materials.  The  most  advantageous  of  the  previous  factors  for  achieving  an 
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TABLE  3-II.  - IGNITION  PARAMETERS  FOR  SELECTED  METALS 


Metal 

Metal  melt- 

Thermal  con- 

Density  at 

Specific 

Ignition  temper- 

Heat  of  reac- 

Product 

Product  melting  point 

ir^  point 

ductlvity  at 

20°  C, 

heat  at 

ature  range  at 

tion  (heat  of 

(oxide) 

(f) 

(a) 

20°  C, 

g/cur 

20°  C 

1 atm  oxygen, 

oxide  (forma- 

°C 

°F 

(cal)  (cm) 

cal/(g)(°C) 

°C 

tion) , 

°C 

°F 

(sec)(cm^)(°C) 

kcal/(g)(mole) 

(b) 

(c) 

(a) 

(d) 

(e) 

Aluminum 

660 

1220 

0.  53 

2.699 

0.215 

>1000 

-399.09 

AlgOg 

2015 

3659 

Antimony 

631 

1167 

. 045 

6.62 

.049 

650 

-166.5 

SbgOg 

656 

1213 

Beryllium 

1277 

2332 

.35 

1.  848 

. 45 

1260  to  2500 

-146 

BeO 

— 

— 

Chromium 

1875 

3407 

.16 

7.  19 

. 11 

1998 

-269.7 

^^^2®3 

2435 

4415 

Copper 

.1083 

1981 

. 941 

8.96 

. 092 

1083 

-37. 1 

CuO 

1326 

2419 

Iron 

1537 

2798 

S.  18 

7.  87 

. 11 

1310 

-196.5 

^®2°3 

1565 

2849 

Lead 

327 

621 

S.  083 

11.36 

S.  0309 

850  to  871 

-52.07 

PbO 

888 

1630 

Magnesium 

650 

1202 

.367 

1.74 

. 245 

625  to  640 

-143.84 

MgO 

2800 

5072 

Manganese 

1245 

2273 

— 

7.  43 

115 

-92 

MnO 

535 

995 

Molybdenum 

2610 

4730 

.34 

10.22 

.066 

745  to  780 

-130 

MOOg 

— 

— 

Nickel 

1453 

2647 

^ 22 

^8.  902 

. 105 

-58.4 

NiO 

1990 

3614 

Platinum 

1769 

3217 

\ 165 

21.45 

S.0314 

PtO 

H50 

1022 

Silver 

961 

1762 

^1.  0 

10.  49 

S.  0559 

950 

-7.306 

AggO 

Hoo 

572 

Tantalum 

2996 

5425 

. 130 

16.6 

H 034 

1245  to  1270 

-499.9 

'^^2^5 

1800 

3272 

Thorium 

1750 

3182 

\ 090 

Hi.  72 

.034 

500 

-292 

ThOg 

3050 

5522 

Tin 

232 

450 

S.  15 

“7.3 

.054 

865  to  970 

-138.8 

SnOg 

1127 

2061 

Titanium 

1668 

3035 

0372 

4.  507 

. 124 

1310  to  1600 

-218 

TiOg 

1830  to  1850 

3326  to  3362 

Tungsten 

3410 

6170 

S.  397 

19.3 

.033 

1270  to  1300 

-200.84 

W03 

1473 

2683 

Zinc 

419 

1 

787 

^ 27 

N.  133 

.0915 

900  to  940 

-83. 17 

ZnO 

1975 

3587 

^Rpf.  20,  pp.  46  and  47. 

'^Ref.  20,  pp.  48  and  49. 

'^Ref.  20,  pp.  44  and  45. 

“^For  additional  data,  see  appendix  D. 


®Ref.  21,  pp.  8 to  535. 

%ef.  22,  pp.  B-149  to  B-242. 
^At  0°  C. 

^At  25°  C. 

^At  17°  C. 

^Decomposes. 

^At  100°  C. 

%omb -reduced 


optimum  chemical  compatibility  must  be  balanced  against  the  required  structural  prop- 
erties of  materials. 


3. 4. 1 Ignition  Temperature  of  Metals 

For  most  practical  piirposes,  the  measured  ignition  temperature  of  most  metals  var- 
ies only  slightly  over  a wide  range  of  pressures.  For  example,  the  ignition  temperature 
of  materials  (both  metal  and  nonmetal)  tested  at  2000  and  7500  psi  in  oxygen  gas  was  es- 
sentially the  same  (ref.  23,  p.  55).  However,  these  data  together  with  other  available 
ignition  temperature  data  plotted  on  a semi -logarithmic  scale  (to  cover  a wide  pressure 
range)  show  slightly  reduced  ignition  temperatures  at  high  oxygen  pressures  for  most 
metals  (fig.  3-8).  A few  exceptions  show  an  increase  in  ignition  temperatxire  with  pres- 
sure. These  exceptions  and  the  variations  in  the  slope  of  the  curves  are  probably  due 
primarily  to  the  properties  of  the  oxide  film  formed.  (Nonmetal  materials  tend  to  be 
much  more  consistent. ) These  data  are  based  on  detailed  information  plotted  in  the  fig- 
vires  in  appendix  D and  are  a composite  compilation  from  the  sources  listed.  In  most 
cases  the  metal  sample  was  placed  tn  pressurized  oxygen  and  heated  slowly  vmtil  the  ig- 
nition temperature  was  reached  and  combustion  occurred. 

These  data  are  useful  in  selecting  the  material  most  resistant  to  ignition.  The  high- 
est possible  localized  temperature  spike  that  could  be  anticipated  in  a given  system 
should  be  less  than  the  ignition  temperature  corrected  for  pressvire  per  figure  3-8  and 
table  3 -II  plus  an  appropriate  safety  factor. 

The  apparent  ignition  temperature  of  most  particulate  metallic  materials,  which  may 
be  present  in  oxygen  systems  as  contamination,  is  somewhat  lower  than  that  of  the  same 
material  in  bulk  form.  This  is  due  primarily  to  the  high  specific  surface  or  surface  to 
mass  ratio  of  the  particulate.  If  the  particles  are  small  enough,  the  heat  of  oxide  film 
formation  alone  may  be  sufficient  to  raise  them  to  ignition  temperature  in  gaseous  oxygen. 
In  any  case,  the  power  input  required  to  raise  particvilates  to  their  ignition  temperature 
is  lower  than  might  be  anticipated  if  only  the  bulk  material  ignition  temperature  is  con- 
sidered. For  example,  the  ignition  temperatures  of  chromium  and  copper  are  approxi- 
mately 2000°  and  1083°  C,  respectively,  while  the  apparent  ignition  temperatures  of  44 
micron  powders  of  the  same  materials  in  air  are  580°  and  700°  C,  respectively,  as  re- 
ported in  reference  24  (p.  4). 

Liquid  oxygen,  because  of  its  cooling  effect,  makes  particle  ignition  less  likely. 
However,  ignition  may  still  occur  in  gaseous  pockets  or  at  sites  of  impact  or  friction, 
particularly  when  accumulated  quantities  of  incompletely  reacted  wear  particles  or  other 
contaminants  are  present. 
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Ignition  temperature,  °C 


1  Antimony 


i Cadmium 

4 Calcium 

5 Cesium  and  uranium 

6 Lithium 

7 Magnesium 

8 Molybdenum 

9 Potassium 

10  Sodium 

11  Thorium 

12  Tin 

13  Tungsten 


1 Aluminum 
. 2 Bismuth 

3 Chromium 

4 Copper 

5 iron 

6 Lead 

7 Mickei  Ino  data  on  nickel, 

see  metal  alloys! 

8 Silicon 

9 Strontium 

10  Tantalum 

11  Titanium  (minimum 

ignition  temperature! 

12  Zinc 

13  Zirconium 


1 Berylco  10 

2 Brass 

3 Stainless  steels 

4 Carbon  steel 
, 5 Hastelloy 

^ 6 Monel  and  Inconel 
7 Magnesium  alloys 
( Range  of  temperatures 


Oxygen  pressure,  atm 
Ibl  Metal  alloys. 

Figure  3-8.  - Average  ignition  temperature  of  metal  and  nonmetals. 


3. 4. 2 Ignition  Temperature  of  Selected  Nonmetal  Materials 


The  primary  concern  when  using  nonmetals  in  oxygen  systems  is  their  potential  re- 
activity with  oxygen.  Their  ignition  temperatures  are  generally  lower  than  those  for 
metals  and  their  low  thermal  conductivity  and  heat  capacity  make  them  much  easier  to 
ignite.  For  this  reason,  their  use  is  more  restricted. 

The  effect  of  oxygen  pressure  on  the  ignition  temperature  of  polymeric  materials  is 
difficult  to  measure  except  over  a wide  range  of  pressures.  As  in  the  case  of  metals, 
when  ignition  temperatures  of  polymeric  materials  are  plotted  against  pressure  over  a 
wide  pressvire  range,  a reduction  in  ignition  temperature  with  increasing  pressures  be- 
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Ignition  temperature, 


Figure  3-11.  - Ignition  temperatures  of  fabric  materials. 


TABLE  3 -in.  - MINIMUM  IGNITION  TEMPERATURES  OF  MATERIALS  IN  OXYGEN 


AT  1-ATMOSPHERE  PRESSURE^ 


Material 

Minimum  ignition 
temperature, 

°C 

Selected  plastics  and  elastomers 

Polyimide  (Vespel) 

500 

Chlorotrifluoroethylene  (TFE) 

500 

Tetrafluoroethylene  (TFE) 

500 

Duroid  5600 

468 

Duroid  5813 

463 

Duroid  5870 

452 

Duroid  5650 

444 

Rulon  A 

463 

Rulon  B 

460 

Rulon  C 

458 

Graphite  asbestos 

460 

Vinylidene  fluoride/hexafluoro- 

^435  (see  figs.  E -l(p) 

propylene  (Viton  A/Fluorel) 

and  E-l(q)) 

Polymethylmethacrylate  (Plexiglas) 

430 

TFE  (carbon  filled) 

420 

Fluorinated  ethylene  propylene 

412 

copolymer  (FEP) 

Polyvinylalcohol 

400 

Silicone  rubber 

390 

Kel-F  5500 

340  to  352 

Kel-F  3700 

332  to  341 

Carbon 

330 

Fluorosilicone 

320 

Polyvinylidene  fluoride 

(see  fig.  E-l(m)) 

Polyvinylchloride 

390 

Nylon'^ 

345 

Mylar  ^ 

320 

Material 


Minimum  ignition 
temperature, 


Selected  plastics  and  elastomers 


Butyl  rubber‘d 
Neoprene'^ 
Polyethylene^ 
Natural  rubber'^ 


275 

250  to  270 
160  to  220 
150 


Selected  lubricants 


TFE  lubricant  505 

CTFE  grease  500 

Halocarbon  grease  25-10  431 

Halocarbon  oil  13-21  427 

Mano  pipe  and  joint  422  to  430 

Oxyweld  64  410 

Silicone  grease  370 


Selected  adhesives 


Fused  TFE  465 

Eposy  (3M  EC  1469)  380 

Oxyseal (2)  347  to  360 

Epoxy  (Armstrong  A-6)  310 


Selected  fabrics 


Nomex 

Orion 

Nylon 

Dacron 


490 

430 

360 

310  to  390 
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comes  evident.  On  the  other  hand,  the  measured  ignition  temperature  increases  as  the 
oxygen  pressure  or  partial  pressure  is  reduced  below  atmospheric  pressure  imtil  a point 
is  reached  where  no  spontaneous  ignition  can  occur  since  combustion  can  not  be  sustained. 

Ignition  temperatures  as  a function  of  oxygen  pressure  (or  partial  pressure)  are  pre- 
sented in  figures  3 -9  to  3 -11;  these  figures  were  compiled  from  the  detailed  data  plotted  in 
the  figures  of  appendix  E.  Note  that  figure  3-9  shows  the  minimum  ignition  temperature, 
and  figure  3-10  provides  the  average  ignition  temperature  of  the  same  materials.  Aver- 
age and  minimum  ignition  temperatures  for  selected  fabrics  are  included  in  figure  3-11. 

It  should  be  noted  that  materials  which  are  not  normally  recommended  for  use  with 
oxygen,  such  as  nylon  and  cotton,  have  ignition  temperatures  nearly  as  high  as  some  of 
the  acceptable  materials.  Factors  such  as  absorption  characteristics,  chemical  deteri- 
oration, variations  in  the  polymer  strucbire,  and  contamination  could  explain  the  failure 
experience  of  some  of  the  materials  that  are  not  recommended  for  oxygen.  (For  a dis- 
cussion of  recommended  materials,  see  section  3.7.)  In  any  case,  the  minimum  ignition 
temperature  (less  an  appropriate  safety  factor)  should  never  be  exceeded. 

A summary  of  the  minimum  ignition  temperatures  for  selected  materials  is  pre- 
sented in  table  3 -in  (selected  data  from  ref.  25). 


3. 4. 3 Impact  Energy  Test  Data  for  Metals  and  Nonmetals 

As  previously  stated,  the  selection  of  materials  for  use  in  oxygen  systems  has  been 
based  on  use  experience  and  impact,  ignition,  and  flammability  testing  with  impact  test- 
ing being  a major  source  of  compatability  data.  A description  of  impact  test  equipment 
and  procedures  may  be  found  in  the  section  3.  6. 1.  1. 

When  applyir^  impact  test  data  it  should  be  recognized  that  the  test  was  devised  as  a 
convenient  and  reproducible  method  for  choosing  materials  from  those  that  could  with- 
stand a selected  impact  energy  level  under  standardized  environmental  conditions.  This 
provided  a form  of  ’’worst  case”  testing  which  has  more  recently  been  refined  to  permit 
measurement  of  impact  limits  or  threshold  data. 

”Go-no-go”  type  impact  ignition  data  in  oxygen  environments  obtained  by  this  test 
are  compiled  in  reference  26  (pp.  42  to  220).  Usii^  fixed  impact  energies  does  not  per- 
mit a determination  of  the  limit  of  impact  energy  a material  can  withstand,  nor  does  it 
permit  a determination  of  how  close  to  the  limit  a given  test  or  operational  condition  may 
be.  These  data  are  helpfvil  because  they  indicate  the  relative  compatibility  of  a material 
when  compared  to  the  others  tested.  However,  in  order  to  make  an  ei^neering  estimate 
of  impact  compatibility,  the  maximum  level  of  impact  that  is  possible  in  a given  system 
must  be  determined,  and  the  impact  tolerance  limit  of  the  material  must  be  known.  With 
both  factors  known,  a safety  factor  appropriate  to  the  application  can  then  be  applied 
which  would  provide  a more  quantitative  approach  to  compatibility  determinations. 
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TABLE  3-rV.  - IMPACT  ENERGY  FOR  IGNITION  OF  SELECTED  MATERIALS  IN  OXYGEN 


Material 

Impact 

Reference 

Material 

Impact 

Reference 

energy. 

energy, 

ft-lb/in.  ^ 

ft-lb/in.  ^ 

Metals 

Nonmetals 

Zinc  dust 

380 

27,  p.  98 

CTFE  (polychlorotrifluoroethylene) 

357 

27,  p.  98 

Aluminum  6061-T6 

368+ 

26,  p.  166 

CTFE  (20  mil) 

210 

30,  p.  102 

Rene  41 

368+ 

26,  p.  175 

CTFE  (10  mil) 

160 

30,  p.  102 

18  Percent  nickel  managing  steel 

368+ 

26,  p.  175 

Vinylidene  fluoride  and  hexafluoro- 

357 

27,  p.  98 

Stainless  steel  347 

368+ 

28,  p.  7 

propylene  (cured) 

Iron  powder 

357 

27,  p.  98 

FEP  (fluorinated  ehtylene  propylene. 

306 

27,  p.  98 

Columbium 

357 

27,  p.  98 

shredded) 

Aluminum  chips 

306 

27,  p.  98 

FEP  (fluorocarbon  resin,  10  mil) 

145 

30,  p.  102 

Titanium 

78 

29,  pp.  5 and  6 

TFE  (40  mil) 

305 

Titanium  Ti-6A1-4V  and  Ti-25Zr 

78 

29,  pp.  5 and  6 

TFE  (30  mil) 

300 

TFE  (10  mil,  unsintered) 

220 

Nonmetals 

TFE  (10  mil,  sintered) 

Polytetrafluoroethylene  sheet 

306  to  400 

27,  p.  97 

Viton  A 

204  to  254 

31,  pp.  47  and  49 

Polytetrafluoroethylene  (20  mil, 

370 

30,  p.  102 

Fluorosilicone 

204 

31,  p.  47 

sintered) 

Phenylsilicone 

204 

31,  p.  47 

Polytetrafluoroethylene  tape 

368+ 

26,  p.  74 

Mylar 

122 

32,  p.  37 

Polytetrafluoroethylene  (glass 

368+ 

26,  pp.  156  and  157 

Trifluoropropylmethyl  (Siloxane) 

100 

27,  p.  98 

filled) 

Polyvinylidene  fluoride  (10  mil) 

80 

30,  p.  102 

Polytetrafluoroethylene 

368 

31,  p.  47 

Polyethylene  (irradiated) 

78 

27,  p.  97 

Polychlorotrifluoroethylene  grease 

368+ 

26,  pp.  58  and  59 

Neoprene 

55 

30,  p.  103 

Polychlorotrifluoroethylene  oil 

368+ 

26,  pp.  50  and  51 

Nitrile  rubber 

39 

30,  p.  103 

Fluorinated  silicone  (Drilube  822, 

368+ 

26,  p.  47 

Fluorer 

368+ 

28,  p.  6 

0.  050  in.  thick) 

Plexiglas^ 

368+ 

28,  p.  6 

AFD-E-124D  (experimental  fluoro- 

368 

31,  p.  49 

elastomer) 

Ambient  temperature  GOX  tests. 


Some  impact  tolerance  threshold  data  for  metals  and  nonmetals  are  given  in  table  3 -IV 
(refs.  26  to  32).  The  materials  listed  include  those  cases  where  an  impact  energy  level 
has  been  reached  without  reaction  in  successive  tests.  For  example,  if  the  h^hest  no  re- 
action impact  was  200  and  the  lowest  impact  at  which  reaction  occurred  was  215,  the  lim- 
it value  used  was  200.  Therefore,  since  some  of  the  values  are  not  the  absolute  maximum 
of  impact  tolerance,  the  conservative  value  is  considered  to  be  close  to  the  maximum. 

Because  of  the  variations  in  test  results  caused  by  sample  thickness,  material 
batches,  apparatus  types,  and  physical  characteristics  of  striker  and  anvil  materials,  the 
test  values  are  only  approximate.  Even  different  operators  using  the  same  equipment 
may  get  different  results.  An  example  of  the  effect  of  sample  thickness  for  selected  ma- 
terials is  illustrated  in  table  3-V  (ref.  33).  There  are  also  chemical  variations  in  com- 
pounded and  processed  materials  - even  materials  with  the  same  name.  There  are  wide 


TABLE  3-V.  - EFFECT  OF  SPECIMEN  THICKNESS  OF  VARIOUS 
MATERIALS  AT  m IMPACT  ENERGY  (IN  GOX)^ 


Material 

Thickness, 

cm 

Oxygen 

pressure, 

N/m^ 

Percent 

reaction 

Increase  in 
sensitivity 

Silicone  rubber 

0.  152 

34  XlO^ 

55 



Silicone  rubber 

. 050 

34  xlO^ 

100 

1.8 

Polytetrafluoroethylene 

. 157 

6.  8X10® 

10 

— 

Polytetrafluoroethylene 

. 086 

6.  8X10® 

20 

2 

Fluorinated  rubber 

. 229 

6.  8X10® 

10 

— 

Fluorinated  rubber 
^ 

. 152 

6.  8X10® 

33.  3 

3.3 

^Ref.  33,  p.  29. 


variations  in  ptmity,  chemical  content,  additives,  and  processing  agents.  This  can  also 
occur  with  different  batches  of  the  same  material  from  the  same  source.  For  this  rea- 
son, it  is  a common  requirement  that  many  materials  be  ”batch"  tested  for  acceptance 
for  oxygen  system  applications. 

Despite  these  variations,  the  data  in  table  3 -IV  are  helpful  in  choosing  a material 
and  can  help  in  achieving  a good  oxygen  system  component  with  less  problems,  redesign, 
and  retesting. 


3.4.4  Ignition  of  Materials  by  Adiabatic  Compression  of  Oxygen 


Adiabatic  compression  of  gaseous  phase  oxygen  from  pressure  spikes  due  to  ’’water 
hammer,  ” fast  operation  of  valves  in  high  pressure  systems,  oscillatory  flow,  or  other 
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sudden  pressurization  can  cause  localized  temperature  increases  sufficient  to  ignite  many 
materials,  especially  organic  contaminants  or  fine  particles.  Nonmetal  materials  espe- 
cially should  be  protected  from  direct  exposure  to  high  pressure  adiabatic  compression 
of  oxygen.  Theoretical  temperatures  that  can  be  reached  by  adiabatic  compression  of  a 
gas  are  given  in  figure  3-12. 

Not  many  data  exist  on  adiabatic  ignition  of  materials.  Existing  data  for  some  mate- 
rials generally  compatible  with  oxygen  are  given  in  table  3 -VI,  Obviously,  the  samples 
which  were  exposed  to  a sudden  compression  of  over  6000  psi  ignited;  figure  3-12  shows 


Figure  3-12.  - Theoretical  temperature  attained  by 
adiabatic  compression  (ref.  23,  p.  60).  Initial 
conditions:  Tj  = 293K  (-20°  C);  Pj  = 14.7  psia. 


TABLE  3 -VI.  - ADIABATIC  COMPRESSION  TESTS^ 


Pressure  in  storage 
vessel,  psi 

Sample 

Weight  of 
sample, 
g 

Pressurization 
time  of  51  in. 
length  of  5/ 16  in. 
i.  d.  tubing  and 
sample, 
sec 

Remarks 

Before 

test 

Immediately 
after  test 

7200 

6900 

Viton  A (Virgin) 

0.  217 

0.  05 

Sample  ignited 

7100 

6700 

Viton  A (Virgin) 

. 223 

7000 

6500 

Kel-F  81 

.240 

6900 

6300 

Teflon  (Virgin) 

. 161 

^Ref.  23,  p.  80. 
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a temperature  capability  for  that  pressure  approaching  1400°  to  1500°  C,  and  the  ignition 
temperature  for  all  these  materials  is  less  than  500°  C. 

Extremely  high  pressures  (as  just  shown)  are  generally  required  since  the  material 
to  be  ignited  must  absorb  sufficient  heat  from  the  gas  to  reach  the  ignition  temperature  of 
the  material  (or  a contaminant  on  the  material).  To  do  this,  the  final  gas  temperature 
must  be  considerably  higher  than  the  ignition  temperature  to  allow  sufficient  time  fol*  the 
ignition  temperabire  to  be  reached. 


3.4.5  Ignition  from  Rupture  of  Materials 

When  material  is  overstressed  to  cause  ruptvire,  several  things  occur  that  can  result 
in  ignition  in  an  oxygen  environment.  The  temperature  of  the  material  increases  in  the 
area  of  ruptvire  from  strain,  and  the  highest  temperature  develops  at  the  rupture  inter- 
face. The  ruptured  surface  is  generally  very  rough  and  has  a very  high  local  surface 
area  to  mass  ratio.  In  addition,  the  newly  exposed  surface  is  subject  to  immediate  addi- 
tional heating  from  oxide  film  formation  reaction.  Finally,  the  faster  the  strain  occurs 
leading  to  rupture,  the  higher  the  ruptured  surface  temperature  will  be.  Althov^h  most 
materials  (metal  and  nonmetal)  can  tolerate  rupture  in  a moderate  oxygen  environment, 
some  materials  with  poor  ignition  resistance  characteristics  may  react  if  ruptured  in  a 
high  pressure  oxygen  environment  at  a temperature  near  the  ignition  temperature. 

Occvurences  which  are  most  likely  to  result  in  massive  structural  deformation,  and 
thus  possible  ignition,  are  failed  turbopump  impeller  assembly,  water  hammer,  exces- 
sive overpressvue,  excessive  g-forces,  and  the  like. 

Although  titanium  is  a bad  actor  in  an  oxygen  environment,  it  does  serve  to  illustrate 
the  rupture  ignition  phenomenon.  Figvires  3-13  (ref.  34)  and  3-14  (ref.  34)  show  the 
limits  of  initial  temperature  and  pressure  combinations  for  rupture  ignition  of  titanium 
and  one  of  the  titanium  alloys.  In  this  case,  the  data  are  based  on  tensile  ruptvire.  Tear- 
ing ruptvire  would  possibly  result  in  a shift  of  position  or  slope  of  the  curve.  Other  ma- 
terials (whose  ignition  temperatures  are  lower  than  their  melting  points)  would  react  in 
the  same  way  at  initial  temperatvires  near  their  ignition  temperatvire.  "Molecular  con- 
centration" (or  density)  was  used  rather  than  pressure  of  oxygen  only  to  illustrate  that 
the  effect  of  pressure  on  ignition  is  due  to  the  higher  concentration  of  oxygen  molecules 
at  the  site  of  ignition. 
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3.4.6  Dynamic  (Flow)  Effects 


Limited  data  and  experience  indicate  that  a high  velocity  flow  of  oxygen  can  effect  ig-  ' 
nition  and  increase  the  burning  rates  of  materials.  Also,  solid  particles  entrained  in  a 
high  velocity  flow  stream  can  cause  sirrface  erosion,  and  particle  impact  can  cause,  or 
be  the  soTxrce  of,  ignition.  , 

Ignition  of  oxygen  piping  from  impact  and  abrasion  of  entrained  particvilate  matter 
has  been  a frequent  occvirrence  in  gaseous  oxygen  systems  especially  at  room  temper- 
atures or  higher.  This  is  especially  true  where  a high  degree  of  cleanliness  has  not  been 
maintained.  Those  organizations  familiar  with  the  problem  maintain  that  the  required 
cleanliness  limits  the  flow  velocity  in  the  piping.  In  most  cases,  the  oxygen  flow  velocity 
limits  are  set  in  consideration  of  past  experience,  the  pipe  material,  and  operating  pres- 
sure and  temperature.  These  vary  with  the  organization.  Typical  values  are  listed  in 
table  3-Vn. 

Actual  tests  (ref.  35)  have  confirmed  what  has  been  observed  from  experience:  ex- 
ceeding a velocity  limit  when  entrained  particulates  are  present  resiilts  in  ignition  of  the 
flow  duct,  and  bends,  valves,  and  other  flow  system  obstructions  or  deviations  are  the 
most  critical  ignition  sites.  A summary  of  the  actual  test  results  is  given  in  table  3-Vin 
(ref.  35). 


TABLE  3-VII.  - TYPICAL  VELOCITY  LIMITS  FOR 
ENTRAINED  PARTICULATES  IN  OXYGEN 


WITH  CARBON  STEEL  PIPE 


Pressure, 

atm 

Temperature, 

°C 

Maximum  flow  velocity 

ft/  sec 

m/ sec 

■■ 

150 

46 

HI 

175 

53 

HI 

200 

61 

175 

75 

23 

150 

85 

26 

20 

120 

100 

30 

20 

65 

130 

40 

40 

120 

50 

15 

40 

100 

60 

18 

40 

65 

65 

20 

60 

100 

30 

9 

60 

65 

35 

10  to  11 

TABLE  3-VIII.  - IGNITION  VELOCITIES  OF 
ENTRAINED  PARTICLES  IN  OXYGEN 
(STEEL  PIPE)^ 


Pipe  line 
configur- 
ation 

Entrained  ma- 
terial 

No  ignition 
velocity, 
m/ sec 

Ignition 
velocity, 
m/  sec 

Straight 

Rust 

^84 

-- 

Straight 

Sand 

^84 

-- 

Straight 

Steel  scale 

28 

52 

Straight 

Weld  slag 

C44 

-- 

Curved 

Weld  slag 

^*53 

-- 

Straight 

Coke 

30 

-- 

Curved 

Coke 

17 

53 

Curved 

Carbon 

— - 

34 

Straight 

Carbon 

--- 

13 

Straight 

80  Percent  sand, 
20  percent 
iron  powder 

13 

31 

^Ref.  35,  pp.  13  to  16. 

^Maximum  test  velocity  attainable. 
'^Particles  began  to  glow  at  this  velocity. 
^Some  sparks  at  this  velocity. 
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Althoi:^h  the  added  effect  of  the  flow  parameter  on  the  total  ignition  energy  may  be 
small,  especially  for  metals,  it  can  become  significant  at  higher  temperatures  and  very 
high  flow  rates.  While  titanivim  is  not  normally  suitable  for  use  in  oxygen,  its  sensitivity 
to  oxygen  makes  it  well  suited  to  illustrate  flow  sensitivity  to  oxygen  at  relatively  low 
pressures  and  flow  rates.  As  illustrated  in  figure  3-15  (ref.  36),  the  reaction  of  titanium 
occurred  at  lower  pressures  and  oxygen  concentration  vmder  dynamic  conditions  than 
xmder  static  conditions.  In  this  work  (ref , 36,  pp.  1 to  17)  the  static  reaction  data  were 
obtained  by  tensile  rupture  of  the  specimen  in  a pressure  vessel  while  dynamic  reaction 


Figure  3-15.  - Effect  of  flow  and  nonflow  on  the  ignition  of  titanium 
foil  as  function  of  pressure  and  concentration  (ref.  36,  pp.  8 and  16). 
Tests  at  ambient  temperature  and  with  freshly  exposed  surface. 


data  were  obtained  by  mechanical  rupture  of  a diaphragm  with  subsequent  gas  flow 
through  the  rupture.  This  effect  is  also  illustrated  by  tests  with  cryogenic  oxidizers 
(oxygen -fluorine  mixtures)  on  nonmetals  (ref.  37,  pp.  99  and  102).  Sharp  reductions  in 
compatibility  were  measured,  and  ignition  occurred  as  a function  of  flow  velocities  in 
both  liquid  and  gaseous  states.  In  both  cases,  flow  conditions,  in  effect,  added  to  the 
energy  available  to  cause  ignition  or  increased  the  sensitivity  of  the  material  to  the  expo- 
sure; this  resulted  in  ^nition  under  conditions  where  no  ignition  would  occur  statically. 

Fluid  shear  forces,  liquid  cavitation,  and  sonic  velocity  effects  in  gases  appear  to  be 
major  causes  of  the  sensitivity  to  high  flow  rates  by  various  materials. 

In  summary,  the  primary  source  of  concern  xmder  high  velocity  flow  conditions  is 
the  entrainment  of  particulates  and  their  subsequent  impingement  on  a surface  such  as  at 
bends  in  piping.  However,  the  effects  of  extremes  in  flow  velocity  and  pressxire  cannot 


36 


be  ignored.  Whether  material  erosion  or  ignition  is  due  to  entrained  particulate  impact 
and  abrasion,  to  the  erosive  effects  of  the  fluid  flow,  or  to  both,  the  fact  remains  that  the 
effects  exist  and  they  increase  with  pressvire  and  flow  velocities.  (See  section  4.  2 on 
erosion. ) 

Until  a more  quantitative  limit  can  be  established,  the  following  practices  are 
recommended: 

(1)  Where  practicable,  avoid  sonic  velocity  in  gases  and  cavitation  in  liquid  oxygen; 
where  this  is  impractical,  use  the  preferred  materials  listed  in  section  3.  7 and  in  chap- 
ters 5 to  9. 

(2)  If  possible,  avoid  the  use  of  nonmetals  at  locations  within  the  system  where  sonic 
flow  or  cavitation  can  occur. 

(3)  Maintain  fluid  system  cleanliness  and  limit  entrained  particulates  as  discussed  in 
chapter  2,  section  4.  5. 


3.5  FLAMMABILITY  AND  COMBUSTION 

Despite  the  large  volume  of  combustion  and  fire  hazards  research  reported  in  the 
literature,  very  little  information  is  directly  applicable  to  or  usable  in  oxygen  system 
engineering,  because  most  of  it  is  the  result  of  qvialitative  tests  for  specific  applications 
rather  than  quantitative  evaluation  for  general  use. 

Having  standard  flammability  tests  and  procedures  for  testing  solid  materials  is  an 
important  step  in  achieving  more  reliable  and  uniform  data.  This  has  been  largely  due  to 
the  needs  of  the  Apollo  program.  These  tests  are  specified  in  reference  38  and  are  sum- 
marized in  section  3.6. 

Gaseous  phase  flammability  of  fuels  in  air  mixtures  has  been  much  more  ftilly  ex- 
plored than  solid  phase  reactions.  Flammability  limits  for  nearly  all  liquid  and  gaseous 
fuels  are  available  in  the  literature.  Data  for  selected  fuels  are  given  in  table  2-V 
(p.  9).  The  data  compiled  in  the  following  sections  and  in  appendix  F show  fairly  good 
quantitative  correlations  and  indicate  definite  trends  in  the  burning  rate  characteristics 
of  solid  materials  in  oxygen. 

Burning  rate  data  for  selected  polymeric  materials  are  presented  as  a function  of  the 
oxygen  pressure  (or  partial  pressure  for  a mixtures  with  helium  or  nitrogen)  in  table 
3 -IX  and  figures  F-1  to  F-3  in  appendix  F. 

The  burning  rate  of  a material  varies  dependir^  on  its  initial  temperature  before  ig- 
nition. If  a material  is  uniformly  heated  close  to  its  ignition  temperature  before  ignition, 
its  burnii^  rate  can  be  much  higher  than  if  it  is  ignited  at  room  temperature.  The  entire 
surface  may  flash  into  flame  if  the  material  is  ignited  at  a temperatvire  near  its  ignition 
temperatvire.  Therefore,  it  must  be  kept  in  mind  that  the  burning  rate  data  discussed 
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TABLE  3 -IX.  - COMBUSTION  RATE  OF  SELECTED 


MATERIALS  IN  OXYGEN^ 


Material 

Combustion  rate,  in. /sec 

Oxygen  pressure 

21  Percent 
oxygen, 

1 atm 

100  Percent 
oxygen, 

0.  2 atm 

100  Percent 
oxygen, 

1 atm 

Cotton'^ 

2.  5 

1.  0 

7.4 

Dacron 

.70 

. 90 

2.30 

Epoxy 

— 

— 

. 12 

Neoprene 

— 

. 10 

. 40 

Nomex 

. 52 

. 31 

. 96 

Nylon  (fabric) 

. 32 

. 46 

1.02 

P.  B.  I. 

— 

. 22 

. 40 

Polyethylene 

— 

. 06 

. 27 

Polymethylmethacrylate 

. 76 

See  figs  F-l(k) 

— 

(sheet) 

and  (1) 

PVC 

— 

. 30 

1.  0 

Polyurethane 

— 

. 56 

.7 

Silicone 

— 

. 20 

1.  1 

TFE  (fabric) 

— 

See  fig.  F-l(q) 

1.07 

TFE  (rod) 

— 

See  fig.  F-l(r) 

No  ignition 

Viton-Fluorel 

See  fig.  F-l(s) 

— 

Velcro 

— 

. 24 

. 48 

^See  appendix  F. 

^Other  than  vertical  burning,  see  fig.  F-l(a). 


here  do  not  include  the  effect  of  initial  temperature,  since  all  the  tests  were  begun  at 
ambient  temperature . 

For  any  given  oxygen  partial  pressure  the  burning  rate  is  decreased  by  the  presence 
of  an  inert  diluent;  at  higher  pressures  the  effect  of  the  diluent  increases,  as  indicated 
by  the  divergence  of  the  burning  rate  curves  in  appendix  F.  However,  the  burning  rate 
in  all  combustion  supporting  concentrations  increases  with  pressure.  For  example,  the 
partial  pressure  of  oxygen  in  the  normal  atmosphere  is  about  0.  2 atmosphere.  From 
table  3 -IX,  in  the  case  of  Dacron,  the  combustion  rate  at  1.  0 atmosphere  total  pressure 
for  20  percent  oxygen  (normal  air)  is  about  0.  7 inch  per  second  and  at  100  percent  oxygen 
at  the  same  partial  pressvure  it  is  0.9  inch  per  second.  However,  for  100  percent  oxygen 
at  1 atmosphere  it  burns  at  2. 3 inches  per  second  - about  three  times  as  fast.  For  nylon 
the  rates  are  0,  32  inch  per  second  for  20  percent  oxygen  at  1 atmosphere,  0.46  inch  per 
second  for  100  percent  oxygen  at  the  same  partial  pressure,  and  1.  02  inches  per  second 
for  100  percent  oxygen  at  1 atmosphere  - over  three  times  the  normally  expected  burning 
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Burning  rate,  cm/ sec 


■ 001  .01  .1  1 10 

IVIetal  thickness,  mm 


Figure  3-16.  - Horizontal  burning  propagation  rate  for  metals  in  100  percent  oxygen 
at  pressure  of  1 atmosphere  (ref.  39,  p.  151). 
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TABLE  3-X.  - BURNING  PROPAGATION  RATE 


FOR  METAL  RODS  IN  1-ATMOSPHERE 


OXYGEN  PRESSURE 


Material  (1/16  to  3/16 
in.  diam) 


Combustion  rate,  in.  / sec 


Up 


Down 


Horizontal 


Mild  steel 
Aluminum 
309  Stainless  steel 
316  Stainless  steel 
316L  Stainless  steel 
410  Stainless  steel 
17-4PH  Stainless  steel 
4140  Stainless  steel 
Nickel’^ 

Monel^ 

Inconel^ 

Bronze^ 

Hastelloy 


0.  3 
10.  0 


0.  5 


. 8 

. 07 
. 052 
. 12 
. 13 


. 171 


None 


t 

06 


0.  435 


. 38 
. 3 


. 24 
. 3 
. 06 
None 


.08 


^Ref.  40,  vol.  IV. 

^These  materials  did  not  propagate  combustion  in 
oxygen  at  1 -atmosphere  pressure. 


rate.  Teflon  burns  at  1. 0 inch  per  second  at  100  percent  concentration  and  1 atmosphere 
pressure.  Nomex,  a high  temperature  polyimide,  and  silicone  rubber  burn  at  about  the 
same  rate  as  Teflon. 

An  example  of  the  effect  of  gravity  on  the  burning  rate  is  shown  for  cotton  (fig.  F-2) 
and  Nomex  (fig.  F-8)  in  appendix  F.  There  is  a gradual  increase  in  burning  rate  as  the 
gravity  level  is  increased;  at  zero  gravity,  the  burning  rate  is  the  lowest. 

In  general,  the  burning  rates  of  metals  and  nonmetals  are  the  same  order  of  mag- 
nitude; however,  in  most  cases,  the  heat  of  reaction  is  greater  for  metals,  resulting  in  a 
hotter  fire.  Burning  rates  for  metals  are  shown  in  figure  3-16  (ref.  39)  and  table  3-X 
(ref.  40).  The  data  in  figure  3-16  show  the  effect  of  material  thickness  on  the  burning 
rate.  Note  that  aluminum  burned  at  10  inches  per  second  in  a bottom  ignition  test 
(table  3 -X)  but  that  this  burning  was  not  propagated  with  the  sample  in  the  horizontal 
position  (fig.  3-16). 

A measure  of  the  relative  flammability  of  materials  with  oxygen  is  the  oxygen  index. 
The  oxygen  index  value  is  the  minimum  percent  concentration  of  oxygen  in  an  oxygen - 
nitrogen  mixture  which  will  sustain  combustion.  Arithmetically,  the  oxygen  index  is  ex- 
pressed as 
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100  X 0« 

N = percent 

Og  + Ng 

(The  higher  the  number  N,  the  greater  the  resistance  to  ignition.)  The  oxygen  (Og)  and 
nitrogen  (Ng)  may  be  expressed  in  volxime  units  or  in  moles.  Table  3 -XI  (refs.  41  and 
42)  lists  the  oxygen  index  values  for  a number  of  materials.  The  oxygen  index  test  is 
described  in  section  3.  6.  2.  3. 


TABLE  3 -XI.  - SELECTED  OXYGEN  INDEX  FLAMABILITY  TEST  DATA^ 


Material 

Oxygen 

index, 

N 

Material 

Oxygen 

index, 

N 

Polyacetal,  Celcon 

14.9 

Polypropylene  (F.  R. ),  Plaskon  1060 

26.  4 

Polyethylene  oxide.  Polyox  WSR-35 

15.0 

Nomex 

26.  7 

Polyacetal  plus  30  percent  glass 

15.6 

Noryl  SE-100 

27.  4 

Cellulose  acetate  (dry  = 0.  1 percent  water) 

16.  8 

ABS  (F.  R. ),  Cycolac  KL 

27.  4 

Polymethyl  methacrylate,  Plexiglas 

17.3 

Noryl  SE-1 

28.  0 

Polypropylene,  Profax  6505 

17.  4 

Pol3fpropylene  (F.  R. ),  Avisun  2356 

29.  2 

Polyethylene^ 

17.  5 

Polycarbonate,  Lexan  3412  plus  20  percent 

Polystyrene,  Shell  325 

17.  8 

glass 

29.  8 

Polypropylene,  Profax  P7401 

17.  8 

Polyphenylene  oxide  534 

30.0 

Cellulose  acetate  (wet  = 4.  9 percent  water) 

18.  1 

Nylon  6-6  (saturated,  about  8 percent  water) 

30.  1 

Polystyrene,  Cosden  825  TV 

18.  2 

PolysuLEone  P1700 

30.  4 

Polybutadiene^ 

18.  3 

Polyvinylchloride  (PVC),  Plaskon  X2013 

31.  5 

Polypropylene  plus  30  percent  glass 

18.  5 

ABS  (F.  R. ),  Cycovin  KA 

31.  7 

Acrylonitrile  butadiene  styrene  (ABS), 

Epoxy-glass  laminate,  G.  E.  11673FR-2 

32.6 

Cycolac  T 

18.  8 

Silicone  rubber^ 

33.0 

Cellulose  butyrate  (dry  = 0.  06  percent  water) 

18.8 

Epoxy,  Plenco  200D-B1242 

38.  3 

Polystyrene,  Dylene  8X 

19.0 

Polycarbonate,  Lexan  DL444 

39.  7 

Cellulose  butyrate  (wet  = 2.  8 percent  water) 

19.9 

PVC,  Plaskon  2005 

40.  3 

Arylon  T-3198  natural 

20.6 

Alkyd  resin,  Plenco  1504-B6636 

41.  0 

ABS  plus  20  percent  glass 

21.6 

Polyester,  Atlac  711-050 

41.  5 

Phenolic -paper  laminate,  Textolite  11571B 

21.7 

Polycarbonate,  Lexan  DL444  plus  20  per- 

Polycarbonate,  Lexan  191 

22.  5 

cent  glass 

42.0 

Arylon  T-3198  white 

22.  8 

Polyvinylidene  fluoride 

43.  7 

Polypropylene  (F.  R. ),  Plaskon  1070X 

23.7 

PVC,  Geon  101 

45.0 

Polyphenylene  oxide  polymer,  Noryl  731 

24.3 

Epoxy,  Plenco  2000F-B6432 

47.6 

Nylon  6-6  (dry,  as  molded) 

24.3 

Epoxy-glass  laminate,  G.E.  11635-FR-4 

49.0 

Polycarbonate,  Lexan  141 

24.9 

Phenolic  (mica  filled),  Plenco  343-B817 

52.8 

Epoxy-glass  laminate,  G.  E.  11558G10 

24.9 

Porous  carboit^ 

56.  0 

ABS  (F.  R. ),  Durez  2311 

25.  2 

Polyvinylidene  chloride,  Saran 

60.0 

Polypropylene  (F.  R. ),  Plaskon  1050 

25.6 

Polytetrafluoroethylene,  Teflon 

95.0 

ABS  (F.R.),  Cycolac  KT 

25.8 

^Ref.  41,  pp.  40  to  42. 
^Ref.  42,  p.  146. 
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3.6  COMPATIBILITY  TESTING 


There  are  several  tests  which  are  commonly  used  to  obtain  qualitative  data  pertain- 
ing to  the  compatibility  of  materials  with  oxygen.  One  of  the  most  widely  used  compat- 
ibility tests  is  the  mechanical  impact  test  developed  by  the  Army  Ballistic  Missile  Agency 
for  determining  the  compatibility  of  materials  with  liquid  oxygen.  There  have  befen  im- 
provements in  test  equipment  and  techniques  as  described  in  reference  43.  Ignition  tem- 
perature determination  is  usually  accomplished  by  means  of  some  type  of  oxygen  bomb 
test.  Other  types  of  tests,  including  flash  and  fire  point,  flow  velocity,  and  pnemnatic 
impact,  are  also  employed  in  determining  materials  compatibility  with  gaseous  oxygen. 
Furthermore,  various  flammability  tests  are  used  to  determine  burning  characteristics 
of  materials  in  oxygen  environments  such  as  spacecraft  cabin  atmospheres. 


3, 6. 1 NASA  Specifications  for  Materials  Compatibility  Testing 

The  Office  of  Manned  Space  Flight  has  issued  a handbook  (ref.  38)  which  establishes 
uniform  material  selection,  evalxxation,  and  control  criteria  for  all  materials  that  are 
under  consideration  for  use  in  and  aroxmd  manned  spacecraft  during  flight  and  test  opera- 
tions. Test  specifications  which  were  the  basis  for  that  handbook  are  references  44  to 
46.  These  documents  provide  detailed  descriptions  of  test  equipment  and  procedures, 
some  of  which  are  summarized  herein. 

3. 6. 1.  1 Mechanical  impact  testing.  - This  test  is  performed  to  determine  the  im- 
pact sensitivity  of  materials  with  liquid  or  gaseous  oxygen  (LOX  or  GOX).  Tests  are 
categorized  as  either  ambient  LOX  mechanical  impact  or  pressurized  LOX  or  GOX  me- 
chanical impact.  The  basic  test  equipment  for  ambient  LOX  mechanical  impact  testing 
is  described  in  reference  38  (pp.  4-60  to  4-66).  For  pressurized  LOX  or  GOX  testir^ 
appropriate  modifications  to  incorporate  a test  chamber  such  as  shown  in  reference  38 
(pp.  4 to  82)  must  be  made. 

The  test  procedime  involves  dropping  a 20-poimd  (9. 04 -kg)  weight  from  known 
heights  up  to  43.  3 inches  (1.  1 m)  under  near -frictionless  conditions.  The  falling  weight 
strikes  a plvinger  (0.  500-in.  diameter)  which  delivers  a blow  to  the  material  being  tested 
as  illustrated  in  figure  3-17.  Complete  test  equipment  description  and  procedures  may 
be  fovind  in  reference  38  (pp.  4-58  to  4-80). 

Solid  materials  are  tested  in  the  form  of  11/ 16 -inch -diameter  disks.  Solid  materials 
having  up  to  1/4  inch  thicknesses  are  tested  using  disks  in  the  thickness  intended  for  ac- 
tual use.  Solid  materials  normally  used  in  thicknesses  greater  than  1/4  inch  are  tested 
usii^  disks  having  both  0.  050  and  0.250  inch  thicknesses.  Greases,  fluids,  and  other 
materials  whose  thicknesses  are  not  dictated  by  conditions  of  use  are  tested  as  0. 050- 
inch  layers.  Paints  and  dry  film  lubricants  are  applied  to  11/16 -inch -diameter  stainless 
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Plummet  (20  lb) 


steel  disks  in  the  same  manner  and  tnickness  as  intended  for  hardware  application  for 
testing.  Leak  check  compounds,  dyes,  and  dye  penetrant  systems  are  tested  after  appli- 
cation to  11/16 -inch -diameter  6061-T6  aluminum  disks  which  are  unsealed  and  sulfuric 
acid  anodized. 

A material  under  test  is  subjected  to  twenty  successive  impacts  at  72  foot-po\mds 
(10  kg-m).  More  than  one  reaction  in  twenty  impacts  is  cause  for  rejection.  If  one  reac- 
tion occurs,  the  material  is  stibjected  to  forty  additional  impacts.  One  reaction  in  the 
forty  drops  is  cause  for  rejection.  A reaction  is  defined  as  any  of  the  following; 

(1)  Audible  explosion 

(2)  Flash  (electronically  or  visually  detected) 

(3)  Evidence  of  burning  (obvious  charring) 

(4)  Major  discoloration 

A material  proposed  for  use  in  liqiiid  oxygen  systems  or  subject  to  direct  contact 
with  liquid  oxygen  must  be  tested  in  a LOX  environment  and  must  meet  the  previous  re- 
quirements. Materials  proposed  for  use  m high  pressure  (20  psia  or  above)  LOX/GOX 
systems  must  meet  the  same  requirements  as  a minimum.  In  addition,  materials  for 
use  at  20  psia  or  above  must  meet  mechanical  impact  acceptance  requirements  at  the  ac- 
tual thickness  (or  thinner  than  actual)  intended  for  use  and  at  maximum  use  pressure  and 
temperature.  Material  for  use  in  high  pressure  environments  (such  as  pressurized  air) 
where  the  oxygen  partial  pressure  is  20  psia  or  greater  must  meet  pressurized  LOX/ 

GQX  mechanical  impact  requirements. 

A material  which  does  not  meet  acceptance  criteria  for  high  pressime  LOX/GOX  sys- 
tems is  evaluated  by  determining  its  impact  threshold  level  at  maximum  use  pressure 
and  temperature  as  outlined  in  reference  38  (p.  4-77).  Based  on  this  evaluation,  the  pro- 
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curing  activity  may  approve  the  use  of  the  material. 

3.  6.  1.  2 GOX  pneumatic  impact  testing.  - This  test  is  used  to  determine  the  sensi- 
tivity and  compatibility  of  materials  with  pure  GOX  when  subjected  to  pneumatic  impact. 

It  is  used  in  conjtinction  with  mechanical  impact  threshold  determination  to  verify  accept- 
ability for  a specific  application  of  a material  which  may  be  subjected  to  pneumatic  im- 
pact loading  (ref.  38,  p.  2-5). 

The  material  to  be  tested  is  placed  in  a sample  chamber  cavity  where  it  is  subjected 
to  cyclic  high  pressure  oxygen.  This  is  accomplished  by  opening  a quick  acting  supply 
valve,  pressurizing  the  sample  chamber  cavity,  equalizing  the  pressure  at  the  test  level, 
and  then  opening  a chamber  bleed  valve.  Standard  impact  frequency  is  5 cycles  within 
60  seconds  (automatically  timed). 

Materials  are  tested  in  an  atmosphere  of  95  (plus  5,  minus  0 percent)  GOX  at  pres- 
sures and  temperatures  eqvial  to  use  pressures  and  temperatures.  Standard  tests  are 
conducted  at  a temperature  of  70°±10°  F.  A detailed  description  of  equipment  and  pro- 
cedures may  be  found  in  reference  38  (pp.  4-83  to  4-87). 

3. 6. 1.  3 Upward  propagation  rate  testing.  - This  test  is  intended  to  determine  the 
flammability  characteristics  of  materials  when  exposed  along  the  bottom  edge  to  an  en- 
ergized ignition  source.  The  test  is  conducted  at  the  highest  pressure  and  oxygen  con- 
centration to  which  the  material  will  be  exposed. 

The  test  is  conducted  in  a chamber  havir^  sufficient  volume  to  assime  complete  com- 
bustion of  the  test  samples  (minimum  volume  is  98  liters)  and  with  pressure  instrumenta- 
tion and  a viewing  port.  The  test  sample  is  supported  within  the  chamber  leaving  an  area 
2 inches  by  12  inches  of  the  sample  e3q>osed.  Ignition  is  accomplished  by  means  of  a 
standard  silicone  igniter  (or  equivalent)  which  is  described  in  reference  38  4-3). 

Materials  such  as  primers,  paints,  and  coatings  are  applied  on  3 -mil -thick  aluminum 
foil  or  the  substrate  material  intended  for  use.  Greases  and  fluids  are  applied  to  a sub- 
strate of  5 -millimeter -thick  fiberglass  cloth  for  testing. 

Materials  are  tested  in  a vertical  position  and  exposed  to  an  energized  ignition 
sovu:ce  placed  at  the  bottom  of  the  sample  for  a period  of  30  +20  or  -10  seconds.  Mate- 
rials which  fail  to  ignite  or  are  self-extinguishii^  before  6 inches  of  the  sample  are  con- 
sumed, with  no  sparking,  sputtering,  or  dripping  of  flaming  particles,  are  considered 
acceptable  vinder  this  test.  Flame  propagation  rates  are  measured  and  recorded  on  film. 
This  test  is  described  in  detail  in  reference  38  ^p.  4-1  to  4-7). 

3. 6. 1. 4 Downward  propagation  rate  testing.  - This  test  is  for  determining  the  down- 
ward burnii^  propagation  rate  of  materials  and  their  relative  rankings.  The  test  is  sim- 
ilar to  the  upward  propagation  test  except  that  the  igniter  is  applied  at  the  top  edge  of  the 
test  sample.  The  propagation  rate  is  measured  either  by  thermocouples  or  motion  pic- 
tures (ref.  38,  pp.  4-8  to  4-9). 

3.6.  1.5  Flash  and  fire  point  testing.  - Flash  and  fire  point  testing  is  accomplished 
to  evaluate  the  spark  ignition  characteristics  of  nonmetallic  materials  which  have  been 


44 


selected  for  application  in  and  around  manned  spacecraft.  Materials  are  normally  con- 
sidered acceptable  if  they  exhibit  a flash  point  above  400°  F and  a fire  point  above  450°  F. 

This  test  is  conducted  in  a test  chamber  pressurized  to  at  least  50  psia.  A 0.  5- 
gram  sample  is  heated  at  a rate  of  25  fahrenheit  degrees  per  minute.  A 2 -millisecond, 
50±20  millijoule  spark  is  discharged  between  electrodes  positioned  0.  75  inch  above  the 
sample  once  for  each  10  seconds.  , 

Flash  and  fire  occurrences  are  monitored  visvially  through  a glass  viewport  and 
electronically  by  a photoelectric  cell  detector.  Flash  point  is  defined  as  the  lowest  tem- 
peraUire  at  which  the  test  specimen  gives  off  siifficient  flammable  vapors  that,  when 
mixed  with  the  test  atmosphere  and  exposed  to  the  spark  ignition  source,  provides  a 
non-self -sustaining  flash  or  flame.  The  fire  point  is  defined  as  that  temperature  atwhich 
the  vapors  continue  to  burn  after  ignition.  As  pressures  are  increased  these  temper - 
at\xres  tend  to  converge. 

Data  obtained  from  test  rigs  operating  at  pressures  up  to  50  psia  when  compared  to 
those  obtained  at  higher  pressures  are  not  identical.  This  anomaly  is  attributed  to  dif- 
ferences in  spark  generators  because  a higher  spark  voltage  is  required  to  obtain  spark 
propagation  at  the  higher  pressures.  While  at  low  pressures  the  spark  energy  can  be 
readily  measured,  at  higher  pressvmes  even  an  approximate  measurement  is  difficult 
(ref.  25,  pp.  43  and  52).  Accordingly,  there  is  no  assurance  that  test  parameters  are 
the  same  between  high  and  low  pressure  setups.  For  a given  pressure,  however,  the  en- 
ergy inputs  appear  repeatable  which  means  that  data  for  different  materials  under  the 
same  test  pressure  are  consistent  and  permit  ranking  the  materials.  A description  of 
test  equipment  and  procedxires  may  be  found  in  reference  38  (pp.  4-10  to  4-16). 

3.6.  1.  6 Electrical  wire  insulation  testing.  - This  test  is  used  to  screen  flammable 
wire  insulation  and  electrical  accessory  materials  such  as  wire  bundle  sleeving,  heat 
shrinkable  tubing,  solder  sleeves,  bundle  ties,  cable  clamps,  and  identification  tags.  The 
test  is  performed  at  use  pressure  and  gas  mixture  conditions.  Materials  are  considered 
acceptable  if  determined  noncombustible  in  the  test  atmosphere  during  current  overloads 
up  to  the  melting  point  of  the  wire.  The  materials  must  also  meet  the  requirements  of 
the  upward  propagation  test. 

Testing  is  accomplished  in  a test  chamber  similar  to  the  one  used  for  the  upward 
propagation  test.  Wires  are  assembled  either  in  use  configuration  or  in  a bundle  of  seven 
insulated  wires.  Current  is  applied  throvigh  one  wire  on  the  exterior  of  the  bundle.  Test 
current  is  increased  in  5 -ampere  steps  until  either  wire  failure  or  ignition  occxirs.  If 
the  wire  fqils,  voltage  is  maintained  \mtil  it  is  positively  established  that  current  does 
not  flow  by  bridging  the  gap  to  adjacent  conductors.  Equipment  and  procedures  are  de- 
scribed in  reference  38  (pp.  4-17  to  4-20). 

3.  6. 1.  7 Connector  potting  flammability  testing.  - This  test  is  intended  to  provide  an 
evaluation  of  flammability  characteristics  of  potting  and  coating  compounds  in  a specific 
gas  atmosphere  environment.  It  simulates  a short  circuit  or  dielectric  breakdown  of 
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current  carrying  wires  within  a potting  compound  used  to  seal  electrical  connectors. 
Materials  determined  to  be  noncombustible  under  test  conditions  are  considered 
acceptable. 

The  test  is  conducted  at  the  highest  pressure  and  oxygen  concentration  conditions  for 
the  intended  use.  The  test  chamber  used  is  similar  to  the  one  used  for  the  upward  prop- 
agation  test.  Current  is  applied  to  one  lead  through  a test  connector  potted  with  the  test 
material.  Current  is  increased  until  ignition  of  the  potting  compound  occurs  or  the  wire 
fails.  If  the  wire  fails,  the  voltage  is  maintained  for  1 minute  to  establish  that  current 
does  not  flow  by  bridging  the  gap  to  adjacent  conductors.  For  a description  of  procedxires 
and  equipment  see  reference  38  (pp.  4-21  to  4-29). 

3.  6.  1.  8 Other  NASA  compatibility  testing.  - Additional  flammability  tests  are  also 
required  to  determine  combustion  characteristics  of  materials  in  sealed  and  unsealed 
(vented)  containers  (ref.  38,  pp.  4-42  to  4-48).  Configviration  testing  to  determine  com- 
bustion characteristics,  particularly  propagation  rates  of  materials  as  they  are  assem- 
bled in  functional  assemblies  are  also  required  (ref.  38,  pp.  4-49  to  4-54).  Such  tests 
include  simulated  panel  and  assembly  flammability  tests  and  simulated  crew  bay  config- 
uration flammability  verification  tests. 

In  addition  to  the  previously  described  tests,  NASA  also  requires  testing  to  verify 
compatibility  with  personnel,  including  odor  and  off-gassing  products  and  carbon  mon- 
oxide tests.  These  tests  are  to  verify  that,  when  heated,  the  materials  do  not  give  off 
products  which  will  be  toxic  or  objectional  to  crew  members  (ref,  38,  pp.  4-30  to  4-36). 


3. 6. 2 Tests  Not  Required  by  NASA 

There  are  tests  not  necessarily  required  by  NASA  which  are  also  of  value  in  deter - 
minii^  the  compatibility  of  materials  with  oxygen.  Generally  these  tests  are  designed  to 
evalttate  the  ignition  characteristics  of  materials  in  oxygen  or  combustion  supporting 
environments. 

3,  6.  2.  1 Oxygen  bomb  test.  - A typical  autoignition  test  and  test  equipment,  as  de- 
scribed in  reference  47  (pp.  2 to  6),  include  a reaction  chamber  about  12  inches  in  diam- 
eter by  18  inches  high  enclosed  in  a furnace.  Temperature,  pressxire,  and  oxygen  (gas) 
flow  are  the  controlled  parameters.  Test  samples  are  placed  on  a stainless  steel  tray 
located  just  above  the  gas  inlet  mixer.  The  t^^ay  may  be  independently  temperature  con- 
trolled or  slaved  to  the  main  reaction  chamber.  Specimen  temperatvire  is  measured  by 
a thermocouple  in  contact  with  its  exposed  upper  surface.  Reaction  chamber  temper- 
ature is  also  monitored.  The  reaction  chamber  is  pressurized  with  the  test  gas  to  the 
test  pressure.  A static  or  a dynamic  test  atmosphere  may  then  be  maintained.  In  the 
latter  instance,  the  flow  rate  is  controlled  independent  of  operating  pressure.  After 
pressure  and  flow  conditions  are  stabilized  the  furnace  heater  is  activated  to  provide  the 
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desired  temperature  profile  and  testing  proceeds  vintil  ignition  is  obtained.  Preignition 
and  postignition  reaction  chamber  atmospheres  may  also  be  sampled  and  analyzed  for  re- 
action products. 

3.  6. 2.  2 Thermogravimetric  analysis  testing.  - The  thermogravimetric  analysis 
(TGA)  technique  may  be  employed  for  nonmetals  in  conjunction  with  flash  and  fire  point 
testing  techniques.  In  this  test  the  weight  or  weight  change  of  the  sample  being  subjected 
to  flash  and  fire  point  determination  is  determined  by  means  of  a precise  spring  balance,' 
Sample  weight  loss  and  photoelectric  cell  output  (for  flash  point  determination)  are 
plotted  against  test  chamber  temperature  as  illustrated  in  figure  3-18  (ref.  48).  The 
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Figure  3-18.  - Typical  TGA  ignition  temperature  deter- 
mination (ref.  48,  p.  107).  Wlaterial,  85.  5 milligrams 
polyvinyl  chloride;  test  environment,  1.  5 cubic 
centimeters  per  minute  oxygen;  heat  rate,  24°  C per 
minute. 


temperature  coincidence  of  an  abrupt  sample  weight  change  and  flash  point  indicator 
provides  an  ignition  temperature  determination.  This  test  and  associated  equipment  are 
described  fully  in  reference  48  (pp.  101  to  104). 

This  test  appears  to  provide  a reproducible  characterization  of  many  nonmetal  mate- 
rials in  oxygen  atmospheres  at  a 1-atmosphere  pressure  or  below. 

3.  6. 2,  3 Oxygen  index  testing.  - The  oxygen  index  test  method  is  used  to  determine 
the  relative  flammability  of  materials.  The  test  method  is  presently  limited  to  physically 
self-supporting  plastic  test  specimens.  The  oxygen  index  is  the  minimum  concentration 
of  oxygen,  expressed  as  a volume  percent,  in  a mixture  of  oxygen  and  nitrogen  that  will 
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just  support  combustion  of  the  material  voider  test. 

Generally  the  test  consists  of  igniting  a specimen  in  a test  column  through  which  a 
slowly  rising  mixture  of  oxygen  and  nitrogen  is  flowing.  The  gas  mixtvire  is  varied  to 
determine  the  mixture  which  just  supports  combustion  in  the  form  of  candle -like  (top  ig- 
nition) burning.  This  point  is  approached  from  both  sides  of  the  critical  oxygen  concen- 
tration in  order  to  establish  the  oxygen  index.  The  test  and  equipment  are  fully  described 
in  reference  49  (pp.  727  to  729).  Data  are  tabulated  in  table  3 -XI. 

3.  6. 2. 4 Velocity  impact  testing.  - This  test  has  been  used  by  some  investigators  to 
rank  materials  according  to  their  susceptibility  to  particle  impact  ignition.  The  test  in- 
volves injecting  a charge  of  metal  particles  (usually  iron)  into  a flowing  stream  of  oxygen. 
A sufficiently  long  flow  path  is  provided  to  permit  the  particles  to  accelerate  to  the  flow- 
ing gas  velocity.  At  this  point,  the  particles  impinge  a test  specimen  movinted  in  a cup- 
like holder  in  a combustion  chamber  vented  to  atmosphere.  Ignition  of  a portion  of  the 
particles  upon  impact  on  the  sample  causes  ignition  of  the  particle  cloud  which  then  ig- 
nites the  test  specimen. 

This  test  is  rather  limited  in  that  there  are  many  variables  which  affect  the  results, 
some  of  which  are  rather  difficult  to  control.  These  include  particle  size  and  shape,  dis- 
tribution of  particvilate  sizes  and  shapes  within  the  flow  pattern,  and  the  thickness  of  the 
oxide  film  on  both  the  particles  and  the  sample.  While  test  results  generally  confirm 
rankings  obtained  by  other  tests,  the  test  is  most  useful  as  a verification  test  for  specific 
applications,  such  as  very  high  pressure,  high  velocity  flow  systems,  where  very  high 
impact  energies  and  possible  ignition  can  occur.  See  also  section  3.4.  6. 

3.  6.  2.  5 Electrical  arc  ignition  testing.  - Tests  to  determine  the  susceptibility  of 
materials  to  an  electric  arc  have  been  conducted  in  a test  chamber  similar  to  the  cham- 
ber used  for  high  pressure  flash  and  fire  point  testing  described  previously.  An  arc  gen- 
erator, electronic  ignition  sensing  equipment,  and  temperature  and  pressure  control 
equipment  are  also  similar  to  that  used  for  flash  and  fire  point  testing. 

Test  samples  of  varying  thicknesses  and  a 0.  500 -inch  diameter  are  prepared  with  a 
3/32 -inch  hole  in  the  center  and  supported  between  two  electrodes.  The  electrodes  are 
placed  together  through  the  hole.  After  pressure  and  temperature  conditions  are  estab- 
lished, the  electrodes  are  mechanically  separated  to  initiate  the  arc.  Ignition  is  mon- 
itored electronically.  Tests  are  conducted  at  different  arc  current  levels  to  determine 
current  thresholds  of  no  ignition  and  100  percent  ignition.  The  procedure  for  this  test 
was  developed  by  the  White  Sands  Test  Facility  and  is  described  in  detail  in  reference  50. 

Since  actvial  power  input  to  the  test  specimen  cannot  be  accurately  determined,  this 
test  also  only  provides  a ranking  of  materials  in  terms  of  susceptibility  to  electric  arc 
in  proximity  to  the  material.  The  power  input  can  be  accurately  repeated,  however,  by 
controlling  the  arc  current. 
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TABLE  3-xn.  - PHYSICAL  PROPERTIES  OF  PREFERRED  POLYMERS 
[Ref.  51,  pp.  12.3.  2-2  and  12.3.  2-3.] 

(a)  Plastics 


Common  name 

Fluorinated  ethylene 
propylene 

Polychlorotrl- 

fluoroethylene 

Polyvinylidene 

fluoride 

Polytetrafluoro- 

ethylene 

Polyimide  * 

Trade  name 

Teflon  FEP^ 

Kel 

-F® 

Kynar*^ 

Fluorosint^’  ® 

Kapton  H® 

Teflon  TFE*^ 

Kapton  F^ 

Halon  TFE^ 

Vespel® 

Polymer  SP- 1^ 

Physical  and  mechanical  properties: 

Specific  gravity 

2. 14  to  2.  17 

2. 1 to  2.  2 

1.76  to  1.  77 

2.  13  to  2.  22 

1.42 

Tensile  strength,  psi 

2700  to  3100 

4500  to  6000 

7000 

2000  to  4500 

^25  000;  10  500 

Elongation,  percent 

250  to  330 

30  to  250 

100  to  300 

200  to  400 

S7O;  6 to  8 

Tensile  modulus,  psi 

0.  5X10^ 

1.  5X10®  to  3x10® 

1.  2X10® 

0.  58x10® 

4,  3x10® 

Compressive  strength,  psi 

2200 

32  000  to  80  000 

10  000 

1700 

24  400 

Flexural  strer^th,  psi 

-- 

— 

7400  to  9300 

14  000 

Impact  strength,  ft-lb/in.  of  notch 

No  break 

0.  8 to  5. 0 

3.5 

3.C 

0.9 

Rockwell  hardness 

R25 

RllO  to  R115 

D80  (shore) 

D50  to  D65  (shore) 

H85  to  95 

Thermal  conductivity, 

1.75 

0.9 

0.9 

1.  75 

2.  2 

Btu/hr/ft^/(°F/in. ) 

Specific  heat,  Btu/lbm/°F 

0.28 

0.  22 

0.  33 

0.  25 

0.  27 

Coefficient  of  linear  expansion. 

4.7x10"^  to  5.  8x10'® 

5xl0‘®  to  15x10'® 

6. 7X10'® 

5,  5X10'® 

28X10'®  to  35x10'® 

In. /in-/°FxlO"® 

Volume  resistivity,  ohm-cm 

>2x10^^ 

1.2x10^® 

2x10^^ 

>10^® 

10'® 

Clarity 

Transparent  to 

Transparent  to 

Transparent  to 

Opaque 

Opaque 

translucent 

translucent 

translucent 

Processing  properties: 

Molding  qualities 

Excellent 

Excellent 

Excellent 

-- 

Injection  molding  temperature,  °F 

625  to  760 

440  to  600 

450  to  650 

-- 

Mold  shrinkage,  in.  /in. 

0.  03  to  0.  06 

0.005  to  0.010 

0.030 

-- 

Machining  qualities 

Excellent 

Excellent 

Excellent 

Excellent 

Resistance  properties: 

Mechanical  abrasion  and  wear  Ta- 

-- 

0.01 

17.6 

-- 

bor  CS  17  wheel  mg,  loss/1000  cycles 

Temperature: 

Flammability 

None 

None 

Self-extinguishing 

None 

Low  temperature  brittle  point,  °F 

-420 

-400 

-80 

-420 

Resistance  to  heat,  °F  (continuous) 

400 

350  to  390 

300 

550 

500 

Deflection  temperature  under  load,  °F 

.. 

258  (66  psi) 

300  (66  psi), 

250  (66  psi) 

195  (264  psi) 

Chemical: 

Effect  of  sunlight 

None 

1 None 

Slight  bleaching  on 

1 None 

Degrades  after 

long  exposure 

prolonged  ex- 

posure 

Effect  of  weak  acids 

None 

None 

Effect  of  strong  acids 

Attacked  by  fuming 

sulfuric 

Effect  of  weak  alkalies 

None 

Effect  of  strong  alkalies 

None 

Attacked 

Effect  of  organic  solvents 

Halogenated  com- 

Resists  most  sol- 

Resistant  to 

pounds  cause 

vents 

most  organic 

slight  swellii^ 

solvents 

^E.  I.  duPont  de  Nemours. 

^Minnesota  Mining  and  Manufacturing  Co. 
^Pennsalt  Chemicals  Corp. 

^Polymer  Corp.  of  Pennsylvania. 
®Polypenco,  Inc. 

^Allied  Chemical  Corp. 


TABLE  3-Xn.  - Concluded.  PHYSICAL  PROPERTIES  OF  PREFERRED  POLYMERS 


(Ref.  51,  pp.  12.  3.  2-2  and  12.  3.  2-3.] 


(b)  Elastomers 


Elastomer  types 

Silicone  rubber 

Vinylidene 
fluoride  hexa- 
fluoropropylene 

Fluorosilicone 

Polytrifluoro- 

chloroethylene 

Trade  name 

Silastic^ 

Viton'^ 

Silastic  LS-53^ 

Kel- 

pC.d 

Silicone  rubber®’  ^ 

Fluore® 

Physical  and  mechanical  properties: 

Durometer  range  (shore  A) 

45  to  60 

55  to  90 

50  to  60 

55  to  90 

Specific  gravity  (base  elastomer) 

1.  17  to  1.  46 

1.4  to  1.85 

1.41  to  1.46 

1.  4 to  1.85 

Density,  Ib/in.  ^ (base  elastomer) 

0.  045 

0.  051  to  0.067 

0.051 

0.  051  to  0.067 

Tensile  strength,  psl: 

Pure  gum 

Under  400 

>2000 

1000 

350  to  600 

600  to  1500 

Elongation,  percent: 

Pure  gum 

Under  200 

>350 

200 

500  to  800 

0.  13 

0,  13 

Btu/hr/sq  ft/(°F/ft) 

Coefficient  of  thermal  expansion,  cubical, 

45X10’® 

27X10’® 

45X10’® 



in.  Vin.  V°P 

Electrical  insulation 

Excellent 

Excellent 

Good 

Excellent 

Rebound: 

Cold 

Very  good 

Good 

Very  good 

— 

Hot 

Very  good 

Excellent 

Very  good 

Compression  set 

Good  to  excellent 

Good  to  excellent 

Good 

Good  to  excellent 

Resistance  properties: 

Temperature: 

Tensile  strength  at  250°  F,  psi 

850 

300  to  800 

300  to  800 

Tensile  ^rength  at  400°  F,  psi 

400 

150  to  300 

150  to  300 

Elongation  at  250°  F,  percent 

350 

100  to  350 

100  to  350 

Elongation  ^ 400°  F,  percent 

200 

50  to  160 

50  to  160 

Low  temperature  brittle  point,  °F 

-90  to  -200 

10  to  -60 

-90 

10  to 

-60 

Low  temperature  rat^e  of  rapid  stiffen- 

-60  to  -120 

20  to  -30 

-20  to  -30 

ing,  “f 

Drift,  room  temperature 

Poor  to  excellent 

Good 

Good 

Drift,  elevated  temperature  (158°  to 

Excellent 

Good  to  excellent 

Excellent 

Good  to  ^cellent 

212°  F) 

Heat  aging  (212°  F) 

Excellent 

Excellent 

Excellent 

Excellent 

Maximum  recommended  continuous  ser- 

480 

450 

500 

400 

vice  temperature,  °F 

Minimum  recommended  service  tern- 

-178 

-50 

-90 

-60 

perature,  °F 

Mechanical: 

Tear  resistance 

Poor 

Poor  to  good 

Poor  to  good 

Abrasion  resistance 

Poor 

Good 

Poor 

Good 

Impact  resistance  (fatigue) 

Poor 

Poor  to  good 

Poor 

Poor  to  good 

Chemical: 

Sunlight  aging 

Excellent 

Excellent 

Excellent 

Excellent 

Weather  resistance 

Excellent 

Excellent 

Excellent 

Oxidation 

Excellent 

Excellent 

Excellent 

Acids: 

Dilute 

Very  good 

Excellent 

Excellent 

Concentrated 

Good 

Good 

Very  good 

Alkali 

Fair  to  excellent 

Poor  to  fair 

Fair  to  excellent 

Poor  to  fair 

Alcohol 

Good 

Excellent 

Poor  to  good 

Excellent 

Petroleum  products,  resistance 

Poor  to  fair 

Good  to  excellent 

Excellent 

Good  to  excellent 

Coal  tar  derivatives,  resistance 

Poor 

Excellent 

Excellent 

Chlorinated  solvents,  resistance 

Good 

Good 

Good 

Hydraulic  oils: 

Silicates 

Poor 

Good 

Good 

Phosphates 

Good 

Poor 

Poor 

Water  swell  resistance 

Good 

Good 

Excellent 

Good 

Permeability  to  gases 

Good 

Excellent 

Fair 

Excellent 

^Dow  Corning  Corp. 

^E,  I.  duPont  de  Nemours. 

Minnesota  Mining  and  Manufacturing  Co. 
*^CTFE  compounded  with  vinylidine  fluoride. 
^General  Electric. 

^Union  Carbon  and  Carbide. 


3.7  PREFERRED  POLYMERIC  MATERIALS  FOR  OXYGEN  SYSTEMS 


Of  the  three  general  classes  of  materials  (metals,  cermets,  and  polymers),  the  poly- 
meric materials  as  a class  are  the  most  sensitive  to  possible  ignition  in  oxygen.  Metals 
have  a significantly  higher  ignition  temperature  than  polymeric  materials  and  they  have 
the  advantage  of  the  protective  oxide  film  coating.  Because  these  advantages  are  highly 
variable,  depending  on  the  circumstances,  preferred  metals  are  discussed  in  context 
with  their  application  in  chapters  5 to  10.  The  cermets  (fused  metal  oxides)  and  fiber- 
glass (a  silicate)  are  already  oxidized  so  they  will  not  ’’burn”  in  oxygen. 

All  polymers  will  burn  in  oxygen  and  some  of  them  will  ignite  very  easily  compared 
to  most  metals  (see  section  3.4).  However,  a few  of  the  polymeric  materials  have  rel- 
atively high  ignition  temperatures  (up  to  500°  C)  and  are  highly  resistant  to  ignition  and 
chemical  deterioration  in  oxygen.  Polymeric  materials  that  are  most  resistant  to  reac- 
tion with  oxygen  are  the  fluorocarbon  plastics  and  elastomers.  Next  in  resistance  to  ox- 
ygen are  the  silicone  elastomers  and  the  polyimide  and  epoxy  resins.  Nearly  all  plastics 
and  elastomers  can  be  exposed  to  oxygen  with  no  apparent  reaction.  They  may  even  be 
highly  resistant  to  deterioration  or  reaction  for  short  exposure  times.  But,  care  must 
be  taken  that  materials  considered  for  use  in  oxygen  systems  have  the  necessary  resist- 
ance to  oxygen  attack  and  degradation  for  long  term  exposiire. 

Selected  physical  properties  of  the  preferred  polymers  are  given  in  table  3 -XII 
(ref.  51).  For  additional  information  see  references  30,  52,  and  53  (chs.  10,  11  and  12). 

Althov^h  fiberglass  is  not  a polymeric  material,  it  is  included  in  this  discussion  be- 
cause of  its  special  physical  characteristics  and  its  chemical  inertness  to  oxygen. 


3.7.1  Fluorocarbon  Polymers 

The  fluorocarbon  polymers  are  the  most  stable  polymeric  materials  because  the 
fluorine  atom  has  the  highest  oxidation  potential  of  any  other  oxidizer,  and,  therefore, 
the  fluorocarbon  structure  cannot  be  broken  by  a weaker  oxidizer  under  normal  condi- 
tions. The  higher  the  degree  of  substitution  of  fluorine  for  hydrogen  in  the  polymer 
struct\u*e,  the  more  resistant  the  polymer  is  to  further  oxidation. 

A fully  substituted  fluorinated  polymer,  such  as  polytetrafluoroethylene. 


51 


can  only  be  reacted  further  by  thermochemical  degradation  of  the  polymer  which  breaks 
the  carbon -carbon  bond.  A partially  substituted  polymer,  such  as  vinylidene  fluoride, 


is  less  resistant  to  attack,  and  regular  polyethylene 


is  more  readily  attacked  by  strong  oxidizers.  The  substitution  for  the  fluorine  atom  in 
the  polymer,  especially  with  hydrogen,  results  in  a significant  decrease  in  chemical  in- 
ertness and  causes  thermal  degradation  at  a lower  temperature. 

The  physical  properties  of  fluorocarbon  polymers  are  highly  variable  dependir^  on 
the  specific  material,  the  average  molecular  weight,  and  its  degree  of  crystallinity.  The 
higher  the  average  molecular  weight,  the  greater  the  viscosity,  hardness,  and  toughness. 
Material  of  thin  cross  section  can  be  quickly  quenched  to  yield  low  crystallinity,  some  in- 
crease in  chemical  stability  and  density,  and  a decrease  in  the  permeability  to  gases. 

The  effects  of  crystallinity  on  physical  properties  of  some  fluorocarbon  resins  are  shown 
in  table  3-Xni  and  the  effects  of  crystallinity  on  creep  are  discussed  in  section  9.3.2. 

Polytetrafluoroethylene  (TFE)  has  a crystalline  structure  below  327°  C.  If  heated 
above  327°  C it  becomes  amorphous,  translucent,  and  plastic  and  begins  to  soften  sig- 
nificantly. TFE  begins  to  pyrolyze  above  400°  C;  when  heated  above  650°  C it  decom- 
poses into  the  monomer  (CgF^),  elemental  fluorine  (Fg),  carbon  tetrafluoride  (CF^),  and 
other  fragments.  If  oxygen  is  present,  some  COFg  may  be  formed.  Oxygen,  fluorine, 
and  hydrogen  all  react  with  polytetrafluoroethylene  at  the  decomposition  temperature 
(approximately  650°  or  1202°  F).  The  basic  reactions  are  as  follows; 

(-CF2-)„  + (Fj  + CF^  + C) 

(-CF2->n+02  'COFj 

(-CFj-)^^  + H2  HF  + C 

(-CF2-)n  + F2  CF^ 


These  reactions  are  typical  of  the  fluorocarbon  polymers.  TFE  is  also  prone  to  stress 
crazing  when  exposed  to  halogenated  solvents  and  cleaning  agents.  When  used  as  seals. 
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TABLE  3-XIII.  - PHYSICAL  PROPERTIES  OF  FLUOROCARBON  RESINS  OF  VARYING  CRYSTALLINITIES 


[Values  were  obtained  by  reading  data  points  from  the  original  data  curves.  Values  in  parentheses  ( ) were  obtained  by  interpolation. 
No  actual  data  were  obtained  with  liquid-oxygen  temperatures  in  the  original  study.  Change  in  crystallinity  indicated  by  asterisk.] 


Mechanical  property 

Tempera- 

Fluorocarbon 

resins 

ture, 

°F 

Kel-F 

FEP  Teflon 

TFE  Teflon 

Crystallinity,  percent 

40 

55 

60 

70 

44 

49 

51 

47 

49 

52.  5 

66.  2 

71 

Notched  Izod  impact 

-423 

— 

1.4 

1.2 

1.  95 

1.  7 

B 

■B 

1.  25 

3 

strength,  ft-lb/in. 

-320 

--- 

--- 

1.3 

1.  1 

- — 

1.9 

1.  5 

B 

1.  17 

(-297) 

--- 

(1.  25) 

(1.  07) 

___ 

(1.9) 

(1.  5) 

B 

B 

(1.  15) 

-— 

(1.39) 

Modulus  of  rigidity, 

-423 

B 

230 

■B 

695 

267 

B 

275 

BB 

B 

psixlO^ 

-320 

203 

Urn 

305 

224 

190 

mm 

B 

(-297) 

(229) 

B 

(195) 

(275) 

(275) 

(216) 

B 

(175) 

(175) 

B 

Tensile  yield  strength, 

-423 

23.  5 

20.  5 

m 

Bl 

23.8 

23.  5 

— 



20.  0 

19.  0 

15.6 



psixlO^ 

-320 

24.  9 

17.  5 

mm 

19.  1 

18.  8 

--- 

16.  0 

15.  4 

10.6 

(-297) 

(24.  4) 

(17.0) 

^^B 

(15.0) 

(17.9) 

(17.6) 

--- 

--- 

(14.  2) 

(14.  1) 

(9.0) 

--- 

Ultimate  tensile 

22.  5 

B 

B 

24.0 

23.  6 

B 

B 

Bl 

BB 

B 

strength,  psixlO® 

17.  6 

B 

mm 

18.  1 

17.9 

B 

B 

mm 

BB 

B 

(-297) 

(24.  1) 

(17.5) 

B 

(15.3) 

(17.0) 

(16.8) 

B 

B 

mSB 

Bfl 

B 

Tensile  modulus. 

1.  26 

0.975 

B 

0.825 

0.  620 

B 

B 

0.600 

0.645 

0.625 

B 

pslxlO® 

1.  11 

0.  802 

B 

0.  760 

0.  700 

0.  450 

0.  500 

0.520 

0.  435 

(-297) 

(1.03) 

(0.  800) 

B 

(0. 750) 

(0.  652) 

(0.  430) 

B 

B 

(0.  465) 

(0.  480) 

(0.400) 

B 

Elongation,  percent 

ca  2 

ca  1 

B 

<1 

ca  5 

ca  5 

— 

— 

ca  4 

ca  3 

ca  2 

B 

ca  4 

2.  5 

ca  1 

ca  7 

ca  7 

--- 

--- 

ca  9 

ca  8 

ca  4 

(-297) 

(ca  4.  5) 

(3) 

B 

(ca  1) 

(ca  8) 

(ca  7) 

— - 

... 

(9) 

(8) 

(ca  5) 

B 

Flexural  strength, 

74.  0 

55.  5 

B 

35.9 

39.6 

B 

B 

33.  8 

25.  7 

22.  8 

B 

psixlO^ 

58.0 

42.  7 

25.7 

27.7 

B 

30.  0 

24.  0 

21.  5 

B 

(-297) 

(53.  5) 

(41.  0) 

B 

(35. 0) 

(24. 0) 

(25.  5) 

B 

B 

(28.  0) 

(23.  0) 

(20.  5) 

B 

Flexural  modulus. 

2.  09 

1.94 

B 

1.84 

0.  78 

0.  75 

B 

B 

0.  778 

0.  72 

B 

psixlO® 

1.  83 

1.  70 

B 

1.  64 

0.  68 

0.  68 

B 

B 

0.720 

0.  70 

0.  64 

iBB 

(-297) 

(1.70) 

(1.64) 

B 

(1.  59) 

(0.  67) 

(0.  66) 

■ 

H 

(0.  690) 

(0.64) 

(0.61) 

iB 

50* 

55 

60 

70 

44 

49 

51 

47 

50* 

56* 

68* 

71 

Compressive  strength, 

42.  5 

■B 

44.5 

28.  8 

36.  3 

35.  2 

■ 

■ 

30.  4 

32.  5 

33.  2 

B 

psixlO^ 

35.  0 

37.  5 

38.8 

30.0 

30.0 

20.  0 

21.  2 

22.0 

(-297) 

(34.  0) 

■B 

(36.  0) 

(38.  8) 

(28.  5) 

(28.  5) 

■ 

B 

(18.  5) 

(20.  0) 

(21.5) 

B 

Compressive  modulus, 

mm 

HR 

B 

1.01 

1.  04 

■ 

B 

0.  81 

— 

psixlO® 

1.  52 

mm 

0.  91 

0.  91 

B 

0.  75 

0.  79 

0.  84 

--- 

(-297) 

(1.27) 

H 

(1.  49) 

(1.65) 

(0.  90) 

(0.  89) 

B 

B 

(0.72) 

(0.  76) 

(0.81) 

--- 

Coefficient  of  thermal 

-423 

0.011 

m 

m 

B 

|B 

■ 

B 

0.  0214 

■ 

||BB 

B 

expansion  (total  con- 

-320 

0.  0093 

0.  0205 

B 

traction  from  70°  F). 

(-297) 

(0.  0090) 

B 

B 

0.  0201 

in.  / in. 

im 

im 

■i 

^Ref.  30,  pp.  8 and  9. 
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gaskets,  or  other  components  in  oxygen  systems  and  under  a stressed  condition,  hal- 
ogenated  solvents  should  not  be  used  where  exposure  time  is  more  than  a few  minutes. 

The  threshold  level  of  stress  which  can  cause  crazing  is  reported  to  be  4.  IXIO  to 
5.  5X10®  newtons  per  square  meter  (600  to  800  psi)  (ref.  54,  p.  22). 

Fliiorinated  ethylene  propylene  copolymer  (FEP)  is  extrudable  and  is  readily  proc- 
essed by  common  fabricating  eqvdpment.  The  notched  Izod  impact  strength  indicates  that 
FEP  is  more  resistant  to  impact  fracture  at  cryogenic  temperatures  than  either  TFE  or 
Kel-F. 

Filled  TFE  and  FEP  have  better  resistance  to  deformation  and  cold  flow,  lower  ther- 
mal coefficient  of  expansion,  and  better  wear  resistance  than  the  unfilled  Teflons  (most 
common  filler  materials  are  metal  powders  and  glass  fiber).  In  the  filled  materials, 
elongation  and  impact  strength  are  reduced.  The  glass -fabric -reinforced  TFE  and  FEP 
are  very  strong  and  are  used  in  applications  involving  tensile  and  flexural  strength,  as 
well  as  compression  and  shear.  The  room  temperature  mechanical  properties  of  these 
materials  are  controlled  by  the  strength  of  the  glass  fabric  rather  than  the  resin. 

Chlorotrifluoroethylene  (CTFE),  an  opaque  colorless  material,  is  exceptionally 
stable  (comparable  to  TFE),  highly  temperature  resistant,  chemically  inert,  and  a true 
thermoplastic.  Chlorine  in  the  molecule  contributes  to  the  translucency  and  the  rigidity 
characteristics  of  the  polymer.  CTFE  has  superior  resistance  to  cold  flow  over  TFE; 
however,  in  most  applications  where  creep  or  cold  flow  would  be  a problem,  a fiberglass - 
filled  fluorocarbon  polymer  may  be  preferred.  The  higher  fluorocarbon  has  improved 
compressive  yield  and  cold  flow  characteristics  to  some  extent.  However,  the  tensile 
yield  and  ultimate  strength  are  decreased. 

Vinylidene  fluoride  and  hexafluoropropylene  copolymer  is  a linear  copolymer  contain- 
ing about  65  percent  fluorine.  It  has  excellent  resistance  to  oxidation.  O-rings  molded 
from  commercial  compounds  of  this  material  make  excellent  static  seals  at  temperatures 
from  260°  to  less  than  -184°  C even  though  the  material  may  be  brittle  at  the  lower 
temperatures. 


3.7. 2 Silicone  Polymers 

Silicone  polymers  are  formed  from  a basic  structure  of  alternating  silicon  and  ox- 
ygen atoms  cross  linked  with  methyl,  phenyl,  or  vinyl  groups  at  each  silicon  atom.  The 
silicone  polymers  are  very  stable  at  high  temperatures  (over  200°  C).  Reference  52 
(p.  2-9)  states  that  "at  500°  F (260°  C)  after  one -half  hour  exposure,  silicone  fiber- 
glass laminates  retain  approximately  40  percent  of  initial  strength,  " In  a vacuum  at 
800°  C,  a 13  percent  weight  loss  was  measimed,  and  at  about  1200°  C a 17  percent  loss 
was  obtained  (ref,  52,  pp.  2-9  and  2-10).  The  ignition  temperature  of  silicone  rubber 
is  only  390°  C.  The  permeability  of  silicone  polymers  to  oxygen  is  very  low  even  at 


54 


very  high  pressures.  This  is  important  to  prevent  rupture  when  suddenly  depressurized 
after  long  periods  of  high  pressure  exposure.  Experience  with  silicone  O -rings  in  high 
pressure  oxygen  (over  6000  psia)  has  been  very  good  in  both  static  and  dynamic  seal  ap- 
plications. (See  section  9.3.3.)  However,  the  use  of  silicone  rubber  exposed  to  high 
velocity  flow  or  possible  high  velocity  particle  impact  is  not  recommended. 


3.7.3  Fiberglass 

Fiberglass  materials  are  basically  a mixture  of  oxidized  silicon,  metal  silicates, 
phosphates,  and  borates,  and  because  they  are  already  oxidized,  they  will  not  burn  or 
react  with  oxygen.  However,  processing  agents  and  bonding  materials  for  fiberglass 
laminates  (such  as  epoxy  resin)  are  flammable.  Fiberglass  is  widely  used  as  reinforc- 
ing filler  in  fluorocarbon  materials  to  improve  strength  and  reduce  cold  flow.  Any  ap- 
plication where  fiberglass  meets  the  physical  requirements  for  temperature  and  stress 
may  be  considered  for  use  in  oxygen. 


3.7.4  Polyimide  Resins 

Polyimides  have  the  basic  structvire 


where  R represents  an  aromatic  groups  which  has  a carboncyclic  structirre,  Poly- 
imides have  a higher  decomposition  and  ignition  temperature  than  the  epoxy  resins  and 
are  used  as  wire  insulation,  film  laminates,  impregnants,  and  occasionally  as  bonding 
agents.  They  are  stable  at  315°  C.  Weight  loss  begins  at  about  370°  C and  reaches 
40  percent  at  815°  C and  over  90  percent  when  exposed  to  oxygen  at  815°  C (ref.  52, 

(p.  2-11). 
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3.7.5  Epoxy  Resins 


Epoxy  polymers  include  a large  family  of  materials  having  a basic  epoxide  structure  . 
of  the  form 


A wide  variety  of  curing  agents  and  additives  provide  variations  in  physical  properties 
useful  in  many  applications,  mainly  as  bonding  agents.  However,  decomposition  begins 
at  about  300°  C.  Total  decomposition  occurs  by  900°  C (ref.  52,  p.  2-5). 

Epoxy  resins  will  ignite  in  oxygen  at  their  initial  decomposition  temperatures  (300° 
to  310°  C,  see  table  3 -HI)  unless  a flame  retardant  is  added  to  increase  the  ignition  tem- 
perature. Antimony  trioxide  is  generally  added  for  this  purpose  with  some  decrease  in 
mechanical  properties  (ref.  52,  p.  2-6).  Epoxy  resins  are  not  recommended  where  ex- 
posure to  LOX  or  high  pressxire  oxygen  is  possible  because  of  its  limited  physical  and 
chemical  compatibility. 


56 


CHAPTER  4.  OXYGEN  SYSTEMS 
ENGINEERING  CONSIDERATIONS 


Oxygen  system  failures  or  malfunctions  result  from  three  possible  causes:  insuffi- 
ciently compatible  materials  (chemical  stress),  structural  failure  (physical  stress),  and 
system  contamination,  which  results  in  solid  particle  interference  or  clogging  and  igni- 
tion sensitivity  (physical  and  chemical  stress).  Most  fluid  system  hardware  such  as 
valves,  lines,  and  fittings  are  made  of  materials  and  have  design  features  that  are  suit- 
able for  a wide  variety  of  fluids.  Much  of  this  hardware  may  be  used  with  oxygen.  On 
the  other  hand,  there  are  many  subtle  requirements  that  must  be  met  in  specific  oxygen 
systems  that  can  disquality  a material  or  design  feature  used  in  the  available  hardware. 
The  designer  can  eliminate  many  potential  problems  by  design  and  design  modifications 
of  existing  hardware  that  accommodate  the  special  characteristics  of  oxygen.  Many  of 
these  subleties  for  an  oxygen  system  have  been  reviewed  in  the  previous  chapter  with  re- 
spect to  chemical  compatibility  and  physical  phenomena.  The  followir^  sections  discuss 
some  of  the  special  considerations  for  oxygen  systems  engineering  with  respect  to  system 
design,  fabrication,  and  use.  The  concerns  for  oxygen  systems  discussed  in  this  chapter 
include  the  problems  of  leakage  and  erosion,  difficulties  that  arise  from  dynamic  proces- 
ses, and  the  sensitivity  of  oxygen  systems  to  contamination  and  cleaning  requirements. 
Subsequent  chapters  discuss  individual  fluid  system  components. 


4.1  FLUID  SYSTEM  LEAKAGE 

One  of  the  continuing  problems  with  fluid  flow  systems  is  leakage  through  valves  and 
from  joints,  coupling,  and  component  interfaces  and  from  mechanical  penetrations  such 
as  rotating  shafts,  valve  stems,  and  actuators.  Leak  rate  control  is  especially  important 
in  spacecraft  where  fluid  loss  can  be  critical  to  the  mission.  Oxygen  system  leaks  pre- 
sent the  additional  problem  of  fire  hazard  from  local  oxygen  enrichment  and  possible  im- 
pingement of  oxygen  on  a combustible  material.  The  leakage  rate  and  the  resulting  haz- 
ard increases  because  of  the  erosive  effect  which  gradually  enlarges  the  leak  path.  The 
rate  of  erosion  also  increases  with  increasing  pressure.  Extremes  in  temperature,  tem- 
perature cycling,  vibration,  and  mechanical  stresses  also  contribute  to  the  leakage  prob- 
lem since  they  can  cause  a leak  and  affect  the  rate  of  leakage  increase.  Finally,  seal 
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wear  in  dynamic  seals  or  deterioration  from  assembly -disassembly  of  static  seals  con- 
tributes to  seal  failure  and  leakage. 

The  possible  leakage  path  between  two  surfaces  pressed  together  to  effect  a seal  de-  < 
pends  on  the  relative  dimensions  of  surface  asperities  (texture),  waviness  of  the  contact- 
ing surfaces,  and  the  elasticity  of  the  seal.  Under  light  seal  loads  the  leakage  gap  will 
be  influenced  by  the  amount  of  surface  texture  roughness,  waviness,  nodules,  pits,  and 
scratches  that  protrude  above  some  average  plane  and  thus  prevent  full  contact  of  the  sur- 
faces. At  higher  loads  the  asperities  yield  and  tend  to  allow  closer  conformity  of  the  con- 
tacting surfaces.  The  predominant  flow  path  will  then  be  through  the  roughness, 
scratches,  and  interconnecting  pits  until  sufficient  yielding  occurs  to  close  all  leakage 
paths . 

The  prevention  of  leaks  and  leak  rate  control  can  only  be  affected  by  the  proper  seal 
configuration  and  a choice  of  seal  materials  that  meet  the  physical  requirements  and  are 
not  affected  by  the  fluid  being  sealed. 

This  discussion  presents  a brief  review  of  seal  leakage,  its  causes  and  measure- 
ment, and  the  main  issues  in  effecting  a good  seal.  The  application  of  these  principles  in 
both  static  and  dynamic  seal  design  is  covered  in  chapter  9;  those  for  high  speed  rotating 
shaft  seals  for  turbopumps  are  covered  in  chapter  6. 

The  practical  definition  of  zero  leakage  is  less  than  the  smallest  amount  of  leakage 
measvmable  or  detectable  by  the  most  accurate  means  available  for  the  fluid  involved. 

The  definition  of  zero  liquid  leakage  is  given  in  reference  55  (p.  3)  as  ’’that  value  of 
liquid  leak  or  flow  rate  at  which  the  surface  tension  of  the  liquid  has  just  overcome  the 
pressxire  acting  on  the  liquid,  and  no  flow  occurs  - assuming  a given  pressure  and  leak 
diameter.  ” Although  zero  liquid  leakage  may  exist  under  these  conditions,  gas  could 
evolve  due  to  vaporization. 

Reference  56  (p.  11)  sviggests  that  ”no  leakage”  or  ’’zero  leakage”  is  not  a practical 
requirement  and  recommends  that  zero  leakage  be  defined  as  ”a  measurable  quantitative 
value  that  is  insignificant  in  the  operation  of  the  system,  ” 

Zero  gas  leakage  does  not  actually  exist  because  the  transition  from  gaseous  flow  to 
molecular  flow  or  diffusion  varies  with  the  type  of  gas  and  the  leak  path  of  diffusion  path 
through  the  material.  However,  an  arbitrary  zero  gas  leakage  curve  (fig.  4-1)  was  de- 
veloped by  the  Jet  Propulsion  Laboratory  for  use  as  a specification  standard  (ref.  55, 
p.  10).  Leak  rates  above  the  line  are  considered  true  leakage.  Leakage  rates  below  the 
line  are  actually  molecular  diffusion  which  for  high  molecular  weight  gases  can  approach 
zero.  The  lower  portion  of  the  curve  is  based  on  a leakage  of  1 standard  cubic  centi- 
meter per  year  at  a 1 atmosphere  differential  pressure.  The  arbitrary  displacement  of 
the  cxrrve  at  10  cubic  centimeter  per  second  was  considered  necessary  for  practical 
considerations.  A zero  gas  leakage  definition  as  given  in  reference  57  (p.  14)  is  ”no 

3 

more  than  1.4x10  standard  cubic  centimeter  per  second  at  300  psig  at  ambient  temper - 
ature.  ” An  example  of  a leakage  specification  for  oxygen  tank  assemblies  (including 
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Figure  4-1.  - Zero  gas  leakage  (ref,  55,  p.  10). 


-2 

valve  package)  as  used  on  the  Skylab  Orbital  Workshop  is  ixlO  standard  cubic  centi- 
meter per  second  helium  at  3000  ps^  (ref.  58,  p.  331). 


4. 1. 1 Modes  of  Leakage 

Fluid  leakage  can  occur  in  four  different  flow  modes:  sonic  or  choked  flow,  turbulent 
flow,  laminar  flow,  or  molecular  diffusion  (permeation).  Permeation  is  the  diffusion 
of  a fluid  through  a solid  by  molecular  migration  through  the  interstices  of  the  material. 

Equations  for  the  various  flow  modes  and  flow  characteristics  as  functions  of  pres- 
sure, temperature,  and  fluid  properties  are  given  in  reference  56  (pp.  41  to  66). 

Turbulent  leakage  flow  occurs  when  the  high  velocity  fluid  cannot  smoothly  accom- 
modate obstacles  or  disturbances  in  its  natural  flow  path  and  pressure  gradients  are  gen- 
erated which  tend  to  oppose  flow.  These  pressure  gradients  cause  the  eddies  and  vor- 
tices characteristic  of  turbulent  flow.  Turbulent  flow  leakage  generally  results  after  ero- 
sion has  enlarged  the  flow  passage  where  viscosity  and  molecular  forces  are  not  effective 
and  the  flow  passage  length  prevents  choked  flow.  A Reynolds  number  greater  than  2100 
generally  results  in  turbulent  flow. 

Choked  flow  or  sonic  flow  in  a gas  occurs  if  the  pressure  drop  across  the  leak  pas- 
sage or  a constriction  in  the  flow  passage  is  greater  than  the  ratio 
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Pressure  downstream  _/  2 
Pressure  upstream  yK  + 1/ 

where  K is  the  ratio  of  specific  heats  of  the  fluid.  The  critical  pressure  ratio  to 
achieve  sonic  flow  for  oxygen  is  in  the  range  of  0,55  depending  on  the  temperature  of  the 
gas. 

The  laminar  flow  equation  is  applicable  for  fluids  when  the  Reynolds  number  is  less 
than  the  laminar  to  turbulent  flow  transition  value  of  approximately  1200. 

The  gradual  transition  of  laminar  flow  to  molecvilar  flow  is  represented  by  combining 
the  laminar  flow  equation  and  the  molecular  diffusion  equation  (ref.  59,  pp.  55  to  63). 
However,  the  use  of  the  combined  equations  should  be  limited  to  leaks  where  the  flow 
path  diameter  is  greater  than  2X10“  centimeter  (ref.  59,  p.  63). 

Molecular  flow  occurs  when  the  molecular  mean  free  path  at  the  average  temperature 
is  greater  than  the  leak  path  diameter.  When  this  condition  exists,  the  average  molec- 
ular motion  as  a resvilt  of  the  gas  temperatvire  and  the  molecular  density  gradient  across 
the  leak  determines  the  flow  rate. 

4. 1. 2 Leak  Path  Growth 

The  most  common  characteristic  of  a leak  is  that  it  increases  in  rate  with  time  be- 
cause of  erosion  of  the  flow  path  and  possible  crack  growth.  The  rate  of  leakage  in- 
crease from  erosion  is  affected  by  the  differential  pressxire  and  type  of  fluid.  As  the 
pressure  increases,  the  rate  of  leak  path  growth  increases.  The  leak  path  growth  is 
greater  for  turbulent  liquid  flow  and  two -phase  liquid  gas  flow  than  for  gaseous  leakage. 
The  erosion  phenomenon  is  discussed  in  section  4.2  and  crack  growth  from  pressure 
stresses  is  discussed  in  section  5.  1.  5. 

4.1.3  Leak  Clogging 

Very  small  leaks  are  sometimes  blocked  by  very  small  particles  or  by  liquids  with 
a surface  tension  high  enough  to  oppose  the  differential  pressure.  This  blockage  may  be 
sufficient  for  a leak  to  go  undiscovered. 

”A  phenomenon  frequently  observed  is  that  if  a container  to  be  tested  for  leaks  has 
at  any  time  after  manufacture  been  in  contact  with  a liquid  no  leaks  small  in  size  (i.e. , 

10"  atm  cm  /sec  or  smaller)  will  be  found”  (ref.  56,  p.  74).  If  a liquid  has  entered  a 
capillary  tube,  the  pressure  necessary  to  force  it  out  of  the  tube  is  given  by 
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Figure  4-2.  - Mechanism  of  clogging  (ref.  55,  p.  3). 


(see  also  fig.  4-2)  where  e is  the  surface  tension  of  the  liquid  (usxially  expressed  in 

dynes/cm),  d the  tube  diameter  (in  cm),  P the  pressure  (dynes/cm  ).  (One  atmosphere 

fi  2 

is  equal  to  1.  01325x10  dynes/cm  .)  The  phenomenon  is  of  concern  since  water  is  gener- 
ally used  for  hydrostatic  testing.  The  differential  pressure  required  to  force  water 
through  a 1X10"® -centimeter -diameter  leak  would  be  about  2.  8 atmospheres  (ref.  56, 
p.  75).  However,  since  most  leaks  are  not  smooth  round  holes  (they  may  be  slits),  it 
must  be  remembered  that  the  leakage  flow  rate  would  be  proportional  to  the  cross- 
sectional  areas.  The  pressure  required  to  force  the  liquid  throvigh  the  leak  is  inversely 
proportional  to  the  smallest  cross-sectional  dimension.  Therefore,  if  the  leak  in  the 
previous  example  were  a slit  with  the  smallest  cross-sectional  dimension  one -tenth  the 
diameter  of  the  circle  (of  equal  area),  the  pressure  necessary  to  remove  the  water  from 
such  a slit  would  be  approximately  28  atmospheres.  For  a liquid  with  a higher  surface 
tension  than  water,  the  pressure  could  be  much  higher.  On  the  other  hand,  the  applica- 
tion of  sufficient  heat  to  vaporize  the  liquid  would  remove  the  clogged  liquid  and  gaseous 
leak  testing  could  then  "discover"  the  leak. 

4. 1. 4 Permeation 

The  permeation  rate  of  contained  gases  through  nonmetallic  materials  is  an  im- 
portant consideration  for  low  leakage  sealing  applications,  since  the  permeability  of  the 
material  may  be  considered  a builtin  leak.  Permeation  is  measured  as  the  volume  of 
gas  at  standard  temperature  and  pressxme  (STP)  passing  through  a square  centimeter  of 
area  per  second  per  unit  thickness  of  material  per  unit  AP  pressure  where  standard 
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temperature  is  32°  F and  standard  presstire  is  1 atmosphere.  The  general  formula  for 
permeation  given  in  reference  56  (p.  55)  is 




I 

where 

3 

Q flowrate,  cm  /sec 

2 

A area  perpendicxilar  to  flow,  cm 

AP  difference  in  partial  pressvire  of  gas  across  flow  path,  atm 

I length  of  flow  path,  mm 

K proportionality  constant 

3 2 

(The  vuiits  of  K may  be  (cm  )(STP)(mm)/(sec)(cm  )(atm). ) Permeation  rates  for  ox- 
ygen through  selected  materials  are  given  in  table  4-1  (refs.  60  and  61). 


TABLE  4-1.  - PERMEABILITY  OF  POLYMERIC 


MATERIAL  TO  OXYGEN^ 


Material 

Trade  name 
or  type 

Permeation, 

P, 

cm^  (STP)-mm 
cm^- sec -atm 

Tempera- 

ture, 

®C 

Vinylidene  fluoride 

X-500 

0.0152x10'’^ 

25 

chlor  otr  if  luor  o - 

X-3700 

. 4150 

25 

ethylene 

Silicone  rubber 

RTV-502 

420 

23 

Silastic 

448 

25 

RTV-90 

403 

23 

RTV-501 

409 

23 

Polyvinylidene  fluoride 

Viton  A 

1.  72 

26 

hexafluoropropylene 

Polyvinyl  fluoride 

.014 

23 

Polyvinyl  chloride 

Plasticized 

.065 

23 

Fluorinated  ethylene 

Teflon  (FEP) 

4.  45 

20  to  30 

propylene 

Polytetrafluoroethylene 

Teflon  (TFE) 

7.6 

25 

Cellulose  nitrate 

— 

1.  5 

25 

Polyvinylidene  chloride 

Saran  517 

1.  4 

^^25 

Polychlorotrifluoro- 

Kel-F 

.023 

*^25 

ethylene 
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^Selected  data  from  ref,  60. 
^Ref.  61,  p.  XII-4.  3. 


4.2  EROSION 


The  phenomenon  of  s\irface  damage  and  erosion  from  high  velocity  fluid  flow  is  of 
particxilar  concern  in  oxygen  systems  and  occurs  from  several  related  flow  processes. 
For  example,  erosion  can  be  caused  by  ^ 

(1)  Entrained  liquid  droplets  in  a high  velocity  gaseous  flow  impacting  a solid 

(2)  Entrained  bubbles  or  cavitation  (two -phase  flow)  from  localized  reduced  pres- 
sures or  from  excessive  heat  input  to  the  fluid 

(3)  Entrained  solid  particles  in  a high  velocity  liquid  or  gaseous  fluid 

Reference  62  (pp.  239  and  240)  states  that  ’*the  cavitation  damage  process  is  very  closely 
related  to  damage  from  droplet  or  particle  impingement  or  conventional  erosion.  ” 

Any  dynamic  condition  that  causes  localized  low  pressure  regions  in  the  liquid  that 
are  lower  than  the  local  vapor  pressure  can  cause  cavitation.  When  very  high  relative 
velocities  occur  between  the  two-  or  three-phase  fluid  and  the  fluid  handling  hardware 
erosive  impact  forces  are  developed  causing  displacement  of  surface  material. 

Any  example  of  erosion  that  is  less  common  than  the  familiar  high  speed  turbopump 
inducer  cavitation  was  reported.  It  involved  a high  pressure  fuel  line  in  a J-57  turbojet 
engine.  A small  pin  hole  caused  by  cavitation  erosion  was  attributed  to  a dent  in  the  high 
pressure  fuel  line.  In  this  failure  the  dent  caused  voids  to  form  in  the  JP-4  (kerosene 
fuel)  and  then  collapse  downstream  against  the  inner  wall  of  the  tube.  The  collapse  of 


(a)  Face  view  before  exposure.  (b)  Face  view  after  15  minutes  of  flow. 


Figure  4*3.  • Face  views  of  0.006-inch-diameter  Kel-F  orifice  (ref.  64,  p.  28). 
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cavitation  voids  can  produce  impact  pressures  by  implosion  exceeding  the  yield  strength 
of  most  metals.  When  the  voids  collapse,  the  surface  of  the  metal  is  subjected  to  re- 
peated local  plastic  deformations  that  result  in  ultimate  fracture  and  disintegration 
(ref.  63,  p.  18). 

To  demonstrate  the  erosive  effect  of  high  velocity  flow,  Kel-F  orifices  (0.  006 -in. 
diam)  were  exposed  to  successive  oxygen  ’’blowdowns*’  or  venting  from  a pressure  of 
approximately  12  000  psi  (ref.  64,  pp.  19  to  29).  Figure  4-3  illustrates  the  erosive  na-’ 
ture  of  high  velocity  flow  resulting  from  these  pressures.  The  Kel-F  was  exposed  to 
15  minutes  of  flow  from  successive  blowdowns  from  10  000  to  1000  psi  of  approximately 
1 minute  in  duration.  The  amount  of  surface  erosion  that  was  caused  by  entrained  par- 
ticulate material  and  the  amount  resulting  from  fluid  friction  and  turbulence  forces  are 
not  known.  However,  the  effect  should  not  be  unexpected  even  in  systems  where  the  ox- 
ygen is  carefully  filtered. 

Consideration  for  possible  seal  leak  erosion  and  high  velocity  flow  erosion  should 
not  be  limited  to  nonmetal  materials  as  shown  by  the  damage  to  the  brass  orifice  in  fig- 
ure 4-4.  In  this  test,  the  brass  orifice  (0.  005-in.  diam)  was  exposed  to  ultra-high  pres- 
sure oxygen  blowdowns  and  resvilting  high  velocity  flow  for  only  35.  5 minutes. 

Absolute  measurements  of  cavitation  severity  levels  where  surface  deterioration  be- 
gins for  various  materials  in  oxygen  are  not  available.  In  general,  erosion  damage  rates 
to  materials  in  a dense  liquid,  such  as  mercmry  or  liquid  sodium,  is  considerably  higher 
(3  to  20  times  according  to  ref.  62,  p.  239)  than  for  a less  dense  liquid,  such  as  water  or 
liquid  oxygen.  Since  liquid  oxygen  is  less  dense  than  water,  its  erosive  impact  on  mate- 
rials should  be  less.  On  the  other  hand,  as  a cryogenic  fluid,  liquid  oxygen  would  tend 
to  cavitate  more  readily  in  flowing  systems  since  the  temperature  at  which  liquid  oxygen 
is  generally  handled  is  near  its  boiling  point. 

Although  every  material  has  a critical  velocity  at  which  erosion  will  occur,  this 
velocity  is  variable  depending  on  the  specific  properties  of  the  impact  fluid,  entrained 
material  and  its  size  and  shape,  and  whether  the  fluid  is  liquid  or  gas.  The  following 
comparative  data  are  helpful  in  confirming  material  selection  for  very  high  pressxire 
applications. 

Figure  4-5  shows  the  rate  of  erosion  as  a fimction  of  the  amplitude  of  energy  input. 
This  was  done  by  vibrating  the  test  material  at  20±1  kilohertz  at  varying  amplitudes  while 
in  contact  with  the  erosive  fluid  (water  in  this  case). 

Note  that  in  all  cases  the  materials  most  resistant  to  cavitation  are  stainless  steels 
and  nickel  alloys  that  fortunately  meet  most  of  the  other  selection  requirements  for  very 
high  pressure,  high  velocity  oxygen  systems. 

Four  classes  of  materials  in  a general  order  of  increasing  resistance  to  erosion  are 
glasses,  plastics,  cermets,  and  metals.  A comparative  listing  of  selected  materials  is 
given  in  table  4 -II,  which  is  a composite  assembled  from  a wide  range  of  test  conditions 
and  test  fluids  from  reference  62. 
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Figure  4-5.  - Rate  of  erosion  as  function 
of  amplitude  (ref.  62,  p.  167). 


TABLE  4-II.  - GENERAL  ORDER  OF 
INCREASING  EROSION  RESISTANCE 


OF  SELECTED  MATERIALS 


Glass 

Mild  steel 

Plexiglas 

Stainless  steel  400  series 

Quartz 

Monel 

Polyethylene 

Stainless  steel  300  series 

Aluminum  1100 

Inconel  600 

MgO 

Steel  A- 286 

Hastelloy  X 

Cast  iron 

Rene  41 

Aluminum  2024 -T4 

Stellite 

Bronze 

Chrome  plate  (shot  peened) 

Brass 

Figure  4-6.  - Dependence  of  erosion  depth  on  impact  veiocity  (ref.  62,  p.  46). 
Water  droplet  impact  test  time,  12  minutes. 


The  test  results  presented  in  figure  4-6  provide  a relative  ''order  of  magnitude" 
velocity  where  erosion  may  occur  from  water.  The  nonmetals  are  affected  between  500 
and  700  kilometers  per  hour  (455  and  638  ft/sec),  and  aluminum  and  the  oxides  are  af- 
fected between  700  and  1100  kilometers  per  hour  (638  and  1000  ft/sec). 

The  flow  condition  where  cavitation  and/or  erosion  begins  for  a given  fluid  temper- 
ature and  AP  is  an  important  design  consideration  for  oxygen  systems  and  components 
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Although  cavitation  as  a destructive  phenomenon  is  mainly  associated  with  tvirbopumps, 
it  may  also  occur  any  time  the  flow  velocity  is  high  and  pressvire  falls  below  the  vapor 
pressure  of  the  liquid  at  the  fluid  temperature.  When  this  occurs  from  throttling  very 
high  pressures  (7500  to  10  000  psia)  cavitation  and  impingement  erosion  may  become 
damaging.  In  addition,  in  oxygen  systems  the  erosion  of  the  oxide  surface  and  its  con- 
tinuous replacement  would  tend  to  accelerate  the  surface  destructive  phenomena.  » 

Good  design  practice  to  prevent  erosion  damage  would  dictate  good  fluid  dynamic 
contours,  adequate  filtration,  materials  selection  most  resistant  to  surface  destructive 
phenomena,  and  ass\irance  that  the  throttled  pressure  does  not  fall  below  the  local  vapor 
pressure  when  high  differential  pressures  and  flow  velocities  exist.  This  can  be  done  by 
controlling  the  downstream  minimum  pressure  or  the  downstream  maximum  temperature, 
or  by  decreasing  the  AP  and  the  resxilting  velocity.  Insulation  to  provide  minimum  heat 
transfer  upstream  of  the  throttling  point  and  supercooling  the  liquid  by  jacketing  are  tech- 
niques to  decrease  the  downstream  vapor  pressure.  Filtration  requirements  are  dis- 
cussed in  chapter  10. 


4. 3 SYSTEM  DYNAMICS 

Oxygen  system  deterioration  or  failure  is  frequently  the  result  of  dynamic  forces 
generated  within  the  system.  These  forces  range  from  the  well-known  ’’water  hammer” 
effect  to  thermal  and  physical  stresses  from  cryogenic  cycling  and  include  many  inter- 
acting combinations  of  forces.  The  potential  damaging  effect  of  these  stresses  are  im- 
portant enough  that  preventive  measures  should  be  considered  at  the  earliest  possible 
time  in  the  design  phase. 

Failures  of  joints,  couplings,  seals,  diaphragms,  and  bellows  are  most  prevalent 
because  they  are  the  weakest  part  of  the  system.  The  most  common  causes  of  failxire 
are  due  to  over  stresses  from  thermal  expansion/contr action  and  water  hammer.  Water 
hammer  forces  in  tvu-n  can  cause  adiabatic  compression  of  gaseous  pockets  which  can 
produce  localized  high  temperatxu’es.  A combination  of  a fast  acting  valve  closing  against 
a column  of  liquid  oxygen  with  high  momentum  can  cause  a water  hammer  pressvire  spike 
sufficient  to  force  the  fluid  between  the  flange  and  seal.  When  this  occurs  in  high  pres- 
sure systems,  experience  has  shown  that  autoignition  sometimes  occurs.  Oftentimes, 
the  metal  seal  between  the  flanges  had  taken  a set  from  the  strain  of  cryogenic  to  ambient 
temperature  cycling  thereby  ’’loosening”  the  joint.  Another  form  of  fluid  impact  that  can 
cause  structural  damage  and  possible  reaction  of  oxygen  with  its  container  results  from 
extremes  of  system  size  where  very  large  masses  of  liquid  can  acquire  extremely  high 
momentum  from  very  low  pressvire  differentials.  Very  large  flow  systems  such  as  the 
LOX  fUl  drain  system  for  the  Saturn  Booster  or  Shuttle  at  Kennedy  Space  Center  require 
very  long  (1000+  ft)  lines  of  large  diameter.  When  a valve  is  opened  allowing  LOX  to 
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flow  into  a line  that  long,  the  momentum  of  the  column  of  liquid  reaching  the  end  can  (and 
has)  disintegrated  the  closxire  valve  by  a water  hami  ler  effect  at  the  end  of  the  line. 
Adiabatic  compression  of  the  gas  in  the  line  can  also  generate  ignition  temperatures. 

The  potentially  damaging  momentum  and  resulting  compression  may  also  be  generated  by 
much  smaller  masses  of  liquid  when  accelerated  by  very  high  pressvires.  In  both  cases, 
flow  rates  and  pressure  buildups  must  be  controlled  by  opening  valves  slowly  enough  or 
by  providing  a low  flow  rate  bypass  around  major  flow  control  valves.  ■ 

A phenomenon  which  can  be  troublesome  in  the  design  of  cryogenic  systems  is  that  of 
geysering.  Geysering  occurs  when  a long  vertical  tube  with  a reservoir  at  the  top  is 
filled  with  a cryogenic  liquid  such  as  oxygen.  The  heat  transfer  through  the  tube  wall  to 
the  liquid  causes  gas  bubbles  to  form.  As  the  heating  continues,  the  bubbles  which  form 
along  the  tube  wall  rise  in  the  liquid  and  coalesce  to  form  larger  bubbles.  If  the  tube  is 
sufficiently  long  with  respect  to  its  diameter,  the  bubble  formation  and  subsequent  coa- 
lescence result  in  an  expanding  vapor  slug  which  expels  the  liquid  from  the  tube  (almost 
explosively)  into  the  reservoir  above.  Then,  when  the  liquid  in  the  reservoir  drops  back 
into  the  tube,  a water  hammer  effect  results  which  may  cause  structural  damage  to  the 
system  and  the  possible  dumping  of  large  quantities  of  liquid  oxygen. 

Tests  were  conducted  (ref.  65,  pp.  355  to  359)  in  which  vertical  tubes  containing  dif- 
ferent fluids  were  heated  at  controlled  rates  to  determine  the  predictability  of  geysering 
in  order  to  avoid  geysering  by  design.  The  geyser -nongeyser  correlation  shown  in  fig- 
ure 4-7  resulted  wherein  the  log  of  a parameter  Z was  plotted  against  the  log  of  a param- 
n fi  ft 

eter  (L/D)(D“  ‘ ) where  D is  the  pipe  diameter,  L is  the  heated  pipe  length;  Z is  de- 

fined as 


i-L 

Z = ^ 

where  A is  the  heat  transfer  area  of  the  tube,  the  Prandtl  number  of  the  fluid, 

q the  heat  transfer  rate,  and  a the  thermal  diffusivity. 

While  increased  tank  (ullage)  pressure  will  decrease  the  frequency  of  geysering 
(ref.  65,  p.  358),  the  tendency  to  geyser  is  not  eliminated  by  the  increased  presstire. 
Therefore,  it  becomes  feasible  to  design  a propellant  feedline  in  the  normal  manner  to 
meet  system  requirements  and  then  check  the  design  against  the  correlation  of  figure  4-7 
to  determine  if  geysering  will  occur. 

Having  determined  that  for  a particular  design  geysering  will  occur,  there  are  sev- 
eral possibilities  for  eliminating  the  problem.  First,  the  line  diameter  may  be  changed 
to  take  the  design  out  of  the  geyser  range.  Second,  the  line  may  be  insulated,  as  indi- 
cated by  equation  (1),  to  reduce  the  heat  transfer  rate  in  order  to  move  the  design  out  of 
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Figure  4-7.  - Geyser-nongeyser  correlation  (ref.  65,  p.  358). 


the  geyser  range.  A third  method  of  preventing  geyserii^  is  to  recirculate  the  fluid  from 
the  resei*voir  through  the  tube  at  a rate  high  enough  to  prevent  the  fluid  from  reaching 
saturation  temperatxir e . Recirctilation  may  be  accomplished  by  thermal  pumpii^,  helium 
lift  pumping,  or  mechanical  ptunping.  Recircvilation  return  lines  may  be  added  for  the 
purpose,  or  if  two  or  more  feedlines  from  the  same  reservoir  exist,  one  may  serve  as  a 
return  line. 


4.4  GENERAL  DESIGN  CRITIRIA 

The  design  criteria  summarized  in  this  section  are  of  a general  nature  and  should  be 
considered  in  the  design  of  any  oxygen  system  of  component.  They  are  applicable  to  the 
type  of  condition  which  is  often  inadvertently  designed  into  a system  but  which  could  re- 
sult in  a hazardous  situation  or  system  malfunction,  especially  with  h^h  oxygen  pres  - 
sures  (2000  to  7500  psi)  or  greater.  Specific  criteria  applicable  to  various  oxygen  sys- 
tem components  are  reviewed  in  chapters  5 to  10. 

The  most  important  consideration  in  oxygen  system  design  is  the  selection  of  mate- 
rials which  are  compatible  with  oxygen.  In  addition  to  the  compatibility  and  selection 
criteria  developed  in  chapter  3,  the  design  criteria  and  recommended  practices  for  flu- 
orine and  fluorine -oxygen  mixtures  (FLOX)  given  in  reference  37  (pp.  49  to  119)  may 
also  be  used  as  aids  in  assurii^  a safe  and  reliable  high  pressure  oxygen  system.  These 
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criteria  are  applicable  because  of  the  many  commonalities  between  oxygen  and  the  other 
elemental  oxidizers. 

When  designir^  oxygen  components  or  systems,  every  effort  should  be  made  to  avoi(| 
cracks,  crevices,  pockets,  and  unnecessary  cavities  to  prevent  accumulating  contamina- 
tion and  gas  compressibility  hazards.  This  is  especially  important  for  high  pressure 
systems. 

Contaminants  caught  between  close  clearances,  accumulated  in  a cavity  and  im- 
pacted by  high  velocity  particles,  or  even  subjected  to  a gaseous  compression  or  shock 
wave  can  ignite  and  burn  and,  in  turn,  ignite  adjacent  parts. 

Filters  should  be  installed  at  strategic  locations  to  alleviate  the  hazard  of  particle 
impact  ignition  and  clogging.  The  design  and  application  of  such  filters  are  discussed  in 
chapter  10. 

Adiabatic  compression  of  gaseous  pockets,  turbulent  and  erosive  flow,  entrained 
particles  impinging  and  abrading  the  surfaces  of  the  flow  passage,  and  other  local  me- 
chanical stress  can  all  contribute  to  the  failvire  and  ignition  of  a local  material.  If  the 
material  is  an  ignition  sensitive  contaminant  on  a nonmetal  component  such  as  a gasket, 
ignition  may  occur  more  readily.  Smooth,  clean  flow  passages  made  of  compatible  ma- 
terials preclude  possible  ignition.  However,  the  maximum  probable  pipeline  pressure 
spike  should  be  such  that  the  residting  adiabatic  compression  could  not  produce  a final 
temperature  in  excess  of  the  ignition  temperature  of  any  oxygen  system  component 
material. 

Where  possible,  high  pressvtre  liquid  oxygen  systems  that  have  gaseous  oxygen 
pockets  should  be  provided  with  liquid  nitrogen  jacketing.  Adiabatic  compression  curves 
(see  fig.  3-12  in  section  3.4.4)  show  that  the  temperature  of  oxygen  gas  at  atmospheric 
pressure  and  0°  C could  be  raised  to  the  ignition  temperature  of  Viton  (400°  C at  20  atm, 
fig.  3-10)  at  a pressure  spike  of  20  atmospheres  or  to  the  ignition  temperature  of  a par- 
ticvilate  contaminate  at  much  lower  pressure  peaks.  The  selection  of  nonmetallic  mate- 
rials for  use  in  gaseous  pockets  where  pressure  spikes  could  occur  should  be  based  on 
the  highest  possible  adiabatic  compression  temperature  and  the  ignition  point  of  the  ma- 
terial (see  section  3.4.4). 

When  designing  fittings,  connections,  and  attachments,  care  must  be  taken  with  a 
connection  interface  of  dissimilar  metals.  Metals  which  do  not  form  acceptable  couples 
(see  table  3-1)  should  not  be  used  in  direct  contact  with  each  other  when  exposed  to  an 
electrolyte  such  as  the  moist  atmosphere.  When  \inacceptable  couples  are  formed,  a 
plating  for  one  or  both  of  the  components  may  be  selected  from  table  4 -III  to  minimize 
galvanic  action.  Reference  66  contains  specifications  and  criteria  applicable  to  protec- 
tive finishes  (paints)  and  coatings  and  surface  preparations  appropriate  to  their  applica- 
tion. However,  the  compatibility  of  coatii^  materials  with  oxygen  is  not  covered  and 
must  be  determined  by  the  user  (see  chapter  3 on  materials  compatibility),  (Most  paints 
and  coatings  should  be  restricted  to  external  use  in  oxygen  systems. ) 
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TABLE  4-III.  - SELECTED  PLATING  MATERIALS 


Plating 

Melting 

point, 

°C 

Preferred  base  material 

Application 

Cadmium 

321 

Steels,  iron,  copper 

Widely  used  for  bolts  and 

Chromium 

1615 

alloys 

Steels,  iron 

fasteners  to  minimize  cor- 
rosion and  galvanic  action 
Good  for  bearing  surfaces 

Copper 

1083 

Ferrous  alloys  (im- 

and  rubbing  contact  where 
resistance  to  wear,  abra- 
sion, and  corrosion  is 
needed;  good  for  building 
up  worn  surfaces 
Provides  excellent  undercoat 

Gold 

1062 

proves  adhesion 
where  used  as  first 
coat  for  other  plating) 
(a) 

base  for  chromium  or 
nickel  plate 

For  maximum  corrosion  re- 

Nickel 

1455 

(a) 

si  stance 

Optimum  plating;  highly  cor- 

Platinum 

1773 

Copper  alloys 

rosion  resistant  but  low 
enough  in  cost  for  thick 
coatings,  surface  buildup, 
bearing  refinishing,  etc. 

Silver 

961 

(a) 

Bearing  surfaces 

TFE,  FEP, 

(b) 

(a) 

Excellent  chemical  oxidation 

and  CTFE 
Tin 

232 

Steels,  iron 

resistance;  low  friction; 
good  for  bearing  simfaces 
and  rubbing  contact; 
sealing 

All  purpose,  low  cost 

Zinc 

419 

All  purpose,  low  cost 

^No  restriction  for  use  on  oxygen  compatible  materials. 
^For  temperature  limits  see  section  3.  7.  1. 


The  porosity  of  some  materials,  such  as  coatings,  sintered  materials,  and  some 
castings,  may  permit  the  absorption  of  gases,  moisture,  or  other  contaminants  affecting 
their  compatibility  with  oxygen.  Whenever  this  possibility  exists,  care  must  be  taken  to 
assure  no  contamination.  This  can  be  accomplished  by,  first,  heating  the  material  in  ox 
ygen  to  the  highest  appropriate  temperature  and  pressure  which  will  oxidize  the  contam- 
inant under  controlled  conditions,  second,  sealing  the  porosity  by  plating  or  coatii^s,  or 
third,  selecting  an  alternate  material. 

Many  materials,  especially  nonmetal  materials,  have  a variety  of  trade  names  for 
materials  of  the  same  or  similar  composition.  Conversely,  there  are  certain  products 
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that  have  different  chemical  composition  (and  varying  compatibility)  but  the  same  trade 
name.  They  are  even  similar  in  appearance.  Worse  yet,  from  an  engineering  control 
standpoint,  materials  of  the  same  or  similar  composition  are  available  in  a variety  of 
grades,  purity,  and  quality.  Some  are  excellent  and  some  are  poor,  and  their  compat- 
ibility with  oxygen  can  vary  accordingly.  Therefore,  it  is  necessary  that  extreme  care 
be  used  when  selectii^  materials  and  verifying  the  quality  of  the  fabrication  material  and 
the  finished  product.  The  designer  and  fabricator  should  verify  the  chemical  composition 
of  the  materials  selected  by  trade  names,  chemical  names  should  be  used  for  positive 
identification  of  the  material,  and  the  compatibility  of  the  materials  should  be  certified 
for  use  in  the  total  environmental  profile  of  pressure,  temperature,  flow  rates,  and  ex-r 
posure  time  to  which  they  will  be  subjected. 

Where  the  application  is  critical  (such  as  with  pressures  over  2000  to  3000  psia  or 
where  the  highest  reliability  is  required  in  man -rated  flight  systems),  the  material  to  be 
used  for  fabrication  of  tanks  and  lines  should  be  X-rayed  to  ensure  quality  material  with 
freedom  from  xmacceptable  cracks  and  flaws. 


4.5  CLEANING  REQUIREMENTS  AND  PROCEDURES 

One  of  the  more  critical  aspects  of  engineering  an  oxygen  system  is  the  specification 
of  and  design  for  cleanliness.  The  appropriate  level  of  cleaning  must  be  specified  by  the 
designer.  A detailed  review  of  cleanliness  requirements,  cleaning  procedures,  and  ver- 
ification techniques  is  presented  in  volume  II  of  this  series  (ref,  8).  Criteria  and  data 
contained  in  chapter  3 of  this  volume  may  also  be  helpful  when  determining  appropriate 
cleaning  requirements.  Provisions  for  maintenance  and  cleaning  should  be  incorporated 
in  system  design. 

When  breaking  into  a system  for  maintenance  or  repair,  the  following  must  be  done: 

(1)  Isolate,  insofar  as  possible,  the  portion  of  the  system  to  be  entered. 

(2)  Verify  that  the  system  is  drained  anid  depressurized. 

(3)  Confirm  that  the  entire  system  is  at  ambient  temperature  to  avoid  •’breathing” 
contaminated  air.  That  is  particularly  important  if  a part  of  the  system  is  nitrogen 
jacketed.  ’’Breathing”  may  also  occur  due  to  barometric  pressure  variations  or  tem- 
perature changes.  A slight  positive  pressure  or  pxirge  may  be  desirable  to  avoid 
’’breathii^.  ” 

(4)  Cap  or  seal  openings  into  the  part  of  the  system  not  being  repaired  as  soon  as 
possible. 

(5)  P\irge  and  reclean  repaired  parts  of  the  system  prior  to  reinstallation. 

It  is  desirable,  also,  to  make  provisions  for  periodic  cleaning  of  possible  contam- 
inant traps  in  a system  although  every  effort  should  be  made  to  avoid  such  traps  in  the 
design. 
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4.6  COLD  SHOCK  CONDITIONING 


All  vessels  and  lines  to  be  used  for  cryogenic  service  shovild  be  ’’cold -shocked’*  be- 
fore final  leak  testing  for  operational  use.  The  purpose  of  cold-shocking  is  to  verify  the 
integrity  of  the  system  for  use  at  cryogenic  temperatures.  It  is  especially  important  that 
the  expansion  and  contraction  from  ambient  to  cryogenic  cycling  does  not  impose  exces- 
sive stresses  on  any  component. 

Components  may  be  fimction  tested  while  immersed  in  liquid  nitrogen.  Fltiid  sys- 
tems should  be  conditioned  with  liquid  nitrogen  (preferably)  or  oxygen  and  function  tested 
at  operating  conditions.  After  the  system  has  been  purged  and  vented  and  warmed  to  am-| 
bient  temperatvire,  all  connections  and  threaded  fittii^s  should  be  retorqued. 

The  entire  system  should  be  inspected  for  evidence  of  crackii^,  distortion,  or  other 
anomaly.  Special  attention  shovild  be  given  to  inspection  of  welds.  After  repairs,  cold- 
shock  tests  may  be  repeated  prior  to  final  pressure  test. 
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CHAPTER  5.  OXYGEN  TANK  ASSEMBLIES 


The  tank  assembly  includes  all  the  components  necessary  to  contain  and  control  the  , 
flviid.  The  complexity  that  an  oxygen  tank  system  can  have  is  illustrated  by  the  Saturn 
S-n  stage  flight  weight  liqtiid  oxygen  tank  and  the  typical  ground-based  liquid  oxygen  tank 
shown  in  figure  5-1  (ref.  67).  Failures  of. the  tanks  containing  the  oxygen  have  generally 
been  caused  by  system  contamination,  structural  failure,  or  incompatibility  of  tank  com- 
ponents and  component  materials  with  oxygen  for  the  conditions  of  use. 

Accvunulated  system  contamination  can  cause  corrosion  or  can  serve  as  a reaction 
initiator  for  ignition  and  combustion  of  the  structural  material  with  the  oxygen.  Struc- 
tural failime  of  internal  tank  components,  especially  the  rupture  of  metal  components  and 
the  subsequent  impact  or  collision  of  broken  parts,  can  result  in  ignition  and  combustion 
of  the  material.  Material  compatibility  considerations  must  include  structural  materials 
and  component  materials  such  as  electrical  conduits,  insulation,  and  seals;  these  ma- 
terials must  be  selected  with  consideration  given  to  conditions  that  would  exist  for  var- 
ious component  failure  modes  such  as  electrical  shorts,  overheating,  rubbing,  impact, 
and  the  like. 

Tanks  for  liquid  oxygen  must  be  designed  to  withstand  cryogenic  temperatures  and 
the  slosh  forces  of  the  liquid.  Tank  component  materials  must  be  chemically  compatible 
with  oxygen,  and  appropriate  cleanliness  standards  must  be  maintained.  Thermal  insula- 
tion requirements  must  be  integrated  with  the  design  of  any  tank  assembly  that  is  to  con- 
tain a cryogenic  fluid.  For  example,  the  design  of  a tank  assembly  support  system  may 
be  greatly  influenced  by  the  insulation  requirements.  Tanks  for  gaseous  oxygen  are  pres- 
sure vessels  so  strength  is  a primary  consideration  as  well  as  the  factors  of  material 
compatibility  and  possible  elevated  operating  temperatures.  Weight  is  an  important  fac- 
tor in  flight  weight  tanks,  whereas  low  cost  and  long  life  are  more  important  than  weight 
in  grovind  based  tanks.  Therefore,  design  safety  factors  are  lower  for  flight  weight  tanks 
than  for  ground-based  tanks,  and  the  probability  of  failure  is  increased  unless  rigid 
quality  assurance  measures  are  imposed. 
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(a)  Saturn  S-II  stage  oxygen  tank  (ref.  67,  p.  5-4). 


Outer-shell 


Outer  vessel  or 


(b)  Typical  ground-based  storage  tank. 
Figure  5-1.  - Oxygen  tank  assemblies. 


5.1  GENERAL  DESIGN  AND  SAFETY  CONSIDERATIONS 


The  most  important  factors  in  tank  shell  design  and  fabrication  are  the  tank  shape 
and  method  of  support,  material  thickness  control,  alloy  purity,  weld  strength,  and  as- 
surance that  the  tank  material  is  free  of  critical  flaws.  These  factors  are  most  critical 
in  flight  weight  tanks  where  material  thickness  is  minimized  to  keep  the  tank  weight  as 
low  as  practicable  and  where  acceleration  forces  and  structural  stresses  are  generally 
greater. 

References  52,  68,  and  69  contain  data  on  material  properties  applicable  to  tank  sys- 
tems. The  structural  design  considerations  and  calculation  methods  for  flight  weight 
tanks  are  given  in  references  70  (pp.  329  to  352)  and  71  (pp.  52  to  72). 

Cycle  life  is  an  important  consideration  in  the  design  of  ground-based  tanks  which 
may  be  required  to  withstand  many  pressure  cycles.  Therefore,  the  design  safety  fac- 
tors should  include  an  allowance  for  the  predicted  cycle  conditions. 

Since  design  safety  factors  are  generally  higher  for  ground-based  tanks,  operating 
personnel  are  usually  exposed  to  the  pressurized  system  on  a less  restricted  basis. 
Special  considerations  in  ground-based  mobile  tank  design  include  adequate  load  distribu- 
tion in  the  tank  suspension  system  to  meet  all  road  and  load  conditions  and  baffle  mount- 
ing to  withstand  relatively  high  sloshing  forces.  A general  minimum  criteria  used  for 
mobile  tank  loadings  is  2 g’s  vertically  downward,  2 g's  longitudinally,  and  2 g’s  later- 
ally. All  tank  components  should  be  designed  to  meet  the  loads  imposed  plus  the  re- 
quired safety  factor.  The  structviral  design  considerations  for  the  tank  shell  and  suspen- 
sion system  of  ground-based  storage  and  mobile  tank  systems  are  included  in  refer- 
ence 72  (pp.  2-1  to  2-43). 

5. 1. 1 Safety  Standards  and  Specifications 

Design  standards  and  specifications  have  been  established  to  assure  adequate  safety 
of  ground-gased  pressurized  systems.  These  standards  and  specifications  are  generally 
applicable  to  cryogenic  systems  and  shoxild  be  considered  in  the  design  of  stationary  and 
mobile  ground  based  liquid  and  gaseous  oxygen  tanks.  They  are  listed  here  for 
convenience: 

(1)  ASME  Boiler  and  Pressure  Vessel  Code,  Section  Vni,  Division  1,  1971  (ref.  73) 

(2)  ASME  Boiler  and  Pressvire  Vessel  Code,  Section  VICE,  Pressure  Vessels, 

Division  2,  Alternative  Rules,  1971  (ref.  74) 

(3)  ASME  Boiler  and  Pressxxre  Vessel  Code,  Section  IX,  Welding  Qualifications, 

1971  (ref.  75) 

(4)  Air  Force  Technical  Order  T.O.  00-25-224,  Welding  High  Pressure  and  Cry- 

ogenic Systems  (ref.  76)  (includes  airborne  and  ground  systems) 
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(5)  American  Petroleum  Institute  Standard  No.  620,  Design  and  Construction  of 

Large,  Welded,  Low-Pressure  Storage  Tanks  (ref.  77) 

(6)  Compressed  Gas  Association  Tentative  Specification  for  Insulated  Tank  Trucks, 

CGA-341  (ref.  78) 

(7)  Code  of  Federal  Regulations,  Title  49,  Transportation  Parts  100  to  199  (ref.  79) 

The  Code  of  Federal  Regulations  (Title  49)  covers  the  rules  and  regulations  govern- 
ing transportation  of  explosives  and  dangerous  materials  by  common  carrier  (ref.  79, 
section  170-179).  Cargo  tanks  for  liquid  or  gaseous  oxygen  must  meet  the  specifications 
contained  therein. 

One  of  the  more  important  considerations  within  the  Code  of  Federal  Regulations  is 
the  required  retesting  of  cargo  tanks  every  5 years  (ref.  79,  section  173.33). 


5. 1. 2 Design  Safety  Factors  and  Proof  Pressures 

Maximum  allowable  stress  values  for  materials  used  for  ground-based  tanks  are 
given  in  reference  73.  The  mechanical  properties  considered  and  the  factors  applied  to 
establish  the  maximum  allowable  stresses  are  given  here.  At  temperatures  below  the 
creep  range,  the  maximum  allowable  stress  value  for  ferrous  materials  and  for  non- 
ferrous  materials  is  the  lowest  of  these: 

(1)  One-foxirth  of  the  specified  minimum  tensile  strength  at  room  temperature 

(2)  One -fourth  of  the  tensile  strength  at  operating  temperature 

(3)  For  ferrous  materials,  five -eighths  of  specified  minimum  yield  strength  at  room 

temperature;  for  nonferrous  materials,  two-thirds  of  specified  minimum  yield 
strength  at  room  temperature 

(4)  For  ferrous  materials,  five-eighths  of  yield  strength  at  operating  temperatirre; 

for  nonferrous  materials,  two-thirds  of  yield  strength  at  operating  temperature 

For  flight  tanks,  the  design  is  optimized  around  the  tank  material  strength  to  weight 
ratio  parameter.  Factors  of  safety  normally  used  for  booster  tanks  vary  from  1. 0 to  1.1 
based  on  yield  strength  and  1. 25  to  1.  5 based  on  xiltimate  strength  of  the  material.  The 
higher  values  are  applicable  to  manned  vehicles.  Table  5-1  is  a list  of  suggested  safety 
factors  for  various  circumstances. 

In  applying  the  safety  factors  listed  in  table  5-1,  the  maximum  allowable  working 
stress  is  computed  for  each  safety  factor  pertaining  to  the  particular  circumstance  or 
condition  and  the  lower  value  is  used.  Proof  test  pressures  are  normally  in  the  range  of 
105  to  150  percent  of  the  maximum  tank  working  pressure.  To  prevent  general  yielding 
of  the  tank  shell  dxiring  proof  tests,  stresses  are  normally  limited  to  values  equal  to  or 
less  than  the  yield  strength  of  the  tank  material  or  the  welds.  Procedures  for  determin- 
ing an  adequate  proof  test  are  outlined  in  reference  80  (pp.  12  to  17). 
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TABLE  5-1.  - SUGGESTED  SAFETY  FACTORS  FOR 


FLIGHT  WEIGHT  OXYGEN  TANK^ 


Circumstance  or  condition 

Yield  safety 

Ultimate  safety 

factor 

factor 

No  hazard  to  personnel  or  vital 
equipment  (unmanned) 

1.  0 

1.  25 

Special  safety  devices  provided 
for  personnel  (escape  system 
or  special  shielding) 

1.  1 

1.  35 

Hazard  to  personnel  or  vital 
equipment 

1.  33 

1.  65 

^Ref.  70,  p.  334. 


Some  typical  design  and  test  pressures  and  safety  factors  for  flight  oxygen  tanks  are 
presented  in  table  5 -II. 


TABLE  5-II.  - TYPICAL  OXYGEN  TANK  DESIGN  DATA  FOR  FLIGHT  WEIGHT  TANKS 


System 

Vessel  application 

Vessel  dimensions, 
in. 

Vessel  material 

Design  pressures,  ps^ 

Ultimate 

safety 

factor 

Limit 

Proof 

Burst 

Atlas 

Propellant 

120  diameter  by  480  length 

301  stainless  steel, 

26.0 

33.0 

49.0 

1. 

88 

then  taper  to  48  diam- 

extra  full  hard 

eter  over  120  lei^th 

Centaur 

120  diameter  by  87  length 

301  stainless  steel. 

48.0 

60.0 

1. 

25 

ellipsoid 

extra  full  hard 

Saturn  I-C 

396  diameter  by  517  length 

2219  aluminum 

49.  3 

51.  8 

69.  1 

1. 

4 

Saturn  II 

396  diameter  by  264  length 

2014  aluminum 

84.  4 

118.0 

1. 

4 

Saturn  IV 

130  radius  segments 

2014  aluminum 

70.4 

98.  5 

1. 

4 

Apollo  ECS 

Surge  tank 

14  by  13 

Inconel  718 

1020 

1356 

1530 

1. 

5 

Apollo  ECS 

Cabin  pressuri- 

12.  62  by  6.  92 

Inconel  718 

1210 

1600 

1800 

zation 

Apollo  SM 

Fuel  cell 

Inconel  718 

1020 

1530 

Apollo  LM 

Descent  breathing 

23.  522  by  21.722 

D6AC  carbon  steel 

3000 

4500 

Apollo  LM 

Ascent  breathing 

14.  500  by  11.968 

Inconel  718 

1000 

1500 

5.1.3  Corrosion 

There  is  no  possibility  of  significant  chemical  corrosion  inside  the  tanks  filled  with 
uncontaminated  liquid  or  gaseous  oxygen.  The  problem  of  inside  corrosion  begins  when 
the  tank  is  empty  and  opened  to  the  atmosphere.  Exposure  to  atmospheric  moisture  and 
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contaminants  is  a serious  corrosion  hazard.  The  use  of  a purge  or  pressurant  gas  con- 
taining moisture  or  other  contaminants  will  also  contribute  to  the  corrosion  process. 
Purge  and  pressurant  gases  shoxild  have  a dew  point  lower  than  -50°  F and  should  be 
filtered  to  meet  system  requirements  (see  chapter  10). 

Day -night  temperature  cycles  and  atmospheric  pressure  variations  can  cause  exten- 
sive corrosion  damage  in  a relatively  short  time  due  to  the  breathing  of  moist  air.  The 
breathing  of  tanks  and  oxygen  systems  in  a standby  or  stored  condition  must  be  prevented 
to  avoid  contamination.  This  can  only  be  prevented  with  certainty  by  maintaining  a slight 
positive  pressure  inside  the  system  at  all  times.  Sections  that  have  been  isolated  and 
opened  for  maintenance  should  be  purged  and  appropriately  cleaned  following  the  main- 
tenance operation.  For  additional  discussion  of  corrosion  refer  to  section  3.2. 


5.1.4  Stress  Corrosion  Cracking 

The  possibility  of  stress  corrosion  cracking  must  be  reviewed  during  oxygen  tank  de- 
sign especially  where  high  internal  pressures  or  mounting  load  distributions  can  cause 
high  stress  concentrations.  The  resulting  strain  in  the  presence  of  an  electrolytic  agent 
such  as  moist  air  or  water  can  resiilt  in  structural  failure.  In  addition,  evidence  indi- 
cates that  the  presence  of  oxygen  and  the  process  of  oxide  film  formation  aggravates 
stress  corrosion  cracking  (see  sections  3. 1 and  3.  3).  An  example  of  rapid  stress  corro- 
sion failure  is  cited  in  reference  81  (p.  14).  A type  D6AC  alloy  steel  heat  treated  to  220 
to  240  ksi  tensile  strength  was  used  to  store  very  high  pressure  gaseous  oxygen  in  the 
Apollo  EVA  system.  During  hydrostatic  testing  of  one  of  the  tanks,  an  external  sxirface 
flaw  was  exposed  to  water.  (The  tank  was  tested  under  water  for  safety. ) The  tank  sub- 
sequently failed,  and  failure  was  considered  to  be  due  to  stress  corrosion.  The  correc- 
tive action  was  to  use  oil  for  hydrostatic  testing  and  discontinue  the  water  immersion 
procedure. 


5. 1. 5 Cyclic  Stress  and  Cycle  Life 

Tanks  that  are  pressurized  and  depressurized  many  times  during  testing  and/or  dur- 
ing their  life  are  subject  to  fatigue  failure  due  to  crack  propagation  and  flaw  growth  at 
stress  concentration  points.  Stress  concentrations  usually  occur  in  zones  of  discontinuity 
such  as  around  inspection  openings,  flanges  for  manholes,  and  pipe  entry  bosses.  Re- 
sidual stresses  from  weldir^  the  tank  assembly  can  also  cause  local  areas  of  high  stress. 

Much  work  has  been  done  in  the  field  of  fracture  control  for  metallic  pressure  ves- 
sels. Althovigh  this  work  has  helped  to  clarify  the  causes  and  characteristics  of  fracture 
processes  and  fracture  mechanics,  the  full  clarification  is  only  evolving.  However, 
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fracture  mechanics  theory  has  proven  itself  to  be  a valuable  design  tool  for  pressure 
vessels. 

Cycle  fatigue  failures  usually  start  at  existing  cracks,  structural  flaws,  or  material 
blemishes  in  areas  of  high  stress  concentration.  The  maximum  stress  occurs  at  the 
apex  of  the  crack  where  the  material  is  parting.  The  rate  of  failure  is  higher  and  the 
cycle  life  is  lower  for  tank  materials  of  low  ductility.  Since  the  crack  growth  is  depend- 
ent on  the  level  of  stress  at  the  apex,  the  tank  should  be  designed  with  a factor  of  safety 
applied  to  the  local  maximum  stress. 

Critical  flaw  size  and  cyclic  effects  analysis  techniques  show  that  the  size  of  flaws  , 
or  surface  cracks  in  the  material  of  a finished  tank  may  materially  affect  the  expected 
tank  life.  The  technique  permits  calculation  of  the  critical  flaw  size  and  maximum  crack 
tip  stress  required  to  cause  failvire  at  a given  applied  stress  level.  The  mathematical 
equations  and  procedures  for  determining  these  limits  are  presented  in  reference  80 
(pp.  5 to  10  and  23  to  25).  Although  these  calculated  stress  intensity  and  crack  growth 
predictions  are  only  approximate,  they  provide  valuable  supporting  information  for  de- 
sign consideration. 

Sheet  stock  for  tanks  shovild  be  screened  to  remove  any  material  with  visible  flaws, 
cracks,  or  discontinuities  greater  than  critical  size.  The  remainii^  material  is  gen- 
erally inspected  by  dye  penetrants.  X-ray,  ultrasonic,  or  ferromagnetic  methods  as  re- 
quired for  assurance  that  flaw  sizes  are  less  than  the  critical  size. 

An  excellent  source  of  practical  fracture  mechanics  design  data  is  reference  82. 

The  data  include  state-of-the-art  information  on  critical  plane  strain  stress  intensity 
factors,  threshold  stress  intensity  factors  in  corrosive  media,  sustained  load  crack 
growth  rates,  and  fatigue  crack  growth  rates. 


5.1.6  Creep 

Tanks  for  use  at  room  temperatures  or  above  may  be  subject  to  creep  and  should  be 
evaluated  for  this  possibility.  Although  creep  in  metals  is  usually  associated  with  high 
temperatures,  some  materials  such  as  aluminum  exhibit  a slight  tendency  to  creep  at 
room  temperature.  Therefore,  if  tank  pressurization  stresses  are  long  in  duration  at 
stress  levels  near  the  yield  stress,  the  possibility  of  significant  creep  exists.  Creep 
data  are  usually  obtained  by  subjecting  a specimen  of  the  material  to  a constant  load  at  a 
specific  temperature  and  measuring  the  change  in  length  as  a function  of  time.  Typical 
creep  and  creep  rupture  curves  are  shown  in  figure  5-2  for  selected  aluminum  alloys. 
Additional  creep  data  are  available  in  references  69  and  68. 
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(a)  Creep  rates  as  function  of  temperature 
for  7075-T6  aluminum  (ref.  20,  p.  949). 

0. 040-Inch  clad  sheet. 


(b)  Creep  and  creep  rupture  curves  for  2219  aluminum. 
Creep  as  function  of  time  and  stress  at  room  temperature 
(ref.  69,  code  3205,  p.  17). 


Figure  5-2.  - Typicai  creep  and  creep  rupture  curves. 


5.1.7  Weld  Joints 

Good  weld  joint  design  and  welding  techniques  are  necessary  for  a reliable  tank 
structure.  Since  the  strength  of  the  heat  affected  zone  at  a weld  joint  is  less  than  that  of 
the  parent  material,  increased  thickness  must  be  provided  in  this  area  to  achieve  a 
strength  comparable  to  that  of  the  parent  material.  Ideally,  the  weld  zone  thickness 
buildup  should  be  symmetrical  to  minimize  bending  stresses  (see  fig.  5-3).  Mismatch 
between  butt  welded  components  of  pressure  vessels  can  also  result  in  substantial  local 
increases  in  stress. 

Bending  stresses  must  also  be  considered  at  curvature  discontinuities  and  abrupt 
changes  in  thickness  that  occur  at  tank  wall  penetrations,  reinforcements,  and  bosses. 
Abrupt  wall  thickness  changes  are  avoided  by  providing  a tapered  or  stepped  section  be- 
tween the  tank  membrane  thickness  and  the  weld  land  as  shown  in  figure  5-3.  For  flight 
weight  tanks,  mounting  pads  and  penetration  reinforcements  are  usually  butt  welded  to 
the  tank  with  a tapered  transition  section  on  the  reinforcement  side  of  the  weld  and  a 
stepped  weld  land  on  the  membrane  side  of  the  weld  as  shown  in  figure  5-4.  Grotmd- 
based  tanks  normally  have  a reinforcement  pad  fillet  welded  to  the  tank  to  provide  addi- 
tional strength  around  penetrations  as  shown  in  figure  5-5.  This  is  less  costly  and  more 
practical  for  groimd -based  tanks  where  the  strength  margin  can  be  accommodated  with- 
out concern  for  weight  penalty. 
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Symmetrical 


Nonsymmetrical 


Figure  5-3.  - Weld  land  configuration. 


Figure  5-4.  • Typical  tank  wall  penetration  for  thin-walled  tanks. 


Figure  5-5.  - Typical  tank  wall  penetration  for  ground-based  tanks. 


83 


Tank  wall  sheet  stock  and  weld  coupons  of  the  material  are  generally  tested  statis- 
tically to  provide  a 99  percent  strength  reliability  level  for  the  tank  material.  A statis- 
tical confidence  level  of  95  percent  is  observed  (ref.  71,  pp.  25  to  28).  Reference  83 
(p.  71)  provides  additional  statistical  reliability  for  weld  strength  data  by  accountii^  for 
the  differences  in  the  individual  weld  coupon  samples  tested. 


5.2  MATERIALS 

Materials  that  have  been  used  and  may  be  considered  for  oxygen  tanks  include  those 
listed  in  table  5 -HI.  The  lowest  value  for  sheet  stock  gage  recommended  for  propellant 
tanks  is  about  0.  01  inch  for  steel  alloys  and  0. 02  inch  for  aluminum  alloys  (ref.  70, 
p.  336). 


TABLE  5-m.  - TANK  MATERIALS 


Stainless  steel;  301,  304,  316,  347 
D6AC  alloy  steel^ 

Inconel  718 
Monel 

Mild  steel  (carbon  steel)^ 

Magnesium:  M-1,  AZ31 

Aluminum  alloys:  6061-T-6,  6066-T-6,  2014-T-6,  2219-T-62, 
2219-T-81,  2219-T-87,  5052 

^Used  for  very  high  pressure  oxygen  gas  storage  in  Apollo  EVA 
system.  See  precautions  against  stress  corrosion  in  sec- 
tion 3.  2.  3. 

^Commercial  gaseous  oxygen  cylinders  (2200  psia  max.  , 

-30°  F min. ). 


5.3  INSULATION 

Special  concern  is  required  when  using  oxygen  system  insulations  that  contain  added 
combustible  materials.  These  insulations  can  be  hazardous  in  the  event  of  an  oxygen 
leak  coupled  with  subsequent  ignition.  Most  of  the  conventional  insulations  will  not  ignite 
readily  but  they  will  support  combustion  if  they  are  ignited.  All  of  the  insulation  mate- 
rials listed  in  table  5 -IV  will  burn  in  oxygen  and  each  material  will  ignite  in  the  presence 
of  oxygen  at  its  respective  ignition  temperature  except  those  noted.  The  ignition  temper- 
atures and  combustion  rates  of  materials  are  given  in  chapter  3. 

The  use  of  metallic  particles  in  combination  with  powdered  oxide  insulations  for  ox- 
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TABLE  5-IV.  - TYPICAL  THERMAL  CONDUCTIVITY  AND  DENSITY 


DATA  FOR  VARIOUS  INSULATIONS^ 


Insulation 

Conductivity, 

K, 

(Btu)(in. ) 
(hr)(ft2)(°R) 

Density, 

P, 

Ib/ft^ 

Kp  factor 

Insulation 

pressure 

Multilayer  aluminum  foil 

0.  00012  to 

7.  5 

— 
0. 0009 

10”"^  mm  Hg 

(with  glass  or  quartz 

0.00078 

2.  5 

. 002 

10  mm  Hg 

fiber  paper  spacers) 
Aluminized  Mylar: 

24  layers/cm 

0.049 

2.8 

. 1375 

47  layers/cm 

. 104 

5.85 

.608 

Powders: 

Santocel-A'^ 

.0011 

6.0 

. 0066 

10  ^ mm  Hg 

Perlite'^ 

. 000864 

8.0 

. 0069 

10  ^ mm  Hg 

Cab-O-Sil’^ 

.0014 

4.  5 

. 0063 

10  ^ mm  Hg 

Fiberglass'^ 

. 01  to 

4.0 

. 05 

10”^  mm  Hg 

0.  21 

4.0 

. 84 

1 atm 

Foams: 

Polystyrene 

. 18 

2.88 

. 438 

1 atm 

.056 

2.88 

. 136 

10’^  mm  Hg 

Epoxy 

. 229 

5.0 

1.  14 

1 atm 

.090 

5.0 

. 45 

4x10"^  mm  Hg 

Polyurethane 

. 229 

5.  0 to  8.  74 

1.  14  to  2.  0 

1 atm 

.084 

5.0  to  8.  74 

. 42  to  . 734 

10"^  mm  Hg 

Rubber 

.25 

5.0 

1.  25 

1 atm 

^Ref.  30,  pp.  30  to  37. 
'^Nonflammable  with  oxygen. 


ygen  equipment  is  hazardous  due  to  the  flammability  of  the  metals  in  such  mixtures  (see 
3.4. 1). 

Tests  have  indicated  that  up  to  20  percent  aluminum  powder  may  be  used  in  Perlite 

in  an  oxygen  atmosphere  before  combustion  ivill  be  sustained  (ref.  84,  pp.  118  to  121). 

Since  this  may  be  affected  by  the  particle  size  of  the  powdered  metal,  tests  should  be 

made  of  the  material  to  determine  the  actual  limit  in  each  case. 

Figure  5-6  illustrates  the  effect  of  gas  pressure  on  the  conductivity  of  a few  of  these 

insulations.  Multilayer  super  insulations  have  been  developed  with  conductivities  as  low 
-5 

as  1x10  Btu -inch  per  hour -square  foot -Rankine  degrees  (ref.  30,  p.  32).  However, 
this  efficiency  is  extremely  difficult  to  achieve  in  a practical  ground-based  tank  applica- 
tion. In  a 1^  environment  the  thermal  conductivity  of  multilayer  insulation  decreases 
as  each  additional  layer  is  added  until  the  contact  area  between  layers  begins  to  increase 
from  the  added  weight.  Then  the  conductivity  begins  to  increase.  This  is  illustrated  in 
figure  5-7  which  shows  the  optimum  number  of  layers  to  be  between  50  and  90.  Typical 
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Figure  5-6.  - Effect  of  gas  pressure  on  thermal  conductivities  of  various 
cryogenic  insulations  (ref.  72,  pp.  2 to  91. 


Number  of  alternate  layers  per  inch 


Figure  5-7.  -Thermal  conductivity  against  number  of 
alternate  layers  of  glass  fiber  paper  and  aluminum 
foil  per  inch  thickness  of  insulation  between 
540°  and  140°  R (ref.  72,  pp.  2 to  15). 
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TABLE  5-V.  - MINIMUM  VALUES  OF  EMITTANCES 


FOR  SELECTED  METAL  SURFACES^ 


Material'^ 

Emit- 

tance° 

Aluminum,  0.001-in.  and  0.  00 15- in.  household  foil 

0.02 

Aluminum,  vapor  deposited  on  polyester  film 

. 04 

Brass,  yellow  0.001 -in.  shim  stock 

.03 

Cadmium,  mossy  plate 

.03 

Chromium,  electroplate 

.08 

Copper,  electrolytic,  careful  polish 

. 02 

Copper,  pure,  carefully  prepared 

. 01 

Gold,  0.0015-in.  foil 

.01 

Gold,  vapor  deposited  on  polyester  film 

. 02 

Lead,  0.004-in.  foil 

.04 

Nickel,  0.  004-in.  foil 

.02 

Platinum 

. 02 

Silver 

. 01 

Stainless  steel  302 

.05 

Tin,  0.001- in.  foil 

.01 

Zinc,  0.0065- in.  foil 

. 03 

Solder,  50-50 

.03 

^Ref.  72,  pp.  2 to  21. 

'^All  materials  solvent  cleaned  unless  otherwise  stated. 
*^For  surface  at  140°  R from  radiation  source  at  540°  R. 


Thermal  conductivity,  Btu-inJhr-ft^-°R 


densities  for  various  insulations  are  given  in  table  5 -IV.  The  coating  materials  with  the 
lowest  emittance  values  for  multilayer  insulation  are  listed  in  table  5-V.  The  reduction 
of  thermal  conductivity  of  powdered  insulations  from  the  addition  of  metal  powders  is 
illustrated  in  figure  5-8.  The  optimum  benefit  results  with  aluminum  powders  in  quan- 
tities of  20  to  70  percent  by  weight.  As  previously  indicated,  flammability  is  not  gener- 
ally sustained  below  20  percent.  Therefore,  20  percent  appears  to  be  an  overall  optimum 
for  oxygen,  but  again,  the  actual  limit  would  have  to  be  determined  by  test  in  each  par- 
ticular case. 


5.4  TANK  MAINTINANCE  CONTROL 

In  order  to  prevent  exceeding  the  use  limits  of  a tank,  it  is  important  to  maintain  a 
documentation  of  the  tank’s  ’’life  history”  or  ’’tank  log.  ” Every  event  in  the  life  of  the 
tank  significant  to  engineering  evaluation  of  the  tank  use  limits  should  be  recorded.  The 
’’log”  should  include  the  following: 

(1)  Original  design  specifications 

(2)  Raw  materials  record  - source,  quality  test  resu].ts,  and  processing  record  of 

the  materials  used  to  make  the  tank 

(3)  Fabrication  record  - record  of  the  fabrication  anomalies,  weld  rework,  tank 

modifications,  stress  relief,  and  heat  treat  processes 

(4)  Test  history  - test  data  record 

(5)  Record  of  inspection  anomalies 

(6)  Maintenance  record,  including  cleaning  and  preparation 

(7)  Use  and  operation  record 

(a)  Cyclic  use  record  - pressure  cycles,  temperatiire  cycles,  cumulative  fill 
and  drain  data,  cleaning,  and  inspection  cycles 

(b)  Record  of  use  anomalies  (especially  accidental  overpressxire) 

The  need  for  these  data  is  important  in  determining  tank, life  inspection  periods, 
cleaning,  and  reuse  specifications.  The  raw  materials  record  and  fabrication  record 
identify  specific  points  for  future  inspection.  Test  history  is  important  because  pres- 
surization testing  can  verify  the  tank  reliability,  but  it  can  also  contribute  to  cycle  fa- 
tigue and  reduced  tank  life.  This  is  especially  true  for  flight  weight  tanks  where  the 
margin  between  the  working  stress  and  yield  stress  is  relatively  small.  Inspection 
anomalies  and  maintenance  records  aid  in  quality  assm*ance.  The  use  and  operation 
record  completes  the  total  environmental  effects  profile  useful  in  gaging  the  state  of  the 
tank  system  at  any  time. 
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5.5  TANK  OVERPRESSURE  HAZARD 


It  is  difficult  to  predict  the  potential  hazard  that  would  result  when  a tank  fails  from 
accidental  overpressiire.  Tanks  fail  by  leaking  local  bursting  or  disintegrating  into 
shrapnel.  Some  of  the  total  energy  is  absorbed  by  the  tank  disintegration;  some  ig  ab- 
sorbed to  accelerate  the  tank  parts  (or  shrapnel);  and  the  rest  of  the  energy  is  dissipated 
by  a pressure  wave.  The  amount  of  energy  absorbed  by  the  tank  disintegration  also  var- 
ies with  the  tank  wall  thickness  and  the  tardc  material,  although  this  is  relatively  small 
compared  to  the  total  energy  release. 

The  potential  explosive  energy  equivalent  of  a pressurized  tank  is  given  by  (ref.  85, 
p.  4) 


E = 144 


RTg 


where 

E energy,  ft -lb 

P.  tank  pressxme  (absolute),  Ib/ft^ 

2 

Pg  atmospheric  pressure  (or  ambient  pressure)  or  zero  pressure  in  space,  Ib/ft 
R molar  gas  constant,  10.  73  lb-ft^/(°R)(in.  ^)(lb)(mole) 

V tank  volume , ft^ 

Tj^  ambient  temperature,  °R 
T2  temperature  of  contained  gas,  °R 

This  does  not  allow  for  the  energy  used  in  rupturing  the  tank  and  propelling  its  pieces. 

The  energy  equivalent  of  TNT  is  1.  543x10°  foot-poiinds  per  pound  TNT.  Therefore, 
the  TNT  energy  equivalent  of  a pressxirized  tank  is 

rp 

lb  TNT  equivalent  = 

1.  543X10® 

An  overpressure  rupture  of  a tank  in  the  atmosphere  will  cause  a shock  wave  per  dis- 
tance relationship  given  by  the  Nomogram  (fig.  5-9). 
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CHAPTER  6.  OXYGEN  PUMPS 

The  most  commonly  used  pump  for  pumping  liquid  or  gaseous  oxygen  is  the  centrif- 
ugal pump  which  is  used  almost  exclusively  in  rocket  engine  systems.  Centrifugal 
pumps  are  also  widely  used  in  ground  applications  for  liquid  oxygen  pumping  and  as  high 
flow  rate  gaseous  oxygen  compressors.  Where  very  high  pressures  must  be  attained 
(usually  at  low  flow  rates),  positive  displacement  piston-type  pumps  may  be  used;  how- 
ever, by  means  of  staging,  high  pressures  may  be  obtained  from  centrifugal  pumps. 
Axial  flow  pumps  tend  to  be  impractical  for  pumping  oxygen  because  of  the  relatively 
high  density  of  the  liquid  and  the  complexity  caused  by  bearing  location  and  lubrication 
requirements  for  pumping  gaseous  oxygen.  Diaphragm  pumps  can  be  designed  to  pump 
either  liquid  or  gaseous  oxygen,  but  practicality  would  generally  dictate  using  a centrif- 
ugal or  piston  pump.  This  is  because  of  problems  such  as  diaphragm  flexure  fatigue, 
gaseous  compression  heating,  and  materials  compatibility  to  meet  the  internal  pump 
conditions.  K for  some  purpose  the  axial  or  the  diaphragm  pump  would  be  selected,  the 
design  criteria  generated  throughout  this  text  would  apply.  To  achieve  high  pressure 
liquid  oxygen  at  very  high  flow  rates,  centrifugal  pumps  with  one  or  more  stages  would 
be  preferable.  Most  very  high  pressure  oxygen  requirements  are  for  gaseous  breathing 
oxygen  storage  purposes  such  as  for  life  support  systems.  The  easiest  way  to  generate 
gaseous  oxygen  pressures  up  to  10  000  psi  or  higher  is  to  pump  liquid  oxygen  to  that 
pressure  through  a vaporizer.  Since  this  does  not  generally  require  high  liquid  flow 
rates,  the  positive  displacement  piston  pump  is  the  most  appropriate. 

Rotary  pumps  which  may  be  exposed  to  an  oxygen  environment  are  generally  used 
as  vacuum  pumps  and  as  such  are  exposed  to  relatively  low  oxygen  partial  pressxires. 


6.1  CENTRIFUGAL  PUMPS 

Most  experiences  with  centrifugal  pump  failures  involve  pump  deterioration  result- 
ing from  bearing  or  seal  failure.  Such  failures  often  result  in  structural  disintegration 
with  resulting  ignition  and  fire.  The  exposure  of  the  pump  materials  to  high-speed 
rubbing  friction,  pressure  spikes,  impact,  and  contamination  is  a risk  in  a centrifugal 
pump,  and  the  sensitivity  of  the  pump  materials  to  these  conditions  in  the  presence  of 
oxygen  is  always  a potential  for  possible  reaction. 
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The  following  sections  review  many  of  the  special  considerations  to  be  given  to  the 
design,  fabrication,  and  use  of  centrifugal  pumps  for  liquid  oxygen  to  avoid  conditions 
that  can  lead  to  failure.  Although  the  emphasis  in  this  section  is  on  turbine -driven  cen-  , 
trifugal  pumps  for  flight  application,  the  principles  discussed  are  generally  applicable 
to  ground-based  pumps.  Since  grotind-based  centrifugal  pumps  are  not  weight  limited, 
higher  safety  factors  and  long  pump  life  can  be  achieved  at  lower  cost.  For  example, 
geared  electric  motor  drives  may  be  used.  By  increasii^  the  size  and  stiffness  of  the 
pump  shaft,  a longer  impeller  overhang  can  be  tolerated  thereby  permitting  use  of  con- 
ventionally lubricated  rotor  shaft  bearings.  The  main  drive  shaft  from  the  gear  box  may 
also  support  the  pump  impeller.  This  also  permits  the  use  of  an  integrated  pump  - gear 
box  housing  for  greater  strength. 

6. 1. 1 Pump  Housing  and  Rotor  Assembly 

The  pump  casing  (fig.  6-1,  ref.  86)  which  serves  as  the  structural  support  of  the 
turbopump  assembly  must  withstand  all  of  the  torque  and  bending  moments  transmitted 


Pump  casing  yv 
/ \ 

/ Thrust  bearing 


Inducer 


Figure  6-1.  - Oxidizer  pump  assembly  (based  on  ref.  86,  fig.  II-5). 
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through  the  structure  in  addition  to  the  stresses  from  internal  pressures.  The  casing 
must  resist  flexing  from  cyclic  pressure  variations,  either  circumferential  or  pulsing; 
otherwise,  fatigue  failure  or  excessive  rotor  rub  could  result.  To  avoid  the  large  dis- 
tortion associated  with  the  resonance  vibration  of  the  pump  case,  the  natural  frequency 
of  the  pump  case  in  any  vibrational  mode  should  be  above  any  expected  periodic  driving 
force.  Fluctuating  pressure  loads  and  perturbations  in  the  inlet  flow  can  be  structurally 
damaging  and  should  be  avoided  by  design,  operational  procedures,  and  system  monitor- 
ing. 

The  oxygen  pump  housing  design  is  a matter  of  providing  the  strength  necessary  to 

t 

prevent  rotor  contact  while  permitting  the  close  clearances  necessary  for  pump  effi-  ' 
ciency.  In  flight  weight  pumps  this  must  be  achieved  without  undo  weight  penalty.  A dis- 
cussion of  centrifugal  pump  housing  and  rotor  des^n  is  given  in  references  70  (pp.  219 
to  225)  and  87  (pp.  60  to  77  and  111  to  122).  In  addition,  references  88  and  89  (ch.  7) 
are  useful  texts  which  may  be  consulted  on  design  of  pumps  and  turbomachinery. 

6. 1 1.1  Inducer  - impeller -pump  case  clearance.  - The  practically  attained  mini- 
mum value  for  the  blade  tip  clearance  to  blade  lei^th  ratio  for  both  inducers  and  impel- 
lers is  2.  0 percent  for  oxygen  pumps.  When  closer  clearances  are  required  which  in- 
crease the  possibility  of  rubbing,  a ’’wear -in”  seal  or  liner  of  polytetrafluoroethylene 
(TFE)  or  polychlorotrlfluoroethylene  (CTFE)  liner  (fig.  6-2)  can  be  used  to  achieve  the 
minimum  clearance.  These  materials  also  reduce  friction  and  abrasion  should  rubbii^ 
occur  (ref.  90,  pp.  70  and  71).  The  acceptance  of  this  technique  is  primarily  one  of 
precedence.  Therefore,  the  application  of  nonmetal  rub  rings  and  liners  beyond  the 
limit  of  experience  should  be  with  caution  and  verification  testing.  Initial  wear-in  of  the 
seal  or  rub  ring  should  be  with  liquid  nitrogen.  Although  the  average  ignition  tempera- 
ture of  TFE  and  CTFE  in  oxygen  is  between  410*^  and  540°  C over  the  pressure  range 
from  1 to  100  atmospheres  (fig.  3-10)  compared  to  800°  and  1000°  C or  higher  for  most 
metals  and  alloys,  the  heat  sink  provided  by  liquid  oxygen  and  the  lower  coefficient  of 


Figure  6-2.  - Inducer  impeller  pump  case  lining  (based  on  ref.  86,  fig.  I-l). 
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friction  of  TFE  and  CTFE  permit  their  use  in  this  application  within  present  experience 
limits.  A labyrinth  seal  is  sometimes  used  to  perform  both  sealing  and  rub  liner  func- 
tions. In  such  applications  a labyrinth  element  is  used  in  conjunction  with  a fluorocarbon 
polymer  wear  ring  as  illustrated  in  figure  6-2.  The  wear-in  characteristics  of  this 
combination  provide  near  optimum  inducer  to  case  clearances  and  reduce  backflow  to  an 
acceptable  level.  ' 

6. 1. 1.2  Turbopump  shaft  stability  and  critical  speed.  - Rotor  stability  is  especially 
important  in  oxygen  pumps  in  order  to  prevent  rotor  rub  and  bearing  overstress  while 
at  the  same  time  permitting  the  shaft  diameter  and  weight  to  be  minimum.  With  im- 
proved higher  strength  materials,  the  possibility  of  higher  pump  speeds  in  future  pump  ‘ 
developments  increases  the  hazard  of  rubbing  contact  between  the  rotor  and  the  pump 
case.  The  close  clearances  between  the  housing  and  the  impeller  and  inducer  blades 
must  be  maintained  to  assure  pump  efficiency.  At  current  design  speeds  the  inducer- 
impeller,  shaft,  and  bearing  system  (rotor  assembly)  may  pass  through  several  critical 
speeds  during  spinup  and  shutdown.  At  critical  speeds  the  rpm  of  the  rotor  assembly 
equals  some  multiple  of  the  natural  frequency  of  the  rotor  assembly  or  some  forcing  fre- 
quency. The  shaft  wobble  accompanying  critical  speed  operation  may  cause  the  impeller 
to  rub  the  pump  case.  Accordingly,  shaft  radial  balance  and  thrust  balance  are  critical 
design  requirements. 

Although  the  primary  driving  force  to  shaft  mount  instability  is  rotor  imbalance, 
other  factors  can  induce  forces  which  at  resonant  frequencies  may  cause  the  rotor  to  ex- 
ceed its  clearance  envelope.  Some  of  the  factors  that  must  be  considered  include  varia- 
tions in  the  bearing  assembly  stiffness,  internal  bearing  friction,  uneven  pressure 
buildups  in  the  pumped  fluid  around  the  rotor,  resonant  flexing  of  the  casing,  and  varia- 
tions in  flow  due  to  engine  chugging  or  cyclic  coupling  of  flow  control  loops.  For  oxygen, 
these  factors  must  be  anticipated  as  much  as  possible  during  the  design  stage  to  prevent 
pump  failures.  Initial  runups  of  oxygen  pumps  should  be  programmed  to  verify  a non- 
critical  rub  condition.  In  developmental  pumps,  testing  should  explore  the  complete 
operational  profile  with  adequate  instrumentation  to  determine  the  possibility  of  unac- 
ceptable impeller  rub.  For  added  safety,  checkout  runs  may  be  made  using  liquid  nitro- 
gen. 

There  are  two  design  philosophies  currently  applied  in  the  design  of  rocket  engine 
turbopump  rotor  assemblies.  In  one,  the  bearing  and  shaft  system  is  designed  with  all 
of  the  turbopump  operating  speeds  below  rigid  body,  first  whirling  mode  critical  speed. 
To  achieve  this,  high  bearing  mount  spring  rates  are  required.  This  requires  stronger, 
stiffer  shafts  and  increased  shaft  and  bearing  diameters.  Roller  bearings  are  used  to 
provide  high  radial  spring  rates  along  with  ball  bearings  for  supporting  axial  thrust. 
Resonance  problems  are  avoided,  but  there  is  a weight  penalty.  The  second  design  phi- 
losophy calls  for  a design  for  pump  operation  above  the  first  and  second  whirling  mode 
critical  speeds  but  below  any  mode  where  significant  shaft  bending  occurs.  This  allows 
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smaller  bearings  and  lighter  shafts.  The  bearing  mounting  has  a lower  spring  rate. 

The  main  advantage  in  this  case  is  lower  pump  weight.  In  either  design  approach,  a 
20  percent  margin  is  generally  used  between  the  shaft  operating  speed  and  the  nearest 
whirling  critical  speed  to  assure  rub  free  rotation  (ref.  87,  p.  11). 

Because  classical  methods  for  computing  rotor  displacement  when  passing  through 
critical  speed  are  not  accurate  enough  to  predict  rotor  rub,  digital  computer  programs 
for  calculating  the  natural  frequencies  and  amplitudes  are  generally  used  (ref.  91,  , 

pp.  31  to  48  and  82  to  88,  and  refs.  92  to  94).  The  use  of  such  programs  provides 
higher  accuracy  because  more  elaborate  and  accurate  models  may  be  used. 

The  rotor  shaft  is  generally  balanced  initially  as  subcomponent  and  then  as  part  of  ' 
the  assembled  rotor  on  a balancing  machine.  The  rotor  assembly  is  then  disassembled 
and  reassembled  in  the  turbopump.  However,  considerations  such  as  pilot  tolerances, 
runouts,  and  parallelism  can  alter  the  fine  balance  attained.  In  addition,  fits  may  shift 
during  operation  due  to  thermal  expansion  differences  between  adjacent  parts  and 
mechanical  deformations  caused  by  centrifugal  forces.  Because  these  shifts  may  allow 
eccentric  shifting  of  adjacent  rotor  parts,  rotor  imbalance  results.  For  this  reason,  it 
is  necessary  to  instrument  for  static  and  dynamic  bearing  loading  and  clearance  meas- 
urements through  the  entire  operating  range  as  a part  of  the  pump  development  testing. 
The  assembled  rotor  should  be  balanced  in  the  range  of  50  to  100  microinches  of  mass 
eccentricity  (juin.  -lb  out  of  balance/mass  of  rotor)  (ref.  91,  p.  88).  When  this  proced- 
ure is  used,  actual  rotor  imbalance  is  rarely  as  great  as  the  limits  specified  or  per- 
mitted by  the  engineering  drawings.  Techniques  for  balancing  turbomachinery  are  dis- 
cussed in  references  91  (pp.  48,  88,  and  94  to  96)  and  95. 

Programs  for  computing  critical  speeds  are  given  (with  program  description,  user's 
manual,  and  FORTRAN  listings)  in  reference  96.  (Only  the  table  of  contents  of  this 
reference  is  included  in  the  microfiche  supplement.  The  text  has  been  omitted  because 
of  its  large  size  and  small  print. ) Detailed  discussions  of  shaft  dynamics  are  presented 
in  reference  91  (pp.  19  to  48  and  79  to  88). 

6. 1. 1.2. 1 Torsional  stability.  - Torsional  vibration  in  txirbopump  shafts  has  not 
generally  been  a limiting  or  controlling  design  factor.  But  a comparison  is  usually  made 
between  the  calculated  values  of  torsional  natural  frequencies  and  possible  forcing  or 
coupling  frequencies  such  as  from  gear  teeth  meshing,  misalinements  of  couplings,  or 
other  torsional  driving  forces. 

The  calculated  torsional  natural  frequencies  are  also  compared  with  nontorsional 
system  natural  frequencies  to  avoid  possible  coupling  (ref.  91,  pp.  30  and  81).  As  in 
the  case  of  whirling  and  bending  instability,  a 20  percent  margin  between  the  instability 
frequency  and  operating  frequency  should  be  provided. 

6. 1. 1.2.2  Axial  thrust.  - Shaft  axial  thrust  balance  forces  as  high  as  30  000  pounds 
per  1000  pound  per  second  propellant  flow  can  be  required  to  keep  the  axial  force  on  the 
rolling  element  thrust  bearing  to  tolerable  values.  The  impeller  is  generally  balanced 
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by  exposing  its  back  face  to  a pressure  distribution  that  matches  that  developed  on  the 
front  face,  as  shown  in  figures  6-3  and  6-4.  Up  to  90  percent  of  the  axial  thrust  load  is 
sometimes  required  to  be  taken  up  by  a thrust  balance  piston  or  back  vanes  on  the  pump 
impeller  in  support  of  a ’'ball”  thrust  bearing  used  to  establish  a fixed  position  for  the 
rotor. 

The  pressure  balancing  arrangement  shown  in  figure  6-3  incorporates  a set  of 
radial  vanes  on  the  back  face  of  the  impeller  which  constitutes  a simple  secondary  cen-  * 
trifugal  pump.  The  pressure  field  developed  by  this  secondary  pump  is  a rough  match 
to  the  field  developed  on  the  front  face  of  the  impeller.  The  impeller  back  face  vane 
system  has  been  preferred  from  experience  and  is  used  in  oxygen  pumps  on  M-1,  H-1, 
J-2,  RL-10,  and  F-1  engines. 

In  the  balance  piston  method  (fig.  6-4)  the  balance  chamber  on  the  back  face  of  the 
impeller  is  pressurized  by  flow  communication  with  the  pump  exit.  The  exposed  area 
on  which  this  pressure  acts,  defined  by  the  back  wear  rings  and  the  shaft  seal,  is  sized 
to  provide  the  axial  force  opposing  the  force  on  the  front  face.  For  finer  balancing,  the 
piston  chamber  pressure  is  regulated  by  a vernier  control.  Techniques  for  determining 
the  required  balance  chamber  pressure  level  in  the  system  shown  in  figure  6-4  are  pre- 
sented in  reference  70  (pp.  223  and  224).  Pressure  balancing  the  pump  impeller  to 
support  axial  thrust  loads  using  the  balance  piston  method  has  caused  frequent  problems 
during  turbopump  development.  Thrust  loads  could  not  be  predicted  within  the  desired 
accuracy,  and  small  variations  in  impeller  face  pressures  result  in  considerable  varia- 
tions in  the  magnitude  of  the  net  thrust.  Because  of  the  poor  predictability  of  the  thrust 


Figure  6-3.  - Balancing  axial  thrusts  of  a centrifugal  pump  by  the 
radial  rib  method  (based  on  ref.  70,  fig.  6-48). 
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Figure  6-4.  - Balancing  axial  thrusts  of  a centrifugai  pump  by  the 
balance  chamber  method  (based  on  ref.  70,  fig.  6-47). 
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variations,  especially  during  runup  and  stop  transients,  large  tolerances  to  thrust  force 
variations  are  generally  provided  in  development  models,  and  they  are  designed  to  be 
adjusted  during  tests.  For  this  reason,  pressure  balancing  with  a controlled  fluid  back 
pressure  has  not  been  used  in  operational  oxygen  pumps. 

Thrust  balancing  determinations  for  centrifugal  pumps  are  discussed  in  refer- 
ences 70  (pp.  223  to  225)  and  87  (pp.  82  to  89),  Since  experience  has  shown  that  actual 
and  calculated  thrust  can  vary  considerably,  initial  runups  should  be  done  in  steps  with  ■ 
adequate  instrumentation  to  verify  thrust  at  operational  speed. 

For  systems  such  as  shown  in  figures  6-3  and  6-4,  the  balance  of  axial  forces  act- 
ing on  the  impeller  may  be  approximated  from  equations  given  in  reference  70  (pp.  223 
to  225).  A sample  calculation  of  the  axial  thrust  balance  forces  of  the  M-1  oxygen  pump 
is  presented  in  reference  97  (pp.  22  to  40). 

6. 1. 1. 3 Inlet  flow  dynamics.  - Flow  distortions  and  turbulence  at  the  pump  inlet 
introduced  by  valves,  bellows,  pipe  bends,  and  poorly  designed  pipe  entrance  sections 
cause  unsymmetrical  hydrodynamic  forces  on  the  impeller.  The  unbalanced  forces  fluc- 
tuate with  time  and  may  cause  an  oscillation  of  the  impeller- shaft  system. 

To  avoid  these  unbalanced  pumping  forces,  a straight  run  of  pipe  to  the  pump  inlet 
of  5 pipe  diameters  is  normally  used  (when  space  is  available)  to  allow  disturbances  in 
the  flow  to  subside  before  entering  the  pump.  Valves,  bellows,  and  elbows  should  be 
located  upstream  of  this  section.  Straightening  vanes  are  used  in  the  inlet  line  if  an 
adequate  uninterrupted  straight  run  immediately  before  the  inlet  cannot  be  installed. 
Bellows  sections  installed  in  the  inlet  line  closer  than  5 inlet  line  diameters  should  be 
fitted  with  a smooth  liner  to  avoid  the  turbulence  caused  by  the  flow  over  the  bellows 
convolutions.  These  considerations  are  discussed  further  in  reference  90  (pp.  7 to  11 
and  49  to  50).  Problems  associated  with  the  use  of  convoluted  sections  in  oxygen  sys- 
tems are  discussed  in  section  8.  4. 

When  turning  vanes  are  used  in  elbows,  the  vane  spacing  to  vane  chord  length  ratio 
of  0.25  to  0.  45  should  be  used  for  minimum  pressure  drop  (ref.  70,  p.  373).  The  exact 
value  must  be  determined  in  flow  tests. 

6. 1. 1.  3. 1 Inlet  line  cavitation.  - Cavitation  in  the  inlet  line  fluid  may  result  in  a 
two-phase  mixture  of  oxygen  liquid  and  gas  entering  the  pump.  The  nonuniform  density 
of  this  mixture  from  blade  to  blade  causes  unbalanced  forces  on  the  inducer  and  impeller. 
Straightening  vanes  in  the  line  do  not  correct  this  condition. 

Cavitation  in  the  line  is  avoided  by  providing  a liquid  oxygen  tank  pressure  which  is 
high  enough  to  ensure  that  the  static  pressure  at  any  point  in  the  line  never  falls  below 
the  vapor  pressure.  Cavitation  may  also  be  prevented  or  reduced  by  subcooling  the 
oxygen  to  reduce  its  vapor  pressure  or  in  some  cases  by  reducing  heat  input  with  insula- 
tion of  the  pump  and  feedline.  A boost  pump  may  also  be  used  to  increase  the  inlet  pres- 
sure. 
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In  cases  v/here  the  pump  inlet  pressure  is  very  close  to  the  local  vapor  pressure, 
and  the  feed  system  pressure  drop  is  critical,  filters  and  screens  cannot  be  used. 
These  would  add  to  the  pressure  drop. 

The  relationship  between  the  oxygen  tank  pressure  and  the  maximum  oxygen  veloc- 
ity in  a loss- free  inlet  line  is  given  by 


max 


2g(Pt  - P^) 


1/2 


(1) 


where 

2 

P^  tank  pressure,  Ib/ft 

2 

Py  oxygen  vapor  pressure,  Ib/ft 

O 

p oxygen  density,  Ib/ft 

2 

g acceleration  gravity,  32  ft/sec 

To  allow  for  pressure  losses  in  the  line  and  some  static  pressure  margin  for  the 
acceleration  of  the  flow  over  the  pump  blades  without  cavitation,  the  line  cross-sectional 
area  is  taken  large  enough  so  that  no  more  than  one-third  of  the  difference  between  tank 
pressure  and  vapor  pressure  is  used  to  accelerate  the  flow  in  the  line.  The  corrected 
line  maximum  velocity  is  computed  from  (ref.  90,  p.  64) 


2g(Pt  ~ Py) 


3p 


1/2 


(2) 


For  more  detail  in  inlet  line  design  see  references  70  (pp.  372  and  373)  and  90  (pp.  7 to 
11  and  64  and  65). 

6. 1. 1.3.2  Rotor  blade  cavitation.  ~ Two  problems  that  can  result  from  cavitation 
on  inducer  and  impeller  blades  are  vibration  (ref.  90,  pp.  39  and  40  and  76  and  77)  and 
cavitation  erosion.  Although  cavitation  erosion  is  mainly  a long  term  effect  and  is  not 
normally  a problem  in  short  term  turbopump  operation,  it  could  become  more  important 
in  long  time  operation  of  high  rpm  - high  discharge  pressure  pumps.  The  hazards  asso- 
ciated with  these  effects  in  oxygen  pumps  are  cracked  or  broken  rotor  blades  from  vibra- 
tions and  erosion  and  ingested  solid  particles  or  blade  parts  which  can  fail  the  turbo - 
pump. 

The  suction  surface  of  the  impeller  blade  is  normally  the  cavitation  site.  The  pres- 
sure drop  required  to  accelerate  the  flow  over  this  surface  can  bring  the  static  pressure 
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there  to  the  liquid  oxygen  vapor  pressure  and  cavitation  occurs.  A discussion  of  cavi- 
tation as  it  affects  pump  performance  and  damage  is  given  in  references  98  (pp.  81  to 
101)  and  99. 

Blade  surface  roughness  is  also  a factor  in  cavitation  onset.  Test  results  compar- 
ing surface  finishes  of  2 microinches  to  finishes  of  160  microinches  indicated  a lower- 
ing of  pump  efficiency  by  5. 9 percent  with  chordwise  striations  and  7.2  percent  with 
spanwise  striations  (ref.  100,  p.  209).  Cavitation  onset  and  vibrations  appeared  to  be 
advanced  with  increased  roughness.  Accordingly,  it  has  been  recommended  (ref.  90, 
p.  58)  that  the  blades  be  polished  to  a surface  finish  of  25  microinches  rms. 

Cavitation  is  avoided  if  the  pressure  of  the  oxygen  entering  the  pump  is  high  enough 
above  the  oxygen  vapor  pressure  to  accommodate  the  acceleration  pressure  drop.  This 
higher  pressure  at  the  pump  inlet  can  be  obtained  with  higher  tank  pressures,  use  of  a 
separate  boost  pump,  or  use  of  an  inducer.  The  inducer  usually  mounted  on  the  impel- 
ler shaft  (fig.  6-1)  and  rotated  at  impeller  speed  provides  only  the  relatively  small 
pressure  rise  required  to  avoid  cavitation  on  the  impeller.  Because  of  this  modest 
pump  work  requirement  from  the  inducer,  its  blading  can  be  shaped  to  accommodate 
cavitation  with  useful  pumping  efficiency  and  high  tolerance  for  cavitation  erosion.  A 
detailed  discussion  of  inducer  design  is  given  in  reference  90. 

If  tank  pressure  must  be  too  low  because  of  design  trade-offs  to  prevent  cavitation, 
the  use  of  a separately  driven  boost  pump  or  inducer  at  the  liquid  oxygen  tank  to  raise 
the  pump  inlet  pressure  is  necessary.  The  design  of  boost  pumps  is  discussed  in 
reference  101  (pp.  1 to  40);  additional  design  studies  are  presented  in  references  102 
to  104. 

6. 1.1,  4 Safety  factors 

6. 1. 1.  4. 1 Pump  case.  - Safety  factors  recommended  for  preliminary  design  esti- 
mates of  pump  housings  are  summarized  in  this  section.  Usually  these  factors  may  be 
used  for  final  design  calculations  and  proof  testing;  however,  design  considerations 
such  as  fatigue  effects  and  fracture  toughness  may  justify  using  greater  safety  factors. 
As  used  here,  the  limit  load  is  defined  as  the  highest  probable  stress  which  the  housing 
is  expected  to  experience  from  external  forces  and  pressure  loading,  including  pressure 
spikes  due  to  possible  chugging,  impeller  overspeeding,  and  critical  speed  effects. 

The  highest  possible  combination  of  forces  must  be  included  in  estimating  the  highest 
probable  stress.  The  recommended  safety  factors  are  as  follows: 

(1)  The  ratio  of  yield  load  to  limit  load  should  be  equal  to  or  greater  than  1.1. 

(2)  The  ratio  of  ultimate  load  to  limit  load  should  be  equal  to  or  greater  than  1.5. 

(3)  The  ratio  of  the  ultimate  fatigue  strength  to  limit  load  should  be  equal  to  or 
greater  than  1.33.  (The  ultimate  fatigue  strength  is  the  maximum  stress  a component 
will  withstand  for  the  desired  number  of  stress  cycles  without  fatigue  failure. ) It  may 
also  be  based  on  total  strain. 
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(4)  The  proof  pressure  for  testing  the  case  should  be  obtained  by  multiplying  the 
pressure  used  in  determining  the  limit  load  by  a factor  of  1.  2 (or  as  established  by 
fracture  mechanics  analysis).  Frequently,  a value  of  two-thirds  the  calculated  case 
burst  pressure  is  used  as  an  alternative  proof  pressure. 

(5)  For  weldments,  if  joint  efficiency  test  data  are  not  available,  use  85  percent  of 

the  material  tensile  and  shear  yield  stress  as  well  as  ultimate  stress  in  computin'g  yield 
and  ultimate  safety  factors.  * 

Although  not  a design  factor,  a limit  must  be  placed  on  operating  pressure  when 
special  protection  for  personnel  such  as  barriers  is  not  provided.  The  following  pres- 
sures are  recommended:  ' 

(1)  One- half  ultimate 

(2)  Three-fourths  the  limit  pressure 

Additional  criteria  and  recommended  practices  are  provided  in  reference  87  (pp.  77 
and  116  to  118). 

6. 1. 1.  4.2  Pump  rotor  shaft.  - Table  6-1  lists  some  examples  of  safety  factors  for 
existing  rotor  shaft  designs  of  lightweight  flight  pumps  with  short  service  life  require- 
ments. Additional  criteria  and  recommended  practices  are  given  in  reference  91  (pp.  60 
to  78). 

6. 1. 1.  5 Component  materials.  - Materials  commonly  used  for  pump  components 
are  listed  in  table  6-II. 


^Ref.  91,  p.  10. 

^Based  on  highest  potential  stress 
possible  under  all  testing  and 
operating  conditions. 


TABLE  6-1.  - ROTOR  SHAFT 


SAFETY  FACTORS 


Pump  appli- 
cation 

Safety  factor 

Yield** 

Ultimate** 

Titan  I and  II 

■9 

M-I 

mgm 

Titan  IH-M 

1.  4 

Rocketdyne 

1.  5 

ARES 

1.6 

TABLE  6 -II.  - COMMONLY  USED  CONSTRUCTION  MATERIALS 
FOR  LIQUID  OXYGEN  CENTRIFUGAL  PUMPS 


Component 

Materials 

Housing 

Monel  K and  KR 
Inconel  718 

Stainless  steel  304,  347 

Aluminum  356  (castings)  and  "Tens”  50-T-6 

Impeller  - inducer 

Monel  K 

Bronze  and  brass  alloys 
Inconel  718,  Inconel  X 
Stainless  steel  304,  347,  17-4PH 

Aluminum  7075-T73,  7079-T6,  2024-T4,  2014-T6,  356-T6 

Shaft 

Inconel  718,  Inconel  X 
Monel  K 

Stainless  steel  304,  347 
4340  alloy  steel 

Case  liner 

TFE  (Teflon),  CTFE  (Kel-F) 

Wear  ring 

TFE  (Teflon),  CTFE  (Kel-F),  carbon 
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Oxygen  compatible  pump  materials  are  normally  alloys  of  nickel,  aluminum,  cop- 
per, or  stainless  steel.  They  allow  a wide  choice  of  material  densities  and  strengths. 
However,  allowances  must  be  made  for  differences  in  the  expansion- contraction  coeffi- 
cients and  the  dissimilar  metals  problem. 

Monel  K or  Inconel  718  are  preferred  materials  for  pump  rotors  operating  in  the 
cavitation  regime  (ref.  90,  p.  75).  The  blades  can  be  thinner  than  those  of  aluminum 
and  the  resistance  to  bending  and  cavitation  erosion  is  greater.  Where  cavitation  is  not 
severe  and  ease  of  fabrication  and  lower  cost  are  desired,  aluminum  alloys  are  used. 
The  preferred  alloys  are  7079-T6,  7075-T73,  and  2024-T4.  Alloy  7075-T73  is  rela- 
tively free  from  stress  corrosion  cracking  and  would  be  preferred  from  that  standpoint. 

To  improve  surface  hardness  (and  erosion  resistance)  the  aluminum  components 
should  be  anodized  to  a minimum  depth  of  70  microinches.  For  depths  over  500  micro- 
inches, anodized  surface  films  begin  to  lower  the  fatigue  resistance  of  the  aluminum. 

A practical  maximum  of  300  microinches  is  usually  used. 


6.1.2  Turbopump  Shaft  Bearings 

The  use  of  cryogenically  cooled  pump  bearings  in  flight  turbopumps  results  in  an 
appreciable  reduction  in  pump  system  complexity,  weight,  and  cost.  Use  of  conventional 
lubricants  requires  longer  shaft  overhang  to  isolate  the  bearing  thermally  from  the  cold 
region  of  the  pump.  Longer  shaft  and  housing  requirements  can  lead  to  excessive  weight 
and  pump  critical  speed  problems  (ref.  105,  p.  309). 

For  ground  operation  where  weight  and  efficiency  are  less  important,  ambient  tem- 
perature conventional  lubrication  may  be  an  advantage  in  achieving  longer  bearing  life. 
When  liquid  oxygen  is  used  to  cool  the  bearing,  a chemical  reaction  (i.e. , surface  oxi- 
dation, corrosion,  ignition,  and  self- propagating  combustion)  is  possible  between  the 
oxygen  and  the  bearings,  pump  component  material,  and  conventional  lubricants  and 
seals.  In  order  to  illustrate  the  precision  and  care  that  must  be  exercised  in  bearing 
design,  the  salient  points  of  bearing  design  are  reviewed  briefly  in  the  following  sec- 
tions. Additional  detailed  treatment  of  bearing  design  is  given  in  reference  105  (chs.  6, 
11,  and  12);  engineering  design  criteria  and  recommended  practices  are  given  in  refer- 
ences 106  (pp.  31  to  68)  and  107  (pp.  7 to  20). 

6. 1. 2. 1 Bearing  materials.  - Materials  used  successfully  for  bearings  running  in 
oxygen  are  given  in  table  6-in. 

TFE  coated  or  impregnated  fiberglass  requires  greater  web  thickness  than  a metal- 
lic cage.  Metallic  cages  are  not  recommended  for  submerged  oxygen  bearing.  The 
coefficient  of  friction  of  the  materials  listed  in  table  6-IH  in  cage  applications  is  between 
0.  05  and  0. 15  (ref.  106,  p.  50).  The  web  thickness  to  diameter  ratio  of  0. 15  provides 
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TABLE  6 -III.  - COMMONLY  USED  MATERIALS  FOR 


BEARINGS  IN  LIQUID  OXYGEN 


Component 

Material 

Reference 

Roller,  ball, 

440C  steel  '1 

106,  p.  19 

and  races 

52100  steel/ 

Cages 

Armalon  (mandrel-wrapped  glass' 
fabric  supported)  (TFE) 
Salox-M  (40  percent  bronze  pow- 
der filled  TFE) 

15  to  25  Percent  glass  filled  TF^ 

> 

106,  p.  51 

the  best  performance.  Minimum  web  thickness  should  be  limited  to  0. 15  inch  for 
strength  reasons  (ref.  106,  pp.  29  and  67). 

The  52100  steel  is  sensitive  to  moisture  corrosion  and  accordingly  ABI  440- C cor- 
rosion resistant  steel  is  recommended  for  liquid  oxygen  cooled  bearings  (ref.  105, 
p.  321).  While  no  known  material  ideally  fulfills  the  requirements  of  hardness,  ductil- 
ity or  toughness,  machinability,  and  availability,  440- C best  meets  the  requirements 
with  the  fewest  limitations.  Grade  440- C steel  is  not  entirely  corrosion  resistant,  and 
investigations  are  under  way  to  develop  a substitute.  Nickel- based  alloys  are  corrosion 
resistant  but  relatively  soft.  Although  sintered  carbides  are  corrosion  resistant  and 
hard,  they  are  brittle.  Stellite  Star-J  has  been  investigated  as  a cryogenic  bearing 
material,  but  testing  has  not  produced  design  recommendations  (ref.  106,  pp.  19  and 
20).  Further  discussion  of  materials  choice,  heat  treatment,  and  desired  hardness  and 
maximum  working  stress  is  contained  in  references  105  (ch.  12)  and  107  (pp.  5 to  7). 

6.  1.  2.  2 Lubrication  and  cooling.  -Bearings  which  run  in  liquid  oxygen  are  generally 
lubricated  by  fluorocarbon  solids  which  are  wiped  from  the  cage  by  the  rolling  elements 
then  transferred  to  the  races.  These  solid  films  serve  as  anti -weld  agents  which  pre- 
vent cold  welding  of  the  balls  to  the  races.  Filled  TFE  (usually  glass  fiber  filled)  from 
which  the  remainer  is  made  provides  the  solid  TFE  lubricants  which  serve  this  function. 

The  use  of  fluorocarbon  polymers  in  the  bearing  cage  construction  permits  the  short 
term  high-speed  operation  required  by  most  present  generation  rocket  engines.  Their 
use  is  limited,  however,  for  extended  or  repeated  operation  because  of  the  limited  sup- 
ply of  fluorocarbon  lubricant  due  to  cage  wear.  The  requirements  for  bearing  and  cage 
design  for  solid  lubrication  are  covered  in  references  106  (pp.  28  to  30  and  63  to  68)  and 
107  (pp.  7 to  20).  Cooling  is  provided  by  liquid  oxygen  which  is  circulated  through  the 
bearing  as  illustrated  by  the  M-1  oxygen  pump  design  shown  in  figure  6-5. 

The  flow  on  the  downstream  side  of  oxygen  cooled  bearings  should  be  throttled  to 
prevent  flash  vaporization  of  the  LOX  by  maintaining  its  pressure  above  vapor  pressure. 
The  M -1  oxygen  pump  bearings  used  a combination  of  flooding  and  jet  impingement 
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(fig.  6-5).  The  jets  were  added  to  assure  good  circulation  through  the  bearing  (ref.  108, 
p.  1),  Cooling  is  supplied  through  jet  rings  which  direct  the  coolant  on  the  rolling  ele- 
ments. The  jet  ring  passage  has  an  annular  distribution  channel  with  axial  exit,  cylin- 
drical spray  nozzles.  For  additional  discussion  of  M-1  oxygen  pump  coolant  system 
design  see  reference  108  (p.  12). 

Typical  cleanliness  requirements  for  liquid  rocket  engines  are  given  in  reference 
109,  which  gives  the  contamination  per  square  foot  of  component  as  follows: 


Particle  size, 

2 

Number  allowed  per  ft 

175  to  700 
700  to  2500 
>2500 

Nonvolatile  residue 

5 

1 

0 

2 

1 mg/ft  maximum 

Since  particles  of  the  sizes  permitted  would  have  an  adverse  effect  on  bearit^s 
cooled  by  theLOX,  filters  ahead  of  the  bearing  cooling  parts  should  screen  out  particles  in 
excess  of  40  microns;  fluids  used  to  clean  the  pump  and  bearings  in  preparation  for  oxy- 
gen service  should  be  filtered  through  10  micron  filters  (ref.  106,  pp.  16  to  18  and  38  to  40). 
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6. 1.2. 3 Bearing  life.  - The  life  of  an  adequately  lubricated  bearing  is  limited  by 
fatigue -induced  pitting  of  the  race  and  ball  surfaces.  Maximum  stress  appears  at  a 
depth  of  several  thousandths  of  an  inch  below  the  surface.  Fatigue  failures  begin  as 
minute  cracks  at  this  depth  which  grow  to  the  surface.  Surface  material  is  lost  to  this 
depth  to  produce  a pitted  surface.  Once  pitting  occurs  the  rate  of  surface  damage  accel- 
erates with  each  rotation  cycle  and  the  useful  life  of  the  bearing  declines  rapidly.'  How- 
ever, oxygen  cooled  bearings  are  subject  to  an  oxide  film  formation  process  where  the  * 
oxide  film  is  continually  being  replaced  when  virgin  metal  surface  is  exposed.  This 
film  promotes  better  boundary  lubrication  and  helps  to  prevent  galling  and  welding  of  the 
bearing  surfaces. 

The  fatigue  life  of  the  bearing  varies  inversely  with  the  ninth  power  of  the  maximum 
Hertz  stress  (ref.  105,  pp.  383  to  384).  For  radial  bearings  the  stress  is  due  to  pre- 
loading,  impeller  weight,  shaft  imbalance,  and  the  centrifugal  force  of  the  balls  against 
the  outer  race.  Smaller  balls  will  decrease  the  centrifugal  force  but  increase  the  ball 
rotational  speed.  Hence,  the  number  of  fatigue  inducing  load  cycles  the  ball  surface  will 
see  will  increase.  A generally  accepted  life  rating  for  ball  and  roller  bearings  is  the 
”B-10  life,”  the  operating  life  (hr)  of  a group  of  bearings  at  a given  load  and  speed  at 
which  statistically  10  percent  of  them  will  have  failed.  Turbopump  bearings  are  gener- 
ally designed  for  a B-10  life  of  at  least  10  times  the  required  turbopump  life  (ref.  70,  pp. 
257  to  259).  Figure  6-6  presents  the  centrifugal  load  DN  (bearing  bore  in  mmXrpm) 
limits  in  terms  of  10  000  and  1000  hours  of  B-10  life  for  a typical  bail  bearing  design. 

Generally,  rocket  turbopump  bearings  have  been  successfully  operated  at  DN  values 
up  to  1.5x10  . Limited  test  information  indicates  possible  satisfactory  operation  at 
2.  0x10®  DN  (ref.  70,  p.  258).  It  is  recommended  in  reference  106  (p.  31)  that  a DN  of 
3. 0x10®  should  not  be  exceeded  without  prior  testing.  Ball  sizes  ranging  from  3/16  to 
7/8  inch  in  diameter  and  roller  sizes  from  1/4  to  1 inch  in  diameter  are  recommended 


Figure  6-6.  - Ball  bearing  centrifugal  load  DIM  limits  (based  on 
ref.  70,  fig.  6-61). 
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(ref.  106,  p.  23).  Tests  in  liquid  oxygen  of  the  M-1  turbopurap  bearings  reported  a life 
expectancy  of  5000+  seconds  at  a DN  of  0. 5x10  with  ball  diameters  ranging  from  23/32 
to  3/4  inch  and  a bearing  bore  of  110  millimeters. 

The  maximum  recommended  Hertz  compressive  stress  in  balls,  rollers,  or  races 
should  be  limited  to  350  000  psi  according  to  reference  107  (p.  7).  Methods  for  com- 
puting the  stress  are  discussed  in  reference  105  (pp.  150  to  158).  < 

Higher  bearir^  rotational  speeds  may  be  attainable  in  oxygen  with  unconventional 
designs  presently  under  study.  References  110  and  111  report  recent  experimental  work 
on  welded  hollow  and  drilled  hollow  ball  bearings.  The  hollow  balls  reduce  the  mass  of 
the  bearing  and  consequently  allow  higher  rotational  speeds  before  centrifugal  loads  be- 
come excessive. 


6. 1. 3 Turbopump  Rotating  Shaft  Seals 

The  primary  concerns  in  oxygen  pump  rotating  shaft  seal  design  are  the  compatibil- 
ity of  materials  with  liquid  oxygen  in  a rubbing  environment  and  the  possible  seal  face 
damage  that  can  be  caused  by  particulate  contamination,  thermal  shock,  and  vibration. 

The  sliding  surfaces  of  rotating  shaft  seals  are  subject  to  high  thermal  gradients, 
vibration  from  pump  pulsations,  shaft  imbalance,  and  critical  speed  resonance.  These 
' rations  can  cause  increased  friction  heating,  surface  breakdown,  and  seal  failure, 
nerefore,  the  materials  must  be  resistant  to  oxygen  attack  at  high  surface  tempera- 
tures. The  seal  rubbing  surfaces  must  have  a low  friction  coefficient  and  the  material 
should  have  high  thermal  conductivity,  strength,  and  toughness  and  maintain  good  wear 
characteristics . 

The  contact  pressure  of  a contact  seal,  as  illustrated  in  figure  6-7,  is  controlled 
by  balancing  spring  forces  and  hydraulic  pressures.  In  this  seal  the  spring  closing 
force  is  supplied  by  the  bellows  secondary  seal.  Additional  closing  forces  during  pump 
operation  are  provided  by  pump  delivery  pressure  being  applied  to  the  area  on  the  high 
pressure  side  of  the  secondary  seal  and  leakage  pressure  being  applied  to  the  low  pres- 
sure side  of  the  secondary  seal.  An  interface  pressure  profile  across  the  sealing  sur- 
faces (due  to  leakage  flow  pressure  drop)  tends  to  balance  the  closing  forces  with  the 
resultant  unbalance  being  the  face  contact  load. 

The  seal  design  must  not  permit  the  maximum  surface  temperature  to  approach 
local  ignition  temperature.  The  oxygen  pump  seal  integrity  is  of  special  concern  be- 
cause of  the  fire  hazard  from  released  high  concentration  oxygen  and  because  of  the  pos- 
sible ignition  of  the  pump  parts  in  the  event  of  seal  failure . 

6. 1.3. 1 Seal  types.  - Primary  seals  are  generally  of  the  face  contact  type  as  illus- 
trated in  figure  6-7.  While  hydrostatic  and  hydrodynamic  seals,  which  depend  on  fluid 
film  support  of  the  seal  face,  are  potentially  capable  of  extending  the  speed  life  limita- 
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^Bellows  secondary  seal 


/r Vibration  dampers 


Shaft 


Figure  6-8.  - Face  contact/bellows. 
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Figure  6-9.  - Face  contact/lip. 
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Figure  6-10.  - Face  contact/piston  ring. 


tions  of  seals,  they  have  not  yet  been  demonstrated  to  be  suitable  for  oxygen  service. 
However,  the  development  of  hydrostatic  and  hydrodynamic  seals  for  oxygen  service  is 
continuing  (ref.  112,  pp.  15  to  18). 

Secondary  seal  types  include  bellows,  lip,  and  piston  ring  as  illustrated  in  fig- 
ures 6-8  to  6-10.  The  most  common  of  these  is  the  bellows  seal  which  also  provides 
spring  and  pressure  loading  to  the  primary  seal.  Bellows  seals  are  subject  to  early 
fatigue  failure  unless  damped  to  limit  displacement  under  vibration.  The  lip  seal  pro- 
vides good  resistance  to  extreme  vibration  environments.  It  is,  however,  subject  to 
damage  and  wear  by  accumulated  contaminant  particles.  Piston  ring  seals  are  most  re- 
sistant to  oscillating  pressure  environments  since  they  provide  effective  vibration  damp- 
ing. They,  too,  are  sensitive  to  wear  and  leakage  due  to  contaminant  particles. 

Labyrinth  seals  are  not  used  as  primary  shaft  seals  in  oxygen  pumps  because  of  the 
high  leakage  rates.  This  seal  type  is,  however,  often  used  to  minimize  backflow  be- 
tween inducer  blading  and  pump  housing.  For  long  life  seals  and  optimum  compatibility, 
a back  pressured  purge  at  a controlled  rate  through  the  seal  with  helium  or  nitrogen 
warrants  strong  consideration  in  any  oxidizer  pump  design. 

6. 1.3.2  Seal  materials.  - The  most  common  nosepiece -runner  materials  for  pres- 
ent generation  oxygen  turbopumps  are  graphitic  (80  to  100  percent)  carbon  wear  nose- 
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pieces  riding  on  chromium- plated  4130  steel  or  annealed  440C  stainless  steel  runners. 
Chrome  plating  has  been  shown  to  reduce  the  wear  an  order  of  magnitude-  Also, 

100  percent  graphitic  carbon  has  been  shown  to  reduce  wear  significantly  over  amor- 
phous carbon  (ref.  113,  p.  203).  The  influence  of  graphite  content  on  seal  wear  and 
friction  coefficient  is  shown  in  figure  6-11.  The  data  for  figure  6-11  were  obtained  by 
running  carbon  in  sliding  contact  with  chromium -plated  440C  stainless  steel  in  LOX  at 
2300  feet  per  minute  (1000  g load  with  a 3/16-in.  radius  rider;  ref.  113,  p.  203).  Ex- 
perience with  this  seal  combination  in  oxygen  pumps  is  limited  to  pressures  across  the 


Figure  6-11.  - Influence  of  graphite  content  on 
lubricating  properties  of  carbon  (based  on 
ref.  113,  fig.  2). 


seal  face  of  about  200  psi.  If  the  trend  toward  higher  pressures  (and  the  higher  pump 
rpm’s)  is  considered,  the  continued  use  of  carbon  may  be  limited.  Since  higher  pres- 
sure drops  will  require  higher  bearing  forces  between  the  graphite  nosepiece  and  runner, 
the  possibility  exists  that  the  ignition  temperature  of  graphite  in  oxygen  (about  450°  C) 
may  be  reached  if  shaft  speeds  are  increased  over  present  practice. 

Most  failures  to  date  have  been  due  to  cracking  and  breaking  from  thermal  stress 
before  reaching  450°  C.  Dense  highly  graphitic  materials  have  the  greatest  resistance 
to  ignition  when  compared  to  impregnated  carbons.  The  use  of  impregnants  must  be 
verified  by  proof  testing  for  chemical  reactivity  with  oxygen  under  operating  conditions 
(ref.  113,  p.  207).  The  normally  used  materials  for  turbopump  LOX  seals  are  listed 
in  table  6- IV. 

Although  the  difference  in  wear  rates  between  the  various  carbon  face  seals  is 
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TABLE  6-IV.  - LOX  PUMP  FACE  SEAL  MATERIALS 


Component 

Material 

Nosepiece 

Carbon  P692,  P5N,  and  SAG 

Runner  surface  coating 

Chrome;  tungsten  chromium  carbide 

Runner  base  material 
Secondary  seal: 

4130  steel;  Inconel  750  and  1718;  440C  stainless  steel 

Lip  seal 

CTFE;  Polyethylene  terephthalate  (Mylar) 

Piston  ring 

CTFE;  TFE 

Bellows 

Stainless  steel  347;  Inconel  750  and  718 

Nosepiece  base  material 

Stainless  steel  302,  303,  304,  and  321;  Inconel  750, 

and  associated  struc- 
tural parts 

718,  and  600;  Invar  36;  Carpenter  42 

Insert  adhesive  (for  at- 
taching nosepiece) 

Epon  901/B3;  Teflon  fusion 

small,  the  best  wear  rates  have  been  achieved  with  carbon  P692.  A generally  preferred 
choice  for  the  mating  ring  base  material  is  4130  steel  (chrome  plated)  because  of  its 
higher  thermal  conductivity  and  lower  cost.  However,  where  pressure-velocity  limits 
are  approached  (see  sec.  6. 1.3.3)  and  high  temperatures  and  stresses  are  expected, 
Inconel  750  or  Inconel  718  is  preferred.  These  provide  the  higher  strength  and  corro- 
sion resistance  for  a more  severe  environment.  The  440C  stainless  steel  is  also  a 
suitable  material.  Tungsten  chromium  carbide  (LW-5)  was  used  in  the  development  of 
the  M-1  pump  seal  but  the  wear  life  was  low  (see  table  6-V). 

Invar  36  and  Carpenter  42  have  nearly  the  same  expansion  coefficient  as  carbon  and 
are  useful  as  nosepiece  base  materials  in  designs  where  expansion- contraction  stresses 
would  damage  the  carbon  seal  or  its  bond. 

Of  the  two  materials  listed  for  bonding  the  carbon  nosepiece  to  the  metal  base 
material,  Epon  901/B3  is  stronger  but  less  compatible  with  oxygen  than  fused  Teflon. 

Of  the  runner  surface  coating  materials  listed,  chromium  is  the  best  material  for  wear 
characteristics  and  cost.  To  reduce  the  danger  of  carbon  nosepiece  ignition  and  to  re- 
duce wear  rate  for  high  pressure- velocity  applications,  seal  combinations  using  alumi- 
num oxide  or  calcium  fluoride  nosepieces  operating  on  a nickel  alloy  runner  have  been 
used  successfully  in  experimental  pumps.  The  calcium  fluoride  - nickel  combination 
also  has  worked  well  in  high  performance  liquid  fluorine  pumps.  Aluminum  oxide,  being 
brittle,  must  be  properly  supported  on  a metal  substrate  to  avoid  chipping.  The  use  of 
carbon  seals  is  discussed  in  reference  1 13 . Aluminum  oxide  and  calcium  fluoride  seals 
are  covered  in  reference  114. 

CTFE  and  Mylar  are  both  used  as  secondary  seal  materials  in  operational  pumps. 
Mylar  is  less  resistant  to  ignition  in  oxygen  then  CTFE.  Therefore,  CTFE  is  prefer- 
able. TFE  is  also  less  likely  to  ignite  than  Mylar  or  other  polymeric  secondary  seal 


110 


Ill 


TABLE  6-V.  - ROCKET  ENGINE  TURBOPUMP  ROTATING  SHAFT  SEALS  FOR  LIQUID  OXYGEN^ 


Pro- 

Seal  type 

Materials 

Seal  di- 
ameter, 
in. 

Fluid 

Shaft 

speed, 

rpm 

Rubbii^ 

speeds, 

ft/sec 

Spring 

load, 

lb 

Total 

load, 

lb 

Unit 

load, 

psi 

Pressure- 

velocity 

factor, 

(psi)(ft/sec) 

Pres- 

^^9 

Dynamic 

leakage, 

standard 

ft^/min 

gram 

1 

Nose 

piece 

Mating  mate- 
rial 

Secondary 

seal 

Housing 

pres- 

sure, 

psig 

sure 

bal- 

ance 

ratio 

(b) 

Thor 

Fact  contact 
welded 
bellows 

Carbon 

P692 

Chrome  plated 
4130 

347  Stain- 
less steel 

304  Stain- 
less steel 

2.63 

225 

6 750 

77 

31 

95 

158 

12.  2x10^ 

0.97 

3 

10 

H-1 

Face  contact 
welded 
bellows 

Carbon 

P692 

Chrome  plated 
4130 

Inconel  718 

304  Stain- 
less steel 

2.  63 

200 

6 800 

78 

82 

106 

176 

13.7 

.70 

3 

10 

J-2 

Face  contact 
welded 
bellows 

Carbon 

P5N 

Chrome  plated 
Inconel  X 

Inconel  718 

321  Stain- 
less steel 

2.974 

200 

8 650 

112 

41 

150 

210 

23.  5 

.85 

2 

IF 

J-25 

Face  contact 
welded 
bellows 

Carbon 

P692 

Chrome  plated 
Inconel  X 

Inconel  718 

321  Stain- 
less steel 

2.  935 

200 

9 000 

115 

41 

150 

210 

24 

.85 

2 

15 

M-1 

Face  contact 
welded 
bellows 

Carbon 

P5N 

LW5  (tungsten 
chromium 
carbide)  on 
Inconel 

Inconel  718 

321  Stain- 
less steel 

6.  902 

450 

4 000 

120 

20 

471 

196 

23.  5 

. 92 

1.  7 

2.  3 

RL-10 

Face  contact 
welded 
bellows 

Carbon 

SAC 

Chrome  plated 
5646  AMS 

Inconel  750 

5646  AMS 

1.  70 

400 

12  300 

92 

17 

67 

41 

3.8 

.05 

F-1 

Face  contact 
lip  seal 
(secondary) 

Carbon 

P692 

Chrome  plated 
4406 

Mylar 

303  Stain- 
less steel 

6.463 

140 

600 

170 

58 

127 

51 

8.7 

. 7 

3 

25 

Thor 

Face  contact 
lip  seal 
(secondary) 

Carbon 

P692 

Chrome  plated 
4130 

Kel-F 

302  Stain- 
less steel 

2.65 

225 

6 800 

78 

32 

82 

120 

10 

.85 

3 

10 

Atlas 

Face  contact 
lip  seal 
(secondary) 

Carbon 

P692 

Chrome  plated 
4130 

Kel-F 

302  Stain- 
less 

2.  63 

250 

10  000 

115 

32 

86 

137 

15.8 

.85 

3 

10 

^Unpublished  data  obtained  from  Rocketdyne,  Division  of  North  American  Rockwell,  under  NASA  contract  NASS- 133 14. 
^Pressure  balance  ratio  = (closing  area)/ (face  area). 


materials,  but  its  tendency  toward  cold  flow  and  stress  relaxation  would  require  addi- 
tional design  innovations  such  as  spring  loading  to  maintain  constant  pressure. 

The  materials  preferred  for  oxygen  pump  bellows  seals  are  347  stainless  steel  and 
Inconel.  The  347  stainless  steel  is  easy  to  weld  and  is  preferable  for  lower  pressures; 
where  pressures  (up  to  500  psi)  impose  high  stresses,  Inconel  750  or  718  is  used^ 

Above  500  psi,  piston  rit^  seals  are  recommended.  , 

6. 1. 3. 3 Seal  design  factors.  - Face  contact  seals  have  been  used  for  oxygen  pumps 
on  the  H-1,  J-2,  J-2S,  M-1,  and  RL-10  engines.  Seal  pressures  up  to  500  psi  were 
used  and  leakage  ranged  from  2.3  to  10  standard  cubic  feet  per  minute;  wear  life  range4 
from  1.  7 to  3 hours  with  PV  factors  (pressure  (Ib/in.  ) X velocity  (ft/sec))  up  to  24  000. 
A state-of-the-art  data  summary  is  given  in  table  6-V.  Seal  life  times  of  ground-based 
LOX  pumps  can  be  an  order  of  magnitude  greater  than  flight  pumps  since  higher  oxygen 
leakage  rates  are  more  acceptable  and  the  designer  has  more  flexibility  for  accommoda- 
tion of  oxygen  leaks  in  ground-based  systems. 

6. 1.3.3. 1 Leakage  control  and  seal  surface  finish.  - Control  of  face  contact  seal 
leakage  is  achieved  by  carefully  limiting  surface  waviness  and  roughness  of  nosepiece 
and  runner.  To  compensate  for  waviness  and  roughness  by  increasing  contact  pressure 
to  reduce  leakage  only  increases  the  wear  rate.  Face  seal  mating  surfaces  are  usually 
lapped  flat  to  within  24  to  60  microinches  in  wave  height;  the  resulting  finish  (surface 
roughness  height)  is  approximately  10  to  20  microinches  (ref.  115,  p.  481).  This  sur- 
face finish  appears  to  be  optimum,  and  little  or  nothing  is  gained  from  a finer  finish. 
According  to  references  51  (p.  6.  4.  3-2)  and  115  (p.  481),  an  exceedingly  smooth  surface 
(in  the  range  of  2 juin. ) cannot  support  a lubricating  film,  and  premature  seal  failure  may 
occur.  The  lay  on  the  mating  surfaces  for  rotating  shaft  seals  should  be  concentric 
circles  across  the  seal  face.  As  a general  rule  nonmetal  seals  (carbon  or  fluorocarbon 
polymer)  will  require  a surface  finish  (roughness  height)  equal  to  16  to  32  microinches. 

6. 1.3. 3. 2 Seal  rubbing  speed,  contact  pressure,  and  wear.  - The  allowable  sur- 
face speed  of  contact  seals  is  normally  dictated  by  the  amount  of  heat  generation  at  the 
seal  interface  and  the  amount  of  cooling  resulting  from  oxygen  leakage  and  conduction 
through  the  structure.  The  temperature  the  seal  may  be  allowed  to  attain  is  limited  by 
thermal  distortion,  excessive  wear  rates,  and  the  ignition  temperature  of  the  seal 
materials  in  oxygen.  The  heat  generated  at  the  seal  mating  surface  is  a direct  function 
of  the  contact  pressure,  the  coefficient  of  friction,  and  the  velocity  of  the  rubbing  sur- 
faces. Reference  116  presents  a digital  computer  program  which  may  be  used  to  calcu- 
late temperature  distribution  in  seal  assemblies.  These  calculations  are  the  first  step 
in  determining  thermal  deformation  by  means  of  the  technique  described  in  refer- 
ence 117. 

The  face  seal  PV’s  (face  pressure  x velocity)  for  operational  turbopumps  are  shown 
in  table  6-V.  The  maximum  recommended  PV  for  a carbon  seal  in  liquid  oxygen  for  an 
expected  life  of  3 hours  is  25  000  foot-pounds  per  second  per  square  inch. 
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The  current  turbopump  seal  life  is  generally  low  (operatii^  time,  2 to  3 hr)  because 
of  relatively  high  seal  face  unit  loads  required  to  meet  leakage  specifications.  The  aver- 
age wear  rate  of  the  carbon  nosepiece  on  the  LOX  side  in  the  J-2  turbopump  is  approx- 
imately 0.  010  inch  per  hour  (unpublished  data  obtained  from  Rocketdyne,  Division  of 
North  American  Rockwell,  under  NASA  contract  NAS  3-13314).  Allowance  for  high  wear 
rate  is  provided  by  insuring  that  the  nosepiece  has  sufficient  height  to  wear  away  and 
continue  to  maintain  seal  capability  during  the  operating  life  of  the  turbopump.  Most 
wear  and  friction  measurements  with  carbon  material  nosepieces  indicate  significantly 
higher  wear  rates  and  coefficients  of  friction  during  the  initial  seal  ”run-in  period". 
During  the  "run-in  period"  a lubricating  graphite  film  is  transferred  from  the  carbon 
nosepiece  to  the  metal  runner  which  reduces  the  friction  and  wear.  The  presence  of 
stable,  dense  oxide  film  on  a chromium -plated  metal  mating  runner  surface  promotes 
adherence  of  the  graphite  transfer  film. 

6. 1.3. 3. 3 Shaft  seal  stability.  - Most  LOX  pump  seals  incorporate  a bellows  which 
allows  the  nosepiece  to  accommodate  the  face  runout  motions  of  the  runner.  The 
bellows-nosepiece  combination,  which  constitutes  a mass- spring  system,  is  capable  of 
vibrating  in  several  modes,  each  with  its  characteristic  natural  frequency.  To  avoid 
seal  leakage  and  rapid  seal  wear,  resonant  modes  at  shaft  seal  design  speeds  must  be 
avoided.  Bellows  seal  fatigue  failures  have  been  recorded  less  than  4.  4 seconds  after 
the  onset  of  resonant  vibrations  (ref.  118,  p.  7).  If  operation  at  or  near  resonance  is 
unavoidable,  vibration  dampers  are  required.  Vibration  damping  forces  should  be  5 to 
10  percent  of  the  seal  spring  (or  bellows)  load.  Piston  ring  or  lip  seals  used  as  second- 
ary seals  generally  achieve  enough  damping  forces.  The  subject  of  seal  oscillations  and 
methods  for  promoting  seal  stability  are  reviewed  in  references  112  (pp.  56  to  58  and 
156)  and  118. 

6. 1.3.3.  4 Contamination  effect  on  seals.  - Foreign  particle  contamination  can 
accumulate  in  the  seal  system  cavities,  and  solid  particle  interference  with  sealing  sur- 
faces can  cause  abrasive  wear  of  seal  materials.  The  face  contact  bellows  seals  usually 
used  in  flight  LOX  turbopumps  is  the  least  sensitive  to  damage  by  particle  contamination. 
The  particles  are  generally  too  large  to  enter  between  the  rubbing  surfaces  and  usually 
there  is  very  little  if  any  damage  due  to  seal  face  scoring.  However,  on  a spring  loaded 
face  contact  seal  with  a secondary  lip  seal  (fig.  6-9)  the  tendency  for  particles  to  collect 
at  the  lip  seal  can  cause  erosive  damage  and  excessive  leakage  of  the  lip  seal.  Hydro- 
dynamic  and  self-energized  hydrostatic  type  seals  are  also  sensitive  to  abrasive  wear 
from  particle  contamination.  Particles  tend  to  enter  the  face  clearance  gap  and  gouge 
or  wear  the  seal  face  causing  loss  of  life  potential.  System  contamination  limits  speci- 
fied for  oxygen  pump  cryogenically  cooled  bearings  (see  sec.  6. 1.2.2. 1)  also  apply  to 
face  contact  and  lip  seals  for  reliable  operation.  Contamination  limits  for  seals  are  the 
same  as  those  listed  for  oxygen  cooled  bearings. 
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6.2  POSITIVE  DISPLACEMENT  PUMPS 


Sii^le  or  multiple  cylinder  positive  displacement  pumps  may  be  used  to  pump  liquid 
oxygen  to  very  high  pressures  (10  000  psi  or  greater).  They  have  also  been  used  to 
pump  gaseous  oxygen;  but,  because  of  compression  heating  they  are  generally  limited  to 
approximately  a 1000  psi  compression  in  this  application.  (See  sec.  3.  4.  4 for  adiabatic « 
compression  heating  and  secs.  3.  4. 1 and  3. 4. 2 for  ignition  temperatures  of  materials. ) 

The  fundamental  design  considerations  for  piston  pumps  to  be  used  for  oxygen  are 
the  selection  of  materials  that  will  function  in  the  oxygen  environment  at  operating  con- 
ditions and  the  necessity  of  maintaining  cleanliness  to  prevent  component  damage  or  ig- 
xiition  from  contamination. 

Positive  displacement  pumps  are  subject  to  most  of  the  materials  selection  consider 
ations  as  are  centrifugal  pumps.  However,  in  centrifugal  pump  design,  because  of  high 
speed  operation,  every  effort  is  made  to  reduce  or  eliminate  rubbing,  while  rubbing  is 
inherent  in  piston- type  pumps.  The  mitigating  factor  is  that  the  rubbing  in  piston  pumps 
is  relatively  low  speed  so  that  friction  heating  does  not  become  a major  problem.  A 
schematic  design  drawing  of  a typical  piston  pump  for  liquid  oxygen  is  shown  in  fig- 
ure 6-12.  A coolant  jacketed  version  of  the  pump  for  gaseous  oxygen  compression  is 
shown  in  figure  6-13  (ref.  119).  In  general,  the  pump  will  consist  of  a cylinder  barrel 
and  head,  a piston  with  self- lubricating  rings,  inlet  and  outlet  check  valves,  a screen 
filter,  and  a piston  drive  that  may  be  any  appropriate  conventional  power  source. 

The  materials  generally  preferred  for  the  piston  pump  components  are  given  in 
table  6 -VI. 

The  check  valves  for  intake  and  exhaust  are  preferably  all  metal.  For  detailed 
valve  design  considerations  see  chapter  7. 

Where  vacuum  pumps  may  be  exposed  to  high  concentrations  of  oxygen,  the  main 
concern  is  the  possible  reaction  with  pump  lubricants. 

This  problem  can  be  solved  for  most  conventional  vacuum  pumps  by  proper  cleaning 
and  the  substitution  of  the  lubricant  used  to  one  that  is  resistant  to  oxygen.  The  pre- 
ferred substitutes  for  the  usual  oils  and  greases  used  in  vacuum  pumps  are  one  or  more 
of  the  fluorocarbon  lubricant  oils  or  greases.  Tricresylphosphate  has  also  been  used. 

It  is  always  good  practice  to  review  the  materials  used  in  the  pump  for  general 
compatibility  with  oxygen  and  with  moisture,  as  discussed  in  chapter  3. 
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TABLE  6-VI.  - PREFERRED  MATERIALS  FOR  PISTON 


PUMP  COMPONENTS  FOR  OXYGE  USE 


Component 

Liquid  oxygen 

Gaseous 

Cylinder  and  cyl- 

304  Stainless  steel 

Cast  iron 

inder  head 

Monel 

304  Stainless  steel 
Monel 

Gaskets  and  seals 

Asbestos 

Asbestos 

Copper 

Aluminum 

Copper 

Glass -filled  TFE 

Glass-filled  TFE 

CTFE 

CTFE 

Viton 

Viton 

Piston 

Brass 

Brass 

Piston  rings 

Glass-filled  TFE 

Glass-filled  TFE 

Copper-filled  TFE 

Copper-filled  TFE 

Lead-filled  TFE 

Lead-filled  TFE 

Piston  rod  packing 

Asbestos 

Asbestos 

TFE 

TFE 

CTFE 

CTFE 

CHAPTER  7.  VALVE  ASSEMBLIES 

The  major  problems  with  valves  are  their  inherent  tendency  to  leak,  trap,  and  be 
affected  by  contaminants.  Leakage  through  valve  seats  and  through  actuator  seals  is 
aggravated  by  wear,  thermal  cycling,  erosive  flow,  water  hammer,  high  pressures, 
and  pressure  spikes.  The  problem  of  sealing  to  prevent  leakage  through  valve  seats  and 
valve  element  actuators  (or  valve  stems)  is  one  of  the  more  challenging  parts  of  fluid 
system  design. 

Valve  assemblies  incorporate  nearly  every  type  of  seal  - rotating  shaft  or  sliding 
shaft  seals,  seals  for  many  configurations  of  valve  element  - valve  seat  designs,  and 
static  seals.  Since  similar  seals  are  required  in  many  other  fluid  system  components, 
the  basic  subject  of  sealing  to  prevent  leakage  is  discussed  separately  in  section  4. 1 and 
considerations  for  seal  design  are  discussed  in  chapter  9.  However,  a brief  discussion 
of  seals  and  sealing  especially  pertinent  to  valves  is  included  in  this  chapter.  In  addi- 
tion to  leakage,  many  valve  failures  in  liquid  and  gaseous  oxygen  systems  are  often  due 
to  the  ignition  of  valve  parts  from  collected  contaminants  or  noncompatible  material 
within  the  valve.  This  type  of  failure  generally  occurs  at  the  instant  that  flow  conditions 
begin  when  the  valve  is  opened.  Failures  from  overstress  or  abrasion  and  galling  can 
also  initiate  a reaction  with  oxygen  in  addition  to  making  the  valve  inoperative  or  causing 
leaks . 

Most  of  the  design  requirements  for  valves  for  oxygen  service  are  the  same  as 
those  for  other  cryogenic  liquid  or  ambient  temperature  gaseous  systems.  However,  in 
oxygen  service  the  consequences  of  a design  weakness,  a material  incompatibility,  or  a 
contaminant  can  be  more  severe  than  for  inert  fluids  or  for  most  fuels. 

Although  valve  design  and  material  selection  can  increase  contamination  tolerance, 
contamination  of  any  kind  is  still  hazardous  and  recommended  system  cleanliness  and 
oxygen  purity  must  be  maintained.  Oxygen  purity  is  discussed  in  chapter  2 and  cleaning 
requirements  are  provided  in  section  4.  5. 

A review  of  valve  design  considerations  is  given  in  the  following  sections.  High 
pressure  requirements  are  emphasized  because  they  serve  best  to  illustrate  the  special 
considerations  required  for  oxygen  systems.  The  discussion  is  equally  applicable  to 
pressure  and  flow  regulators,  check  valves,  and  relief  valves  since  they  all  involve  the 
regulation  and  control  of  fluids  and  they  all  use  the  same  basic  types  of  valving  elements. 
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7.1  VALVE  ELEMENT  TYPES 


Valve  types  are  categorized  by  the  manner  in  which  they  effect  closure  to  flow  or 
throttling.  Figures  7-1  to  7-3  illustrate  the  three  basic  types  of  valves  and  valve  ele- 
ments; (1)  rotating  elements,  (2)  translational  plug  elements,  and  (3)  gate  elements. 

The  ball  valve  and  the  butterfly  valve  (fig.  7-1)  are  opened  by  rotating  the  valve  ele- 
ment. The  poppet  or  plug  valve  (fig.  7-2)  simply  closes  an  opening  in  the  valve  by  a 
linear  motion  perpendicular  to  the  seat.  The  gate  or  blade  valve  (fig.  7-3)  closes  much 
as  a sliding  door  with  the  gate  having  a linear  motion  whereas  the  blade  rotates  into  the; 
closed  position.  The  swing  check  valve  (fig.  7-1)  is  a combination  of  the  poppet  and  an 
offset  butterfly  element. 


(a)  Rotating  ball,  (b)  Butterfly.  fc)  Swing  check. 


Figure  7-1.  - Rotating  element  valves. 


(a)  Globe  plug.  (b)  Ball  check.  (c)  Venturi. 

Figure  7-2.  - Translational  plug  element  valves. 
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Figure  7--3.  - Gate  element  valves. 


7.2  GENERAL  DESIGN  CRITERIA 

Valves  create  a discontinuity  in  the  flow  line  both  fluid  dynamically  and  structurally. 
The  flow  passage  in  many  valve  designs  incorporate  recesses,  pockets,  and  crevices  to 
accommodate  the  valve  element  actuating  mechanism  and  the  valve  element  supporting 
structure.  Some  valve  designs  require  a cavity  for  the  valve  element  to  retract  into 
when  it  is  opened  (fig.  7-3(a)).  These  valve  mechanisms  and  the  accommodations  for 
them  cause  stagnation  zones  where  particulate  matter  may  accumulate  and  create  a haz- 
ard in  oxygen  systems.  Also,  in  liquid  systems,  the  element  may  trap  liquid  in  a closed 
cavity;  unless  the  cavity  is  vented,  an  overpressure  condition  is  created  when  the  liquid 
vaporizes.  Where  they  cannot  be  completely  avoided,  pockets  and  connecting  passages 
should  be  designed  to  be  self- cleaning  by  means  of  controlled  fluid  flow  through  the 
cavity.  However,  this  criteria  to  avoid  accumulation  of  contamination  by  means  of  a 
self- cleaning  feature  rather  than  by  avoiding  the  cavity  can  increase  pressure  losses  in 
the  valve.  By  compromising  a smooth  fluid  dynamic  flow  passage,  turbulent  flow  can 
cause  cavitation  at  high  flow  velocities.  At  extreme  pressures  and  high  flow  velocities, 
such  as  very  high  pressure  throttle  valves,  there  is  a possibility  of  erosive  effects  and 
possible  ignition  of  nonmetal  materials  if  contaminants  or  particulate  matter  are  present. 
Therefore,  the  primary  design  criteria  is  to  avoid  valve  design. features  that  create  stag- 
nation zones  or  crevices  where  particulate  matter  can  accumulate. 

Engineering  trade-offs  to  take  advantage  of  available  shelf  hardware  or  low  cost 
fabrication  must  be  evaluated  for  each  specific  application.  Most  commercial  valves 
were  not  designed  for  oxygen.  However,  they  may  be  adapted  for  oxygen  service  by 
modifying  some  of  the  materials  used  in  their  components.  An  engineering  valve  design 
and  selection  trade  study  illustrating  the  factors  which  must  be  considered  is  discussed 
in  reference  120  (pp.  5-46).  Because  of  the  thorough  discussion  contained  in  this  study, 
no  detailed  discussion  of  valve  selection  is  included  here.  However,  considerations 
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such  as  material  selection,  valve  life,  and  internal  leakage  are  reviewed. 

To  achieve  the  minimum  leakage  possible  in  valves,  the  valve  closure  contacting 
surfaces  must  meet  the  basic  design  criteria  for  sealing  discussed  in  section  4. 1 and 
chapter  9.  To  maintain  this  capability,  the  design  must  incorporate  features  to  mini- 
mize wear  or  distortion  of  the  closure  contacting  surfaces. 


7. 3 MATERIALS  SELECTION 

Important  considerations  for  valves  for  nonflight  use  are  long  life,  high  reliability, 
low  component  cost,  and  low  maintenance  cost.  Since  weight  is  no  problem,  a wide 
range  of  materials  may  be  used  because  more  massive  parts  can  compensate  for  lower 
material  strength.  For  flight  valves,  maximum  reliability  and  low  weight  are  the  major 
design  considerations.  Weight  and  strength  requirements  restrict  materials  selection. 

For  higher  pressures  (3000  to  10  000+  psi)  material  selection  is  further  reduced  to 
those  materials  compatible  with  the  severe  dynamic  conditions  of  abrasion,  impact,  and 
cavitation  which  cause  surface  damage,  erosion,  and  the  possible  ignition  of  sensitive 
materials.  Therefore,  for  very  high  pressures,  the  strength  and  compatibility  of 
materials  take  precedence  over  low  weight  for  flight  hardware  and  low  cost  in  ground 
hardware.  High  pressure  service  requires  the  same  care  in  material  selection  and 
valve  design  for  either  ground  or  flight  systems.  The  supporting  data  and  detailed  in- 
formation for  strength  of  materials  are  given  in  references  20,  69,  and  121.  Materials 
compatibility  with  oxygen  is  discussed  in  chapter  3 (see  also  refs.  23  and  37,  pp.  140 
to  148). 

A list  of  materials  that  have  been  used  for  oxygen  valves  in  major  rocket  engine 
propellant  systems  is  given  in  table  7-1.  It  should  be  noted  in  table  7-1  that  Mylar  has 
been  used  successfully  as  a secondary  seal  material  in  several  operational  valves  even 
though  it  has  been  shown  to  react  with  oxygen  in  the  NASA  standard  impact  apparatus. 
Therefore,  its  use  elsewhere  in  the  valve  or  in  valves  of  different  design  operating 
above  1500  psi  should  be  reviewed  carefully  and  validated  by  tests  which  cover  all  pos- 
sible service  conditions. 

For  very  high  and  ultrahigh  pressures  (over  7500  psi),  the  preferred  materials  are 
metals  and  alloys  which  have  high  melting  points,  high  ignition  temperatures,  a rela- 
tively high  thermal  conductivity,  and  a low  heat  of  reaction  with  oxygen  (see  sec.  3.4). 
Copper,  brass.  Monel,  17-7  and  17-4  PH  steels,  400  and  300  series  stainless  steel, 
and  Haste  Hoy,  in  this  approximate  order,  best  meet  these  requirements.  Aluminum 
and  its  alloys  may  be  used,  but  caution  should  be  exercised  when  using  aluminum  in 
gaseous  oxygen  in  the  very  high  pressure  range  (>7500  psia)  because  of  its  low  melting 
point  and  very  high  heat  of  reaction.  Therefore,  Monel  for  strength  requirements  and 
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TABLE  7-1.  - OXYGEN  VALVE  MATERIALS  FOR  ROCKET  SYSTEMS 


Vehicle  and 
engine 

Valve  application 

Fluid 

media 

Valve  ele- 
ment 

Valve  element 
material 

Seal  or  seat 
material 

Valve  housing  ma- 
terial 

Dynamic  seal 
type 

Secondary  seal 
material 

Operating 
pressure, 
usi 

Flow 

rate, 

Ib/sec 

Actuator 

type 

Respon'se 

time, 

.■.,m3.e.c 

Atlas  MA-5 

Booster  main  oxi- 
dizer value 

L°2 

Butterfly 

7075-T6  forg- 
ing 

CTFE 

TENS-50  aluminum 

Lip  seal 

Mylar^ 

4.0 

782 

424.  5 

Pneumatic 

piston 

400 

Sustainer  gas  gen- 
erator 

LO2 

Blade 

17-7  CRES 

CTFE 

356-T6  permanent 
mold  casting 

Face  seal 

Kel-F 

.75 

570 

7.  27 

Pneumatic 

piston 

100 

Vernier  propellant 
valve 

LOX 

Poppet 

2024-T4 

CTFE 

7075 -T6 

Lip  seal 

Kel-F 

Main  oxidizer 
value 

LO2 

Butterfly 

431  CRES 

CTFE 

356-T6  permanent 
mold  casting 

Lip  seal 

Mylar^ 

4.00 

975 

545 

Hydraulic 

piston 

333 

Gas  generator 
(oxidizer) 

LO2 

Poppet 

A-286  CRES 

FEP  Teflon 

347  CRES 

Bellows 

A286  CRES 

.609 

940 

Hydraulic 

piston 

Saturn  S-IC 

Main  oxidizer 

LO2 

Poppet 

6061-T6  alum- 
inum forging 

TFE  Teflon 

6151-T6  aluminum 
forging 

Vented  redun- 
dant lip  seals 

Mylar^ 

8.0 

1600 

2000 

Hydraulic 

piston 

600 

F-1 

Gas  generator 
Oxidizer  prevalve 

LO2 

LO2 

Ball 

Ball  (visor) 

Two  piece 
welded  A-286 

CTFE 

7075-T73  die 
forging/  TENS-50 
permanent  mold 
casting 

Vented  redun- 
dentlip  seals 

Kel-F 

1.  5 
17.0 

1600 

115 

121.5 

3970 

Hydraulic 

piston 

Pneumatic 

piston 

Saturn  S-II 

Main  oxidizer 
valve 

LO2 

Butterfly 

431  CRES 

CTFE 

TENS-50  permanent 
mold  casting 

Lip  seal 

Mylar^ 

4.0 

911 

386 

Pneumatic 

piston 

50 

Gas  generator 
(oxidizer) 

LO2 

Poppet 

A-286 

FEP  Teflon 

6O61-T6 

Bellows 

A-286 

. 531 

1010 

3.  29 

Pneumatic 

bellows 

30 

Propellant  utiliza- 
tion 

LO2 

Rotating 

sleeve 

440C 

None 

TENS-50  aluminum 
casting 

Lip  seal 

Mylar^ 

2.0 

1310 

1 to  120 

Electric 

motor 

Throttling 

Prevalve 

LO2 

Butterfly 

A-286 

CTFE 

6O61-T6 

V-Seal 

Teflon-coated 
Inconel X750 

8.0 

132 

386 

Pneumatic 

bellows 

1000 

Propellant  tank 
vent  and  relief 

GO2 

Poppet 

7075-T73 

CTFE 

356-T6 

RACO  and  flat 
gaskets 

Teflon  with  CRES 
and  Kel-F  and 
Mylar^ 

1 

1 

1 

1 

^Mylar  generally  not  recommented  for  use  in  liquid  oxygen  valve  seals  because  it  has  produced  positive  reactions  in  LOX  impact  sensitivity  tests  at  high  impact  energy  levels. 


copper  or  brass  for  nonstructural  requirements  would  provide  the  greatest  resistance 
to  ignition  at  high  pressures  and  temperatures. 


7.4  VALVE  LIFE 

i 

Valve  life  is  determined  largely  by  the  wear  rate  of  the  moving  parts  and  the  con- 
tacting surfaces.  Valve  element,  valve  seat,  and  actuator  guide  and  seal  wear  can 
affect  both  external  and  internal  leakage  rates.  Changes  in  the  surface  finish  and  shape - 
of  the  valve  element  - valve  seat  interface  from  excessive  closure  forces  can  raise  the 
leakage  rate  and  increase  the  actuation  force  required  to  seal  above  acceptable  limits. 
Useful  valve  life  is  achieved  by  careful  specification  of  the  valve  element  - valve  seat 
materials,  their  surface  finish,  contact  load,  and  by  preventing  relative  motion  as  con- 
tact is  made  or  broken.  The  easiest  way  to  achieve  a low  leakage  of  "zero”  leakage 
valve  seal  is  to  use  a nonmetal  seat  or  insert.  This  is  also  the  lowest  cost  approach. 
All-metal  valve  elements  including  the  seat  can  achieve  the  same  leakage  specifications 
but  with  less  reliability  and  at  greater  cost.  However,  nonmetals  become  increasingly 
sensitive  to  erosion  and  particle  impingement  at  higher  oxygen  pressures,  especially 
with  gaseous  oxygen  at  room  temperatures  and  above.  Therefore,  as  pressures  and/or 
temperatures  are  increased,  material  selection  becomes  more  restricted  and  all-metal 
components  are  ultimately  required.  Limits  of  materials  compatibility  and  materials 
selection  criteria  are  given  in  chapter  3. 


7.5  INTERNAL  LEAKAGE 

Sealing  to  prevent  internal  leakage  is  the  most  difficult  part  of  valve  design.  A 
discussion  of  leakage  through  seals  is  presented  in  section  4. 1.  Sealing  to  prevent 
leakage  and  leakage  flow  tests  are  discussed  in  reference  122  (pp.  407  to  418).  Con- 
siderations for  sealing  interface  design  are  reviewed  in  chapter  9.  "Zero"  leakage  as 
defined  in  section  4. 1 is  possible  with  both  metallic  and  nonmetallic  seats.  However, 
the  metallic  valve  element  - valve  seat  is  more  easily  damaged  by  solid  particles 
trapped  on  the  mating  surfaces  and  from  wear  and  plastic  deformation  during  valve 
closure  than  the  more  compliant  nonmetallic  element  seat.  Increased  leakage  is  a con- 
sequence of  such  surface  damage.  Specifications  for  permissible  valve  element  - valve 
seat  leak  rates  are  a compromise  between  cost  and  performance  requirements.  Typi- 
cal leak  rates  are  listed  in  table  7-H  (ref.  123). 
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TABLE  7-II.  - ROCKET  ENGINE  LEAK  RATES  IN  OPERATIONAL  VALVES^ 


Engine 

system 

Valve  type  and  location 

Service 

fluid 

Seal  type  and  ma- 
terial 

Sealing 

diam- 

eter, 

in. 

Leak 
test 
pres- 
sur  e, 
psig 

Leakage, 
standard 
in.  ^/min 

Leakage, 
standard 
in.  ^/min 
per  in. 
of  seal 

F-1 

Poppet  main  oxidizer 

LO„ 

Captured  Teflon  pop- 

8 

80 

SGGNg 

2+ 

pet  nose  seal 

J-2 

Butterfly  main  oxidizer  valve 

Kel-F  lip  seal 

4 

mi 

5He 

. 4 

J-2S 

Butterfly  main  oxidizer  valve 

Kel-F  lip  seal 

4 

3He 

. 25 

S-11 

Butterfly  prevalve 

Kel-F  lip  seal 

8 

50 

450He 

<20 

MA-5 

Blade  gas  generator 

Machined  Kel-F  ring 

1 

500 

lOGNg 

3+ 

^Ref.  123,  p.  18. 


7.5.1  Metallic  Seats 

Metal  seats  are  generally  preferred  for  very  high  pressure  applications  because 
they  are  more  resistant  to  damage  from  pressure  stresses  and  erosive  flow.  Generally, 
the  valve  element  in  the  plug  or  poppet-type  valves  is  of  a harder  material  than  the  seat 
material  to  prevent  galling  and  contact  surface  deterioration  from  the  stress  of  open- 
close  cycling.  But  this  is  not  critical  when  the  contacting  surfaces  are  not  caused  to  rub 
or  slide  under  pressure  during  closure  and  where  closure  pressure  is  within  the  elastic 
limit  of  the  valve  element  - valve  seat  combination. 

The  design  objective  in  metal-to-metal  valve  element  - valve  seat  surfaces  is  com- 
plete contact  between  the  surfeces  since  effective  valve  closure  depends  on  close  con- 
formity of  the  mating  seat  and  element  surfaces.  This  is  difficult  to  achieve,  even  with 
optically  flat  surfaces  and  assuming  perfect  alinement  because  of  the  surface  asperities. 
Ideally,  the  height  of  these  asperities  is  limited  so  that  the  local  deformation  required 
to  seal  is  within  the  elastic  limit  of  the  seat-element  materials,  and  work  hardening  of 
the  contacting  surfaces  is  minimized. 

The  real  area  of  a surface  may  be  many  times  greater  than  its  apparent  or  projected 
area  depending  on  the  surface  finish.  The  surfaces  obtained  by  -polishing  and  rolling  are 
only  slightly  greater  than  their  projected  areas;  a roughed  surface  from  an  abrasion 
process  may  have  a total  area  three  times  its  projected  area  (ref.  122,  pp.  20  to  29). 
Even  with  relatively  smooth  polished  surfaces  the  asperities  prevent  100  percent  surface 
contact.  If  sufficient  pressure  is  applied  to  achieve  100  percent  surface  contact,  the 
asperities  are  literally  mashed  beyond  the  elastic  limit  and  work  hardening  and  galling 
of  the  surface  results. 

The  leakage  paths  are  minimized  by  providing  a valve  element  - valve  seat  contact 
surface  finished  with  asperity  heights  small  enough  (less  than  4 juin.  rms)  to  prevent  sig- 
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nificant  localized  work  hardening.  Average  machine-finished  surfaces  have  asperity 
heights  of  about  125  microinches  rms.  Me tal-to- metal  valve  plug  - valve  seat  combina- 
tions are  usually  finished  to  about  16  microinches  by  lapping  the  components  together. 

But  for  high  pressure,  low  leakage,  multicycle  operations  a special  care  in  lapping  is 
taken  to  achieve  surface  finishes  of  2 to  4 microinches.  With  additional  effort,  asperity 
heights  between  1 and  2 microinches  can  be  achieved  using  a diamond  grinding  and 
polishing  compound  of  appropriate  grade  (ref.  122,  p.  40).  Even  with  the  proper  surface 
finish  good  seat  life  requires  careful  specifications  of  maximum  seat  closing  forces  to 
avoid  surface  damage.  The  valve  element  should  contact  the  seat  without  friction  to 
minimize  wear  and  abrasion,  and  the  quantity  and  size  of  particulate  material  in  the 
oxygen  must  be  controlled.  Oxygen  purity  is  discussed  in  section  2.  3 and  filtration  is 
discussed  in  section  7.  8 and  chapter  10. 

7.5.  2 Nonmetal  Seats 

Polymeric  valve  seat  materials  are  not  specifically  recommended  for  pressures 
above  2000  psi  or  flow  velocities  above  500  to  700  kilometers  per  hour  (455  to  638  ft/sec) 
(see  sec.  4.2).  However,  with  proper  protection,  if  the  seat  material  is  recessed  in  a 
high  thermal  conductivity  metal,  polymeric  materials  may  be  used  after  proof  tests  sub- 
stantiate the  design.  This  technique  reduces  the  possibility  of  ignition  and  prevents 
"cold- flow”  relaxation  of  the  seat.  This  design  technique  was  used  successfully  and 
confirmed  in  tests  with  liquid  fluorine  (ref.  37,  p.  142).  Nonmetal  materials  are  par- 
ticularly sensitive  to  the  conditions  associated  with  fluid  flow  at  high  pressures  and  flow 
velocities  (i.e.,  particle  impact,  erosion,  friction,  and  shock  waves)  because  of  their 
generally  low  ignition  temperatures  and  low  thermal  conductivities. 

While  several  nonmetallic  materials  have  been  used  successfully  in  liquid  and  gase- 
ous oxygen  systems,  tetrafluoroethylene  (TFE),  fluorinated  ethylenepropylene  co- 
polymer (FEP),  and  chlorotrifluoroethylene  (CTFE)  filled  with  glass  or  metal  fibers  are 
preferred  for  most  applications.  For  oxygen  systems  at  pressures  above  2000  psi,  such 
nonmetallic  seats  should  be  qualified  by  proof  tests  which  simulate  the  use  cycle  and  en- 
vironment (see  ch.  3). 


7.6  VALVE  ELEMENT  ACTUATOR  SEALS 

Schematic  examples  of  dynamic  seal  designs  generally  used  for  oxygen  valve  stems 
and  valve  actuators  are  shown  in  figure  7-4  and  in  figure  9-1  in  the  chapter  on  seals. 

In  high  pressure  systems,  oxidizer  leakage  through  valve  stem  packing  can  be  a 
problem;  if  leakage  gets  started,  leak  erosion  enlarges  the  leak  channel  with  a possibil- 
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r Bellows  cover-seal 


Bellows  seal  Chevron  packing 


Back-up  ring  or  extrusion  stop 


Metal  0-ring  0-ring 


Figure  7-4.  - Dynamic  seals. 


125 


ity  of  igniting  the  seal  material.  To  prevent  valve  packing  leaks,  frequent  servicing  and 
retightening  are  required.  This  is  especially  important  for  cryogenic  valves  because  of 
thermal  cycling  effects.  A spring  loaded  packing  gland  may  be  used  to  accommodate 
shrinkage  and  packing  wear.  A good  valve  stem  packing  is  self- lubricating  and  wear  re- 
sistant. The  wear  rate  may  be  reduced  by  selecting  packing  with  a low  friction  coeffi- 
cient acting  with  a polished  valve  stem.  The  surface  polish  on  the  stem  should  be"  at 
least  8 to  10  microinches  (ref.  70,  p.  290).  Stainless  steel  stems  and  Chevron  or 
O-ring  packing  of  tetrafluoroethylene  (TFE)  and  chlorotrifluorethylene  (CTFE)  are  pre- 
ferred. For  very  high  pressures  dual  or  stepdown  seals  may  be  used.  Silicone  rubber  , 
does  not  pass  the  NASA  standard  impact  test  for  ignition  but  has  been  used  successfully 
in  valves  as  a dynamic  seal  at  pressures  up  to  7500  psia  in  the  Apollo  Personnel  Life 
Support  System.  The  Viton  O-ring  originally  used  failed  because  of  oxygen  absorption 
when  exposed  to  7500  psia  oxygen  pressure  in  the  regulator  valve.  When  the  system  was 
depressurized,  the  material  fractured  from  the  pressure  of  the  absorbed  gas  (ref.  124). 
Section  9.3.3  discusses  the  qualification  of  silicone  rubber  for  use  in  high  pressure  oxy- 
gen systems. 

Bellows  seals  or  diaphragms  may  be  used  for  valve  dynamic  seals  to  achieve 
"zero'*  leakage.  However,  these  present  problems  of  fatigue  cracking,  accidental 
overpressure  failure,  differential  pressure  limits,  and  corrosion.  Corrosion  problems 
and  prevention  criteria  are  discussed  in  section  3.2.  Internal  corrosion  can  be  pre- 
vented by  maintaining  dew  point  limits  in  the  system  and  in  any  pressurant  gas  which 
contacts  the  bellows  to  -50*^  F or  less. 

Sliding  surfaces  in  valves  and  regulators  including  dynamic  O-ring  seals  and  some 
valve  stem  packing  may  require  a lubricant  to  reduce  the  breakout  and  running  friction. 
The  lubricant  must  be  effective  over  the  operating  temperature  range  and  be  compatible 
with  liquid  or  gaseous  oxygen.  The  TFE  lubricants  or  CTFE  grease  or  oil  (sparingly 
used)  are  preferred. 


7.7  EROSION 

In  addition  to  entrained  particulate  erosion,  erosion  by  cavitation  may  occur  in 
valves  handling  liquid  oxygen  at  very  high  pressures  whose  downstream  static  pressure 
is  close  to  its  vapor  pressure.  Very  high  pressure  drops  and  the  associated  accelera- 
tion of  the  liquid  over  the  valve  element  - valve  seat  surfaces  or  through  packing  leaks 
may  cause  erosion  that  can  limit  the  seat-plug  life  or  destroy  an  actuator  seal  (see 
sec.  4.2).  The  erosion  rate  increases  with  pressure  at  which  cavitation  occurs  because 
of  the  increased  driving  force.  Valve  element  - valve  seat  contours  which  avoid  abrupt 
changes  in  flow  direction  are  less  subject  to  erosion  damage.  Erosive  effects  are  most 
severe  on  lips  and  sharp  edges  exposed  to  the  flow  or  on  a static  seal  that  begins  to 
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leak.  In  addition  to  producing  surface  damage,  high  flow  velocities  have  caused  ignition 
of  nonmetallic  materials  and  all  metal  high  pressure  flange  seals.  The  probability  of 
ignition  can  be  expected  to  increase  with  pressure  because  the  apparent  ignition  temper- 
ature is  reduced  and  because  of  the  effect  of  flow  on  ignition  of  materials  noted  pre- 
viously. 


7.8  FILTRATION  REQUIREMENTS 

In  very  high  pressure  oxygen  systems  where  near  zero  leakage  is  desired  and  where 
all-metal  valve  elements  are  used,  filtration  should  remove  particles  within  one  or  two 
orders  of  magnitude  of  the  roughness  of  the  valve  seat  interface  surfaces  to  prevent  seal 
deterioration.  Additionally,  valve  stem  guides,  sleeve  valve  elements,  butterfly  lip 
seals,  and  ball  valve  seals  are  examples  of  valve  components  that  are  sensitive  to  solid 
particle  contamination  because  of  the  close  clearances.  If  solid  particles  become 
trapped,  valve  malfunction  may  result.  Reference  123  (p.  94)  records  the  case  of  a 
sticking  poppet  valve  on  a reaction  control  system  engine.  The  poppet  valve  guide- stem 
clearance  was  0.  002  to  0.  003  inch  (2000  to  3000  juin. ) and  filtration  was  provided  to 
remove  particles  down  to  10  to  25  microns  (400  to  1000  p.in. ).  However,  valve  sticking 
continued  until  the  poppet  guide-stem  clearance  was  increased  to  0.  008  inch  (8000  lUin. ). 
Therefore,  for  this  case,  particles  had  to  be  removed  that  exceeded  approximately 
one-eighth  the  clearance  gap.  If  10  percent  is  used  as  a nominal  requirement,  the 
original  0.  003  inch  clearance  would  have  required  filtration  down  to  300- microinch 
particles. 

This  example  suggests  that  the  established  practices  of  filtering  particles  equal  to 
or  larger  than  the  operating  clearances  in  the  valve  are  inadequate.  While  it  is  un- 
sound to  generalize  from  a single  case,  it  is  suggested  that  system  cleaning  and  oxygen 
filtration  of  particle  sizes  no  larger  than  10  percent  of  the  operating  clearance  may 
serve  as  an  interim  guide  for  systems  where  clearance  clogging  or  possible  binding 
from  particulates  could  occur  (see  ch.  10).  In  most  cases  where  motion  exists  between 
surfaces  of  close  clearances,  forces  are  such  that  particles  would  not  bind  the  mechan- 
ism nor  permit  accumulation.  However,  the  particulates  would  tend  to  increase  the 
wear  rate  of  the  contacting  surfaces. 
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CHAPTER  8.  LINES,  CONNECTORS, 

JOINTS,  AND  FITTINGS 

Lines,  tubing,  pipes,  ducting,  and  their  associated  hardware  are  subject  to  two 
conditions  or  circumstances  that  are  of  special  concern  in  oxygen  systems:  unaccounted 
for  overstress  and  high  velocity  flow  of  gaseous  oxygen.  Their  length  to  diameter  ratio 
allows  very  high  leverage  for  excessive  bending  stresses  in  addition  to  stresses  from 
internal  pressure,  thermal  expansion-contraction,  water-hammer,  and  cyclic  stresses 
from  vibration  or  chugging.  Lines  are  often  assembled  without  regard  to  slight  mis- 
alinements  (because  it  is  so  easy  to  do),  and  a prestress  results  which  is  additive  to 
the  working  stress.  These  stresses  are  generally  concentrated  at  a discontinuity  such 
as  a weld  joint,  connector,  valve,  elbow,  or  material  flaw. 

Sonic  flow  of  gaseous  oxygen  in  lines  can  impale  entrained  solid  particles  into  an 
elbow  or  flow  system  component  with  sufficient  energy  to  cause  erosion  or  even  ignition 
in  sensitive  materials. 

This  section  is  a review  of  the  factors  that  should  be  taken  into  account  to  help  as- 
sure a reliable  oxygen  transport  system  for  liquid  and  gaseous  oxygen  for  all  possible 
pressures. 


8.1  ALLOWABLE  WORKING  PRESSURE 

The  allowable  working  pressure  for  piping  and  tubing  for  ground-based  systems  is 
established  in  accordance  with  ANSI  piping  code  for  pressure  piping  (refs.  125,  pp.  11 
to  21,  and  126,  pp.  6 to  25). 

For  flight  weight  systems,  the  calculation  of  allowable  stress  is  based  on  the  mate- 
rial property  and  the  required  safety  factor  for  each  specific  application.  The  structural 
integrity  of  the  lines  should  be  demonstrated  by  test  as  early  in  the  prototype  phase  as 
possible.  Recommended  test  practices  are  the  following; 

1.  Subject  the  line  to  hydrostatic  stress  levels  1.25  to  1.  5 times  the  maximum  ex- 
pected operating  levels  for  proof  testing  and  2.  5 times  maximum  operating  levels  for 
burst  testing. 

2.  When  thermal  gradient  tests  or  tests  at  operating  temperatures  are  inconvenient, 
simulation  of  these  stress  levels  or  reduction  in  material  strength  should  be  accounted 
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for  by  additional  pressure  or  loads  at  ambient  temperature. 

3.  Vibration  testing  should  be  performed  with  the  duct  flowing  the  operating  fluid  at 
the  maximum  operating  condition  whenever  possible  to  account  for  fluid  mass  and  pos- 
sible coupling  of  flow -induced  and  mechanical  vibration. 

Piping  used  to  contain  high  pressure  oxygen  (over  2000  psia)  should  be  X-rayed  and 
visually  inspected  for  imperfections.  Unacceptable  flaws  should  be  cut  out  of  the  'raw 
stock  before  fabrication  processes.  (Unacceptable  flaws  are  discussed  in  sec.  5.1.5.) 


8. 2 MATERIAL  SELECTION 

Materials  for  pipe,  tubing,  or  ducting  for  liquid  oxygen  systems  are  selected  to 
meet  the  chemical  compatibility  requirements  of  the  use  environment  as  well  as  the  re- 
quired structural  ductility  and  notch  sensitivity  characteristics  at  cryogenic  tempera- 
tures. 

Examples  of  preferred  materials,  based  on  the  preceding  criteria,  and  general  ex- 
perience for  oxygen  plumbing  systems  are  presented  in  table  8-1  for  a range  of  pres- 
sures and  temperatures. 


TABLE  8-1.  - MATERIALS  FOR  LINES  FOR  OXYGEN  SYSTEMS 


Material 

Remarks 

Aluminum  1114,  2024-0,  3003, 
5052-0,  6061-0,  6061-T6, 

6061 -T4 

Aluminum  alloys  used  mainly  as  tubing  with  tube  connectors; 
pressure  limits  determined  by  type  of  connector;  not  recom- 
mended for  very  high  pressures  (over  7500  psi) 

Monel  400,  K500 

Tubing  and  pipe  stock  good  for  very  high  pressures  and 
welded  connections 

Inconel  600,  718 

Tubing  and  pipe  stock  good  for  very  high  pressures  and 
welded  connections 

Stainless  steel  304,  316,  317, 

321,  347 

Some  400  series  stainless  AM- 3 50 

Tubing  and  pipe  stock  good  for  very  high  pressures  and 
welded  connections 

Rene  41 

Tubing  and  pipe  stock  good  for  very  high  pressures  and 
welded  connections 

Carbon  steel 

Welded  joints  or  other;  not  usable  below  -30°  F 

Copper,  copper  alloys 

Brazed  joints  or  tube  fitting  connectors;  not  recommended 
for  very  high  pressures 
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8.3  FLEXIBLE  HOSE 


For  flexible  hose  requirements,  wire  reinforced  stainless  steel  corrugated  sections 
are  generally  used.  Flexible  metal  ducting  up  to  18  inches  in  diameter  is  available  for 
cryogenic  liquid  up  to  several  atmospheres.  The  pressure  drop  through  convoluted 
flexible  tubing  can  be  10  to  15  times  the  pressure  losses  of  straight  wall  tubing  which 
suggests  minimal  use.  Nonmetal  materials  are  not  generally  used  since  they  do  not 
meet  the  flexibility  requirements  for  use  with  low  temperature  gaseous  or  liquid  oxygen. 
The  brittle  point  of  most  oxygen  compatible  polymeric  materials  is  above  the  tempera- 
ture of  liquid  oxygen  (-297°  F).  The  TFE,  CTFE,  and  FEP  fluorocarbon  polymers  have 
brittle  points  lower  than  liquid  oxygen  temperature  and  could  be  used  as  a liner  for  flex- 
ible hose  with  liquid  oxygen.  However,  this  is  not  recommended  because  of  the  reduced 
cycle  life  at  these  temperatures.  Brittleness  temperatures  are  generally  determined  by 
impact  tests  (ASTM-D746 -72,  ref.  127,  pp.  253-259).  (The  brittleness  temperature 
limits  are  not  the  same  as  bending  limits;  some  degree  of  bending  can  be  tolerated  at 
temperatures  below  the  measured  brittle  point. ) However,  the  brittle  temperature  may 
be  used  as  a guide  to  determine  the  low  temperature  use  limit  of  oxygen  compatible  poly- 
mer tubing  or  tubing  liners  for  special  test  or  laboratory  applications.  The  brittle  tem- 
perature of  selected  oxygen  compatible  polymers  is  presented  in  table  8-H. 

For  practical  applications,  the  polymer  lined  flexible  hose  should  be  limited  to  am- 
bient indoor  and  outdoor  temperatures.  Where  cycle  life  is  important,  it  should  be  pre- 
determined by  test. 


TABLE  8-II.  - BRITTLE  POINT  TEMPERATURES 
OF  SELECTED  POLYMERS^ 


Material 

Brittle  point 
temperature, 
°F 

TFE 

-420 

FEP 

-420 

CTFE 

-400 

Silicone  rubber 

-90  to  -200 

Fluorosilicone  rubber 

-90 

Polyvinylidene  fluoride 

-80 

Vinylidene  fluoride  - hexafluoropropylene 

+10  to  -60 

(Viton  and  Fluorel) 

^Ref.  51,  pp.  12.  3.  2-2  and  3. 
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8.4  BELLOWS 


Where  flexible  sections  are  necessary,  bellows  with  conventional  convoluted  shape 
are  recommended  for  liquid  oxygen  use.  The  convolution  height,  width,  and  shape  may 
be  varied  to  achieve  the  desired  strength  and  flexibility.  Welded  bellows  are  more  prone 
to  overpressure  damage  aijd  early  fatigue  failure  than  formed  bellows,  and  they  ak*e 
generally  more  difficult  to  clean  and  keep  clean.  However,  when  greater  flexibility  is  " 
required  in  applications  such  as  centrifugal  pump  secondary  seals,  welded  spring  bel- 
lows may  be  preferred  (see  table  6-V).  An  analysis  of  past  fatigue  failures  indicates 
that  mechanical  and/or  flow  induced  vibrations  have  caused  cracking.  Overdeflection 
due  to  mishandling  has  also  contributed  to  some  failures.  Minor  flaws  have  a tendency 
to  propagate  rapidly  unless  low  magnitude  stresses  are  maintained.  Mechanical  re- 
straint linkage  must  be  used  to  limit  overflexure  of  the  bellows  beyond  acceptable  stress 
limits. 

Dents,  nicks,  and  scratches  in  the  most  highly  stressed  area  of  the  bellows  (the 
convolution  crown)  due  to  abusive  handling  during  fabrication,  shipment,  or  installation 
have  also  been  a major  contributor  to  bellows  failures.  The  only  solution  to  this  prob- 
lem is  care  in  handling  and  suitable  inspection  to  ensure  quality  control.  Since  exces- 
sive internal  or  external  pressure  causes  buckling  or  buckling  instability  of  the  bellows, 
the  design  must  permit  the  maximum  surge  pressure  with  the  bellows  in  any  operating 
position  without  exceeding  the  total  stress  limitations.  Design  criteria  and  sample  cal- 
culations for  bellows  ducting  and  bulging  stress  limit  calculations  are  provided  in  refer- 
ence 70  (pp.  374  to  379). 


8. 4. 1 Flow  Induced  Vibration  Failures 

Self-induced  oscillation  or  vibration  of  bellows  sections  (or  flexible  lines)  can  occur 
at  certain  pressure  - flow  velocity  combinations.  Pressure  variations  of  the  fluid  flow- 
ing over  the  convolutions  at  a given  velocity  can  become  resonant  with  the  natural  fre- 
quency of  the  bellows  section  and  cause  oscillations  that  result  in  cycle  fatigue  and 
cracking  of  the  bellows. 

An  analjdical  method  for  determining  the  susceptibility  of  a bellows  to  flow  induced 
vibration  is  given  in  references  128  to  130  (pp.  25  to  49).  The  observed  frequency 
varies  directly  as  a function  of  the  fluid  velocity  and  inversely  with  twice  the  bellows 
pitch  distance.  Preventing  the  impingement  of  the  flow  stream  on  the  convolutions  by 
using  an  internal  sleeve  has  been  used  to  prevent  flow  induced  vibration.  However,  the 
installation  of  the  sleeve  presents  complications  in  the  design  and  fabrication  and  makes 
cleaning  the  duct  for  oxygen  use  more  difficult.  Damping  devices  such  as  external 
sleeves  or  travel  limit  braces  can  also  prevent  damaging  oscillation. 
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8. 4. 2 Bellows  to  Duct  Attachment 


Wherever  practical,  the  bellows  to  duct  joint  should  be  a full  penetration  V- notch 
butt- weld.  If  this  is  impractical,  the  design  alternate  should  have  all  overlaps  and 
crevices  welded  closed  (see  sec.  8.  6. 1). 

A doubler  contoured  to  fit  snugly  against  the  end  convolution  (fig.  8-1)  is  also  an 
acceptable  design;  however,  the  convolution  is  partially  inactivated,  thus  applying  in- 
creased strain  into  the  remaining  convolutions. 

If  the  end  of  the  doubler  is  permitted  to  touch  the  convolution,  a stress  riser  can  be 
created  when  bellows  are  deflected  or  subjected  to  a vibration  environment,  which  can 
promote  early  fatigue  failure.  A clearance  of  at  least  0.  05  inch  is  recommended  as 
shown  in  figure  8-2. 


Figure  8-1.  - Welding  neck  doublers. 


Figure  8-2.  - Doubler  clearance  requirements. 


8.4.3  Bellows  Materials 


Bellows  materials  suitable  for  oxygen  use  are  given  in  table  8-III  (refs.  70  and 
131).  The  materials  listed  are  primarily  for  formed  bellows.  Materials  used  most  for 


TABLE  8-III.  - BELLOWS  MATERIAL 


FOR  OXYGEN  USE^ 


Metal 

Metal 

304  Stainless  steel 
301  Stainless  steel 
347  Stainless  steel 
A-286 
Inconel  718 
Inconel  X 
Hastelloy-C 

Aluminum  6061-T6 
Aluminum  7075 
Beryllium  copper 

Nonmetal'^ 

TFE 

CTFE 

^Refs.  70  (p.  376)  and  131  (p.  46). 
^Ambient  temperature. 


TABLE  8-IV.  - ALLOWABLE  STRESS 


FOR  BELLOWS  MATERIALS 


Bellows 

materials 

Operating 

tempera- 

ture, 

°F 

Estimated 
stress  for 
failure  in 
106  cycles, 
psi 

Suggested 

design 

values, 

psi 

ORES  321 

70 

45  000 

22  500 

-320 

88  000 

44  000 

-420 

98  000 

49  000 

400 

40  000 

20  000 

Hastelloy-C 

800 

50  000 

25  000 

Inconel  718 

70 

55  500 

27  750 

-320 

65  400 

32  800 
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electrodeposited  bellows  are  nickel  and  copper. 

Suggested  design  values  of  allowable  stress  are  tabulated  in  table  8-IV  for  some  of 
the  common  bellows  materials.  These  suggested  design  values  have  been  tabulated  for 
a bellows  life  of  10®  cycles.  A life  of  10®  cycles  was  chosen  because  the  S-N  (stress- 

ft 

number  of  cycles)  curves  for  most  materials  are  relatively  flat  for  greater  than  10^ 
cycles. 


8.5  COUPLINGS  AND  FITTINGS 

There  are  a multitude  of  coupling  and  threaded  connector  configurations  available 
from  many  manufacturers  incorporating  various  seal  designs.  In  order  to  simplify  the 
discussion  of  these  components,  this  section  is  limited  as  much  as  possible  to  the 
coupling  configuration,  and  the  discussion  of  the  seal  design  is  covered  in  chapter  9. 


8.5.1  AN,  MS,  and  MC  Couplings 

The  AN  (Air  Force/Navy  Aeronautical),  MS  (Military  Standard),  and  MC  (NASA 
Marshall  Center)  connectors  are  the  commonly  used  flared  tube  connectors  which  can 
be  made  to  government  or  industry  specifications.  These  connectors  are  basically  the 
same  except  for  their  sealing  interface  specifications.  The  general  configuration  of 
these  connectors  is  shown  in  figure  8-3. 

The  MS  (Military  Standard)  version  of  the  coupling  has  a 32-microinch  finish  on  the 
37°  conical  sealing  surface. 

The  NASA  Marshall  Center  (MC)  connector  (ref.  132,  p.  5)  has  the  following: 

(1)  Conical  sealing  surfaces  are  controlled  to  8 microinch  (rms)  profile  for  steel 
and  16  microinch  (rms)  profile  for  aluminum. 

(2)  Sealing  surfaces  are  round  within  0.003  inch  with  maximum  deviation  of  0.  0001 
in  any  60°  arc. 

(3)  Concentricity  of  sealing  surfaces  are  within  0.  003  inch  total  indicator  reading 
(TIR). 

Standard  AN's  are  excellent  for  low  pressure  requirements;  for  higher  pressures, 
up  to  3000  psia  for  larger  sizes  and  7500  psia  for  smaller  sizes,  the  addition  of  conical 
seals  are  recommended  (fig.  8-4).  At  the  higher  pressures,  the  possibility  of  coupling 
failure  exists  because  of  the  tube  slipping  out  of  the  fitting.  This  is  more  prevalent  with 
aluminum  or  copper  alloy  fittings  than  with  steel.  A ’’rule  of  thumb”  has  evolved  that 
recommends  using  these  types  of  couplings  be  limited  to  2 inches  in  diameter  for  steel 
tubing  and  3/4  inch  for  aluminum  or  copper  tubing  at  pressures  in  the  range  of  1500  psia 
However,  this  is  not  a valid  limitation  because  of  the  many  variables  in  coupling  designs 
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Conical 


Figure  8-3.  - AN,  MS,  and  MC  couplings.  Materials 
available  in  300  series  stainless  steel,  2024T-6 
aluminum,  and  brass;  seamless  tubing  preferred 
above  2000  psi. 


Figure  8-4.  - Standard  Air  Force/Navy  Aeronautical  (AN) 
connector  vjith  metal  conical  seal.  Materials  available 
in  300  series  stainless  steel,  2024T-6  aluminum  and 
brass;  conical  seal  material  - nickel,  6061-T4,  6061-T6, 
6061-0,  aluminum,  or  soft  copper. 


Figure  8-5.  - Wtachined  sleeve  coupling. 


But,  greater  care  must  be  taken  to  effect  a tight  seal  as  the  diameter  is  increased  be- 
cause of  the  longer  seal  interface  and  the  increase  in  the  possible  leak  paths.  It  is 
recommended  that  couplings  for  oxygen  service  meet  a proof  pressure  test  of  1.  5 times 
the  maximum  expected  working  pressure.  A better  flared  coupling  is  the  machined 
flare  where  the  flare  and  the  ferrule,  or  sleeve,  is  one  machined  part  (fig.  8-5);  how- 
ever, the  tube  must  be  welded  to  the  fitting. 

Threaded  couplings  for  use  in  oxygen  systems  should  be  designed  so  that  the 
threaded  nuts,  sleeves,  and  collars  which  provide  the  compression  force  may  be  lubri- 
cated without  any  portion  of  the  seal  interface  being  contaminated  with  lubricant;  that  is, 
the  parts  that  effect  the  seal  should  not  require  lubricant  for  proper  torque.  Torque 
should  always  be  specified  for  flight  systems  and  for  all  high  pressure  systems.  When 
torque  values  are  specified,  the  specification  should  indicate  whether  or  not  a lubricant 
should  be  used.  Preferred  lubricants  for  oxygen  systems  are  fluorocarbon  polymers 
(solids,  liquids,  or  grease)  or  molybdenum  disulfide. 

Thermal  distortion  of  the  connector  will  occur  when  the  flow  of  liquid  oxygen  begins 
and  ends.  Repeated  cycling  of  such  distortion  can  cause  sealing  pressure  relaxation  and 
increase  the  leakage  rate.  An  example  of  the  magnitude  of  the  relaxation  that  can  occur 
during  thermal  cycling  is  shown  in  figure  8-6  (ref.  133).  Examples  of  the  increase  in 
leakage  rate  with  temperature  cycles  between  200^  and  -320°  F are  presented  in  refer- 
ence 133  (pp.  243  to  246).  To  avoid  such  leaks,  retorquing  should  be  part  of  the  stand- 
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Figure  8-6.  - Pressure  relaxation  from  thermal  cycling 
(ref.  133,  p.  248).  Tubing  connectors  (lubricated), 
3/4  and  3/8  inch. 


ard  operating  procedures  for  systems  whose  connectors  are  subjected  to  such  tempera- 
ture cycling. 

Connector  life  and  leakage  rate  are  affected  by  the  number  of  assembly- disassembly 
cycles,  since  each  cycle  may  damage  the  surface  finish.  Also,  as  shown  by  the  exper- 
imental data  in  reference  133  (pp.  252  to  259),  the  sensitivity  of  a fitting  to  repeated 
assembly  and  disassembly  varies  widely  for  the  various  designs  tested.  Redressing 
the  mating  surfaces  before  reassembly  will  extend  the  service  life  of  a connector.  It 
is  also  important  to  thoroughly  clean  the  connection  and  lightly  lubricate  the  male  thread 
before  each  assembly.  (Care  must  be  taken  not  to  contaminate  the  coupling  passage. ) 
The  best  practice  is  to  use  a connector  which  incorporates  a replaceable  seal  and  to 
always  replace  the  seal  (gasket)  when  reassembling  the  coupling. 

B-nuts  and  sleeves  of  certain  alloys  develop  stress  corrosion  cracks  when  exposed 
to  seacoast  atmosphere,  B-nuts  and/or  sleeves  manufactured  of  2014,  2017,  2024, 
and  7075  aluminum  alloys  in  the  T4  or  T6  tempers  or  type  303  stainless  steel  are  not 
recommended  for  use  for  extended  periods  in  a salt  atmosphere. 

Additional  detail  on  the  selection,  design,  and  use  of  couplings  and  threaded  con- 
nectors is  provided  in  references  51  (secs.  5. 11  and  5. 12),  133  (pp.  182  to  202),  and 
134  (sec.  I). 

The  design  of  an  improved  threaded  connector  using  various  ring  seal  materials 
and  configurations  is  presented  in  figure  8-7.  According  to  reference  135  the  desigh 
combines  the  best  features  of  many  different  connectors.  The  methods  and  techniques 
for  calculating  the  design  of  each  part  of  the  connector  are  presented  in  reference  135 
(pp.  3-1  to  3-18). 


136 


Figure  8-7.  - Ring  seal  connector  configuration  (ref.  135,  p.  3-3). 


8.5. 2 Flanged  Couplings 

Flanged  couplings  are  the  recommended  fittings  where  connections  must  be  fre- 
quently made  and  broken.  Flange  fittings  are  also  applicable  for  semipermanent  con- 
nections and  are  particularly  suitable  for  high  pressure  systems  and  large  diameter 
lines.  Although  these  couplings  are  often  sealed  with  flat  soft  aluminum  or  copper 
gaskets  between  serrated  faces,  they  may  also  be  designed  to  use  single  or  dual  ring 
seals,  crush  seals,  or  other  compression  type  seals.  Flanged  connections  for  oxygen 
service  should  offer  a minimum  of  pockets  or  cracks  where  residue  or  contaminants 
could  accumulate.  The  design  criteria  and  recommended  design  practice  for  the  seal 
part  of  the  coupling  is  covered  in  chapter  9 and  in  reference  37  (pp.  135  and  136)  (see 
also  fig.  9-2). 

The  degree  of  rigidity  required  for  a coupling  is  directly  related  to  the  seal  element 
which  must  compensate  for  deflections  and  distortions.  Typical  deflections  and  distor- 
tions which  can  cause  leakage  problems  are  shown  in  figure  8-8. 

The  ASME  boiler  code  and  the  ANSI  piping  standards  (refs.  73  (appendix  2),  104 
(p.  20),  126  (pp.  26  and  27),  and  136  (p.  27))  have  been  used  as  the  standard  for  design- 
ing pressure  vessels  and  piping  systems  that  include  flange  joints.  Where  weight  is  not 
a special  consideration,  as  with  ground  support  equipment,  the  code  provides  safety 
factors  of  from  4 to  10.  At  the  stress  levels  implied  by  these  safety  factors  the  deflec- 
tion and  distortion  of  the  members  are  negligible. 

For  flight  weight  hardware  and  the  temperature  extremes  of  aerospace  systems, 
deflections  and  distortions  become  important  considerations.  Since  materials  for  aero- 
space application  are  subjected  to  60  percent  or  more  of  their  yield  strength,  distortions 
and  deflections  are  greater  than  the  corresponding  flange  designed  according  to  the 
ASME  code.  Therefore,  for  flight  weight  flanged  joints  the  determination  of  flange  thick- 
ness, bolt  size,  and  bolt  spacing  to  prevent  flange  distortion  and  leakage  becomes  in- 
creasingly critical  as  flange  diameter  and  fluid  pressures  increase.  An  example  of 
flange  and  seal  design  calculations  for  medium  pressure  aerospace  use  is  presented  in 
reference  133  (pp.  69  to  83). 
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Figure  8-8.  - Types  of  deflections  and  distortions  in  flanged  joints  (ref.  133,  p.  18). 


Cryogenic  cycling  tends  to  loosen  bolted  connections;  therefore,  flange  bolt  tensions 
must  be  checked  after  1 or  2 cycles  and  then  again  before  each  use  interval.  Many 
compression-type  fittings  and  mechanical  clamping  techniques  to  hold  the  fitting  together 
are  commercially  available.  The  design  and  choice  of  sealing  materials  in  many  of 
these  fittings  are  suitable  for  use  in  oxygen  systems. 

The  design  loading  of  the  seal  faces  by  the  flange  assembly  must  include  allowances 
for  the  mechanical  stresses  from  thermal  and  mechanical  forces.  Proper  assembly  of 
the  flanged  coupling  is  equally  important.  Nonsymmetrical  bolt  loading  can  compress 
the  gasket  beyond  yield  locally  so  that  subsequent  torquing  to  even  loading  will  still  re- 
sult in  leakage  past  the  yielded  section.  Suggested  bolt  torque  values  recommended  for 
various  bolt  sizes  and  materials  are  tabulated  in  reference  137  (pp.  40  and  41).  In 
general,  the  following  practices  and  standards  should  be  used: 

(1)  All  bolts  and  nuts  in  the  same  bolt  circle  should  be  identical  in  material,  size, 
length,  and  thread  unless  specifically  designed  otherwise. 

(2)  Avoid  placing  bolt  fasteners  in  a shear  stress;  provide  for  shear  or  torque  by 
splines,  keyways,  or  coupling  locks  that  permit  the  bolts  to  be  loaded  in  tension. 

(3)  Where  (2)  cannot  apply,  use  bolt  hole  sizes  0. 5 percent  larger  than  the  bolt 
diameter  maximum  in  order  to  provide  a snug  fit  and  prevent  play.  (This  will  require 
a bolt  hole  diameter  tolerance  of  ±0.  003  to  0.  005  in. ) 

(4)  One  hundred  percent  of  the  nut  threads  should  be  loaded  in  contact  with  the  bolt 
threads  when  tightened  to  specified  torque  values.  (Specified  values  should  include 
whether  a lubricant  should  be  used.  Fluorocarbon  or  molybdenum  disulfide  lubricants 
are  preferred. ) 
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For  additional  discussion  of  design  practice  and  analytical  methods  see  references  51 
(sec.  5.12.4)  and  135  (pp.  2-1  to  2-50). 


8.5.3  Threaded  Pipe  Couplings 

Threaded  pipe  fittings  should  normally  be  avoided  in  high  pressure  oxygen  service. 
But  when  it  is  necessary  to  use  pipe  fittings,  they  should  be  installed  by  welding  or 
brazil^  in  such  a manner  that  the  threads  are  completely  isolated  from  the  oxygen.  The 
main  concern  in  using  pipe  threaded  fittings  is  the  prevalent  use  of  lubricants  which,  for 
oxygen,  is  imdesirable  and  there  is  also  the  possibility  of  contaminants  accumulating  in 
the  crevice  formed.  In  addition,  since  the  tapered  threaded  section  of  the  fitting  causes 
very  high  radial  pressure  on  the  female  fitting,  cracking  from  overstress  is  not  micom- 
mon.  This  problem  is  less  for  low  pressure  systems  since  less  torque  is  required  to 
effect  a seal.  With  this  taken  into  consideration,  threaded  pipe  couplings  for  low  pres- 
sure oxygen  systems  may  be  used.  Where  threaded  couplings  are  used.  Teflon  tape  may 
be  safely  employed  as  a thread  lubricant. 


8. 6 WELDED  AND  BRAZED  JOINTS 

Properly  welded  or  brazed  joints  have  the  highest  potential  for  zero  leakage  and 
are  the  preferred  method  of  joining  pipe  sections.  But  a common  problem  is  the  occur- 
rence of  cracks  in  welded  and  brazed  joints.  Cryogenic  cycling  and  vibration  commonly 
cause  weld  boundary  cracking  and  stress  corrosion.  The  latter  can  be  more  severe  in 
oxygen  especially  when  slight  contamination  is  present.  Therefore,  inert  gas  shielded 
arc  welding  is  generally  preferred  to  avoid  poor  penetration  and  contamination  (oxida- 
tion, flux,  or  slag  inclusion). 


8.6.1  WeldedJoints 

Pipe  ends  to  be  welded  should  be  beveled  suitable  for  full- penetration  V-notch  butt 
welding  with  minimum  bead  on  the  inside  of  the  pipe.  Sleeve  joints  (or  socket  joints)  are 
unacceptable  in  oxygen  systems  and  should  be  avoided  unless  the  overlap  joint  can  be 
brazed  or  isolated  by  welding.  This  is  particularly  important  in  high  pressure  systems 
and  is  good  practice  in  any  system.  An  inert  gas  backup  should  be  used  to  prevent  the 
pipe  from  beii^  contaminated  with  slag  that  cannot  be  removed  by  normal  cleaning  pro- 
cedures. The  weld  penetration  or  depth  of  fusion  must  be  to  the  bottom  of  the  V-groove: 
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the  excess  penetration  of  a bead  1/16  inch  high  on  the  inside  of  the  pipe  should  be  avoided 
or  minimized. 

Welded  seams  and  connections  used  in  oxygen  installations  over  150  psi  require 
X-ray  inspection  of  all  welded  joints.  Welds  with  poor  penetration,  flux,  or  slag  inclu- 
sion, pockets,  bubbles,  craters,  or  surface  flaking  cannot  be  permitted.  Any  visible 
imperfection  should  be  ground  out  and  rewelded.  Inert  gas  shielding  arc  welding  psing 
tungsten  electrodes  (TIG  welding)  is  the  most  widely  used  joining  method.  Both  EB  . 
(electron  beam)  and  GMA  (gas  metal  arc)  welding  are  being  used  where  the  unique  char- 
acteristics of  these  welding  methods  are  required.  Resistance  seam  welding  has  been 
used  on  the  Atlas  and  Thor  engines,  but  manufacturing  fit-up  problems,  corrosion  sus- 
ceptible  crevices,  and  stress  concentrations  were  experienced.  Due  to  its  flexibility, 
TIG  welding  has  been  used  extensively  on  the  J-2,  F-1,  Thor,  and  Atlas  engines  for 
fabricating  joints.  The  F-1  engine  was  originally  fabricated  with  the  automatic,  single 
pass,  sleeve  weld  configuration  for  tube  joints  because  of  more  repeatable  weld  quality 
and  lower  cost  than  welds  produced  by  manual  operation.  However,  sleeve  joints  are 
not  the  best  practice  from  a system  compatibility  standpoint  and  were  changed  to  the 
preferable  butt  weld  joints  in  the  J-2S.  The  in-service  failures  encountered  with  the 
F-1  tube  sleeve  weld  configuration  were  in  the  form  of  fatigue  cracks  in  the  heat- 
affected  zone  of  the  weld.  The  cause  was  attributed  to  the  high  vibration  environment 
of  the  engine  and  partial  penetration  welds.  Addition  of  the  fillet  weld  to  the  joint  for 
increased  fatigue  strength  and  the  use  of  vibration  damping  clamps  on  the  tubing,  located 
properly  to  reduce  amplitudes,  have  resolved  this  problem. 

The  J-2S  engine  uses  butt  welded  tube  joints  throughout  with  no  weld  stub-outs  on 
components  and  no  inplace  welding.  The  J-2S,  being  a simplified  version  of  the  J-2, 
has  fewer  lines  with  less  complicated  routing  and  thus  accommodated  the  installation  of 
complete  line  assemblies  without  interference.  Line  assemblies  are  equipped  with 
flanges  at  each  end  for  makeup  into  static  seal,  bolted  flange  couplings. 

Electron  beam  welding  is  generally  used  to  join  materials  where  a narrow  weld 
bead  and/or  minimum  heat  input  to  the  part  is  required.  Electron  beam  welding  is 
generally  accomplished  without  the  use  of  filler  material  and  is  limited  to  butt  or 
sleeve-type  tubular  joints. 

Control  of  weld  repair  requires  some  explanation  since  the  effects  on  the  joint  are 
not  obvious.  The  repair  of  a weld  joint  involves  either  completely  restoring  the  com- 
ponent parts,  then  rejoining  by  the  same  method  used  for  the  original  joint,  or  attempt- 
ing a localized  repair  of  the  weld.  Little  or  no  difficulty  can  be  expected  with  the  part 
restoration  - reweld  procedure.  However,  a localized  repair  causes  an  enlarged  heat- 
affected  zone  which  may  cause  a local  distortion  resulting  in  residual  stress  sufficient 
to  reduce  the  joint  stress  tolerance.  Therefore,  the  complete  restoration  of  the  joint 
is  preferable . 
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8.6.2  Brazed  Joints 


The  preferred  brazing  methods  for  oxygen  components  are  furnace  brazing  and 
induction  brazing.  To  protect  the  metal  from  oxidation  during  the  braze  cycle,  furnace 
brazing  is  done  preferably  in  a vacuum  or  an  argon  hydrogen  atmosphere.  Similarily, 
induction  brazing  requires  an  argon  shield  on  both  the  inside  and  the  outside  of  the' 

joint. 

Figure  8-9  is  a plot  of  shear  strength  as  a function  of  temperature  for  selected 
braze  alloys.  These  alloys  are  commonly  used  in  design  of  tube  joints  for  rocket  pro- 
pulsion fluid  systems. 


Figure  8-9.  - Block  shear  strength  as  function  of  temper- 
ature properties  of  braze  alloys  (ref.  51,  p.  5.12.5-3). 


8. 6.2. 1 Stress  corrosion  of  brazed  joints.  - The  nickel  alloys  and  chromium 
nickel  steels  are  subject  to  stress  corrosion  cracking  as  a result  of  exposure  to  molten 
brazing  filler  metals.  If  there  is  residual  or  applied  stress  on  the  parts  being  brazed, 
or  if  stress  is  caused  from  thermal  gradients  during  the  brazing  process,  stress  cor- 
rosion can  occur.  The  braze  material  can  penetrate  the  grain  boundaries  of  the  base 
alloy  which  reduces  its  strength. 

Stress  corrosion  cracking  can  be  prevented  by  the  following: 

(1)  Use  annealed  materials  for  brazing. 

(2)  Prevent  or  remove  externally  applied  stress  during  the  brazing  process. 

(3)  To  reduce  thermal  stresses  heat  bulky  parts  to  brazing  temperature  slowly 
enough  to  allow  an  even  temperature  to  be  reached. 

Stainless  steels  containing  chromium  and  carbon  are  subject  to  carbon  precipita- 
tion when  heated  to  temperatures  between  800°  and  1500°  F.  Carbon- chromium  pre- 
cipitation into  tte  grain  boundaries  is  particularity  susceptible  to  stress  corrosion  from 
braze  metals.  Precipitated  carbon  may  be  redissolved  before  brazir^  by  heat  treating 
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at  1850°  to  2000°  F followed  by  rapid  cooling. 

If  the  brazing  can  be  done  rapidly  (5  to  10  min),  no  appreciable  amount  of  precipi- 
tation can  occur.  Preferred  stainless  alloys  that  are  less  affected  by  this  phenomenon 
are  types  347  and  321. 

Preferred  base  metal  - filler  metal  combinations  are  given  in  table  8-V  (ref.  138). 


TABLE  8-V.  - BASE  METAL  FILLER  METAL  COMBINATIONS 


[Ref.  138,  (pp.  37  to  45)  lists  specific  compositions  of  each  filler  material.3 


A1  and  A1 

and  Mg 

Cu  and  Cu 

Carbon  and 

Cast  iron 

Stainless 

Ni  and  Ni 

alloys 

alloys 

alloys 

low  alloy 

steel 

alloys 

steels 

A1  and  A1  alloys 

BAlSi 

Mg  and  Mg  alloys 

X 

BMg 

Cu  and  Cu  alloys 

X 

X 

BAg,  BAu, 

BCuP, 

RBCuZn 

Carbon  and  low 

BAlSi 

X 

BAg,  BAu, 

BAg,  BAu, 

alloy  steels 

RBCuZn 

BCu, 

RBCuZn, 

BNi 

Stainless  steel 

BAlSi 

X 

BAg,  BAu 

BAg,  BAu, 

BAg,  BAu, 

BAg,  BAu, 

BCu,  BNi 

BCu,  BNi 

BCu,  BNi 

Ni  and  Ni  alloys 

X 

X 

BAg,  BAu, 

BAg,  BAu, 

BAg,  BCu, 

BAg,  BAu, 

BAg,  BAu, 

RBCuZn 

BCu, 

RBCuZn, 

BNi 

RBCuZn 

BCu,  BNi 

BCu,  BNi 

8.  6. 2. 2 Braze  joint  cleanliness.  - The  usual  cleaning  procedure  preparatory  to 
brazing  is  to  remove  everything  down  to  base  metal  (a  thin  oxide  film  will  reform  even 
at  room  temperature).  It  is  important  that  the  cleaned  surface  not  be  contaminated  by 
handling  prior  to  brazing.  Since  aluminum,  magnesium,  manganese,  and  beryllium 
oxides  resist  hydrogen  reduction  and  some  steels  can  become  embrittled  by  hydrogen, 
brazil^  should  be  done  in  a helium  or  argon  atmosphere,  or  better  in  a vacuum. 

8.  6.2. 3 Clearances . - The  clearance  between  surfaces  to  be  brazed  is  generally 
held  between  0.  001  and  0.  003  inch  (ref.  139).  A common  practice  in  brazing  pipe  or 
tubing  is  to  provide  a brazed  joint  depth  of  1 to  diameters. 
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8.7  LINE  RUPTURE 


A gas  at  ambient  temperature  escaping  from  the  open  end  of  a line  or  vessel  yields 
a specific  impulse  of  approximately  50  seconds,  which  is  a considerable  amount  when  it 
is  realized  that  no  chemical  reaction  is  taking  place.  For  example,  a 1-inch  line 
charged  to  200  psi  can  develop  approximately  175  pounds  of  thrust  (see  table  8- VI,’ 
ref.  140).  Therefore,  should  a rupture  occur  in  a line,  flex  hose,  or  bellows,  the  unre- 
strained sections  may  cause  severe  damage  or  injury.  Restraints,  fasteners,  and 
braces  should  be  used  to  prevent  this  type  of  occurrence  especially  in  high  pressure 
systems  (over  2000  psia).  From  this  example,  the  hazards  of  accidently  uncoupling  an 
’’empty”  line  that  in  reality  is  under  pressure  become  obvious. 


TABLE  8- VI.  - OPEN  LINE  THRUST  FORCE^ 


To  calculate  the  force  acting  on  line  opening,  select  ap- 
plicable diameter  and  multiply  right-hand  column  by  the 
source  pressure  (psi). 


Diameter 

opening. 

in. 

Calculated  force 
factor  for  each 
psi  of  source 
pressure 

Diameter 

opening, 

in. 

Calculated  force 
factor  for  each 
psi  of  source 
pressure 

1/8 

0.  18506 

5/8 

0. 5777 

1/4 

. 2832 

3/4 

.6759 

3/8 

. 3814 

7/8 

. 7741 

1/2 

. 4796 

1 

. 8723 

^Ref.  140,  Design  Note  3G1. 
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CHAPTER  9.  SEALS 

Seals  as  applied  to  turbopump  shafts,  valve  seats,  and  valve  stems  have  been  dis- 
cussed in  sections  6. 1,  3,  7.  5,  and  7.  6,  respectively.  While  the  sealii^  principles  and 
design  considerations  are  generally  the  same,  pump  seals  and  valve  seals  have  special 
requirements;  these  special  requirements  were  discussed  as  a part  of  the  component 
overall  design. 

The  various  types  of  seal  configurations  generally  found  in  fluid  systems  are  shown 
in  figure  9.1.  In  order  to  achieve  a seal,  the  contacting  surfaces  must  be  pressed  to- 
gether with  sufficient  force  per  unit  area  to  close  all  leak  paths.  If  a secondary  mate- 
rial is  used  to  achieve  a seal  between  the  surfaces,  the  material  must  maintain  the  pres- 
sure without  being  squeezed  out  or  permitting  pressure  relaxation  due  to  cold  flow  or 
creep.  In  the  case  of  dynamic  seals,  the  seal  material  must  resist  wear  from  rubbing 
friction  to  avoid  seal  surface  damage  by  abrasion  and  pressure  relaxation  from  wear. 


9.1  STATIC  SEALS 

A good  static  seal  is  obtained  when  complete  contact  occurs  between  the  matir^  sur- 
faces at  a uniform  pressure,  which  is  always  greater  than  the  contained  pressure.  This 
can  be  done  either  by  forcing  the  two  surfaces  together  such  that  plastic  flow  of  the  seal 
material  results  or  by  polishing  the  surface  smooth  enough  so  that  elastic  flow  of  the  seal 
material  will  result  in  uniform  surface  contact.  The  plastic  flow  method  is  permissible 
for  a single  or  a very  limited  number  of  sealing  cycles,  whereas  the  elastic  yield  method 
can  be  used  when  multicycle  sealing  is  required,  such  as  with  a poppet  valve. 

Most  of  the  leakage  problems  are  caused  by  compromising  the  preceding  principles. 
Typically,  the  seal  surface  pressure  is  reduced  by  cold  flow  or  creep  of  seal  material 
as  a result  of  temperature  cycling  or  over  stressing.  Other  causes  are  inadequate  con- 
finement of  seal  material  which  permits  extrusion,  poor  surface  preparation,  or  im- 
proper material  selection  for  the  range  of  pressure  and  temperature  conditions. 

Flat  gaskets  are  mainly  used  to  seal  flanged  pipe  connections,  access  covers  for 
tanks,  and  assembled  parts  such  as  pump  housings,  clamshell  valve  housings,  etc.  A 
flat  gasket  must  be  thin  enough  to  prevent  extrusion  or  "blowout"  from  pressure  and 
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thick  enough  to  seal  surface  irregularities  and  waviness. 

The  relatively  large  high  surface  area  of  flat  gaskets  makes  uniform  pressure  dis- 
tribution more  difficult.  Flange  faces  tend  to  bow  out  between  the  bolts,  and  surface 
waviness  from  any  cause  permits  low  sealing  pressure  zones  that  may  allow  leakage  to 
begin  (see  sec.  8.  5.  2 and  fig.  8-8).  The  use  of  serrations  of  the  flange  faces  reduces 
cold  flow,  increases  sealing  pressure  (force  per  unit  contact  area),  and  permits  using 
metal  materials  in  a flat  gasket  type  application.  The  recommended  design  for  the  ser- 
rated seal  is  shown  in  figure  9-2. 


NASA  serrations 


^ Soft  copper  or  aluminum 
1100  gasket  (annealed) 
concentric  inside  and 
outside  within  0. 010  in. 


Pipe  inside  diameter 
concentric  on  cen- 


terline within  0.003  in.  ^ (tube  end) 


0.030  (±0.001) 


Figure  9-2.  - Flange-type  connectors  for  oxygen  (ref.  37,  p.  135).  Flange  connector 
bolts  must  be  periodically  retorqued  since  they  tend  to  loosen  under  cryogenic- 
ambient  temperature  cycling. 


Ring  seals  may  have  a wide  variety  of  configurations.  Some  examples  are  shown  in 
figure  9-1.  Ring  seals  have  a relatively  low  contact  area;  therefore,  the  force  per  unit 
area  can  be  as  high  as  desired  and  can  be  accurately  controlled. 

Providing  a recess  for  the  ring  seals  can  prevent  extrusion  or  blowout.  In  a V-  or 
C-ring  configuration,  high  pressure  fluid  can  enter  the  open  side  and  help  provide  a 
sealing  pressure.  The  same  applies  to  dynamic  chevron  seals  or  lip  seals.  For  extra 
sealing  pressure  in  lip  seals,  garter  rings  may  be  used. 

Surface  finishes  for  elastomer- metal  contact  surfaces  are  not  too  critical;  that  is, 
the  average  machine  finish  can  be  tolerated  if  the  elastomer  coating  or  thickness  is 
greater  than  three  times  the  maximum  asperity  height  or  surface  finish  roughness. 
However,  depending  on  the  application,  20  to  40  microinches  is  recommended  for  the 
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metal- nonmetal  surfaces  and  4 to  20  microinches  for  metal-metal  surfaces.  See  sec- 
tion 7.5  for  valve  element  - seat  surface  finishes. 

Figure  9-3  shows  the  surface  finish  range  that  results  from  various  processes. 
Surface  roughness  measuring  instruments  and  their  measxirement  capability 
(ref.  122,  pp.  11  to  22)  are  as  follows: 

(1)  Electromechanical  stylus  (vertical  readout,  X50  000).  (Typical  tip  radius  is 

0.  005  to  0.  0001  in.  or  500  to  100  iiin.  diam. ) 

(2)  Optical  interferometer  (sensitive  to  0.  02  /u.in. ) 

(3)  Electron  microscope  (0.2  /uin. ) 

(4)  Optical  microscope  (6.  7 /lin. ) 


Figure  9-3.  - Typical  surface  finishes  produced  by  various  manufacturing  techniques  (ref.  51.  p.  6.  3.  2-7). 
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9.2  DYNAMIC  SEALS 


The  basic  requirement  for  a minimum  leakage  dynamic  seal  is  the  same  as  the 
static  seal,  except  that  the  design  condition  must  be  maintained  with  relative  motion  be- 
tween the  seal  and  mating  surface. 

The  dynamic  joint  design  is  the  result  of  compromises  between  permissible  leakage 
rates,  joint  life,  and  many  other  factors  that  affect  these  two  variables.  For  example, 
the  amount  of  rotation  of  a valve  stem  is  extremely  small  compared  to  a turbopump  shafi 
seal.  In  the  case  of  the  valve  stem,  near  zero  leakage  can  be  obtained  with  relatively 
low  seal  wear.  Zero  leakage  can  be  achieved  with  sliding  shaft  seal  designs  by  using 
bellows  or  diaphragms. 

Typical  design  specifications  for  dynamic  O-ring  seals  are  given  in  figure  9-4. 

Seal  material  selection  for  dynamic  seals  are  discussed  in  sections  9.3  and  in  6.3.2 
and  7. 3 for  pumps  and  valves,  respectively. 


Break  corners  to  approx- 
imately 0.005  in.  radius 
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o-ring 
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in. 

O-ring 
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min. 
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in. 
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Two  times 
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in. 
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1/16 
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3/16 
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0. 070  + 0. 003 
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.139±  .004 
.210±  .005 
.275±  .006 

0.010 

.010 

.012 

.017 

.029 

0.015 

.017 

.022 

.032 

.049 
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.090 

.123 

.188 

.240 
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.083 

.113 

.173 

.220 

3/32 

9/64 

3/16 

9/32 

3/8 

1/64 

1/64 

1/32 

3/64 

1/16 

0.005 

.005 

.006 

.007 

.008 

Fluid  pressure 

O-ring  compound  hardness 

0-1000  psi 
1000-2000  psi 
2000  psi  and  higher 

70  Shore  "A"  durometer 
80  Shore  "A"  durometer 
90  Shore  "A"  durometer 

^Tolerance,  +0.000,  -0.001  in. 
“Tolerance,  +0.000,  -0.005  in. 


Figure  9-4.  - Dynamic  seal  for  translation  or  rotation  (ref.  70,  p.  290). 
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9. 2. 1 Surface  Finish  Requirements 


The  sliding  surfaces  in  contact  with  dynamic  O-ring  seals  should  be  ground,  honed, 
or  polished  to  a finish  of  8 to  10  microinches  rms.  A finish  within  this  range  yields  a 
longer  life  than  either  rougher  or  smoother  finishes.  Codirectional  patterns,  as  pro- 
duced by  honing,  have  been  proven  to  be  the  best  surface  finish  for  any  type  of  dynamic 
sliding  seal.  For  still  better  results,  after  an  initial  finishing,  the  surface  could  be 
hard  clirome  or  nickel  plated  and  again  finished.  The  plating  provides  a hard,  slippery 
surface  that  resists  corrosion,  wear,  and  scratching. 


9. 2. 2 Friction  of  Dynamic  0-Ring  Seals 

The  breakaway  friction  of  a dynamic  O-ring  seal  is  usually  about  three  times  the 
running  friction.  Breakaway  and  running  frictions  increase  with  fluid  pressure,  O-ring 
hardness,  diametral  squeeze,  and  temperature  decrease.  Accurate  values  of  O-ring 
frictions  can  only  be  obtained  experimentally  for  a given  design. 


9.3  SEAL  MATERIALS 

An  example  of  the  types  of  materials  preferred  for  use  in  liquid  or  gaseous  oxygen 
systems  is  given  in  table  9-1.  Except  for  the  silicone  rubber,  these  materials  meet 
MSFC  Specification  106- B (ref.  45)  for  compatibility  with  oxygen.  Their  physical  pro- 
perties vary  enough  to  meet  almost  any  sealing  requirement.  Silicone  rubber  has  been 
included  based  on  service  experience  with  the  Apollo  Personnel  Life  Support  System. 
Viton  was  being  used  as  a seal  material  in  this  system;  however,  the  Viton  O-rings 
exposed  to  a 7500  psia  oxygen  pressure  in  the  regulator  valve  failed  because  of  oxygen 
absorption.  When  depressurized,  the  material  was  fractured  from  the  pressure  of  the 
absorbed  gas.  A modified  Viton,  identified  as  D-80,  has  been  developed  for  use  with 
oxygen  at  pressures  up  to  3000  psia  (ref.  141,  appendix  II  and  p.  4). 

The  hardness  and/or  compressive  strength  of  materials  are  the  best  physical 
properties  when  comparing  the  mechanical  characteristics  of  materials  for  seal  appli- 
cation. Where  the  sealing  force  or  loading  is  high  and  the  seal  contact  surface  area  is 
small,  a harder  material  must  be  used  to  resist  unwanted  deformation  and  to  resist 
creep.  Where  the  sealing  force  or  loading  is  low  and  the  seal  contact  surface  is  large, 
a softer  more  compliant  material  must  be  used  to  permit  maximum  surface  to  surface 
contact.  Figure  9-5  shows  the  hardness  range  of  selected  materials.  The  hardness  and 
stiffness  of  each  material  increases  with  increasing  shore  or  Rockwell  value. 
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TABLE  9-1.  - PREFERRED  SEAL  MATERIALS  FOR  OXYGEN 


[Nonmetals  may  also  be  used  as  plating  material.  ] 


(a)  Nonmetals 


Trade  name 

Chemical  name  or  description 

Teflon  TFE 

Polytetrafluoroethylene 

Halon  TFE,  G-80 

Polytetrafluoroethylene 

Rulon  A 

Polytetrafluoroethylene  with  MoSg  filler 

Nickel-filled  Teflon 

Polytetrafluoroethylene  with  nickel- 
powder  filler 

15-Percent  glass-filled  Teflon 

Polytetrafluoroethylene  with  glass  fibers 

Teflon  FEP 

Fluorinated  ethylene  proplene 

Kel-F  81 

Polychlorotrifluoroethylene  (CTFE) 

Kel-F  82 

Copolymer  of  CTFE  and  3 mole  percent 
vinylidene  fluoride 

Plaskon  2400 

Polychlorotrifluoroethylene  (CTFE) 

Halon  TVS  (now  called  Plaskon  2200) 

Polychlorotrifluoroethylene  (CTFE) 

Kynar 

Vinylidene  fluoride 

Viton  A 

Copolymer  of  vinylidene  fluoride  and 
hexafluoropropylene 

Fluorel 

Copolymer  of  vinylidene  fluoride  and 
hexafluoropropylene 

Silastic 

Silicone  rubber 

(b)  Metals 


Aluminum 

Copper  alloys 

Lead 

Rhodium^ 

Aluminum  alloys 

Gold^ 

Monel 

Silver^ 

Chromium^ 

Inconel 

Nickel 

Stainless  steel 

Copper 

Indium^ 

Platinum^ 

Tin®^ 

^Usually  restricted  to  use  as  a surface  plating  material. 
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Figure  9-5.  - Hardness  spectrum  for  elastomers  and  plastics  (ref.  51,  p.  12.  3-1). 


9.3.1  Extrusion 

The  problem  of  O-ring  extrusion  under  various  pressures  and  applications  is  shown 
pictorially  in  figure  9-6.  The  extrusion  tendency  of  a material  can  be  estimated  from 
figure  9-7.  This  figure  related  the  tendency  to  extrude  or  to  resist  extrusion  as  a func- 
tion of  the  clearance  gap  and  the  pressure  differential  and  shore  hardness.  A proper 
combination  of  clearance  gap  and  O-rir^  hardness  may  prevent  extrusion.  Extrusion 
may  also  be  avoided  by  providing  a backup  ring  on  the  side  of  the  O-ring  opposite  the 
high  pressure  source  (fig.  9-6).  For  dynamic  seals  for  pressures  in  excess  of  800  psi, 
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Zero  pressure 


Increasing  pressure 

\ 

differerttial 


Extrusion 


Rectangular 

(land) 


Nonextrusion  rings 
(backup  rings) 


Figure  9-6.  - 0-ring  extrusion  (ref.  140,  design  note  3F2,  p.  4). 
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(a)  New  method.  0-ring  roiled  over  sleeve 
type  tool  which  protects  0-ring  from  threads. 


(b)  Old  method.  0-ring  rolled  over  threads 
which  can  damage  0-ring. 

Figure  9-8.  - Tool  for  preventing  0-ring 
damage  during  installation  (ref.  140, 
design  note  3F2,  p.  6). 


0 . 004  . 008  . 012  . 016  . 020 

Maximum  flange  gap  for  static  seal,  in. 

Figure  9-7.  - Extrusion  characteristics  of  0-rings  (ref.  133, 
p.  60).  Information  originally  from  Seal  Compound  Manual, 
Parker  Seal  Co.  Catalog  C5702,  July  1964. 


Teflon  or  Kel-F  backup  rings  are  recommended.  Where  it  is  required  that  pressure  be 
applied  from  either  direction,  a backup  ring  on  both  sides  of  the  O-ring  may  be  used. 
Sharp  corners  around,  in,  or  near  O-ring  grooves  should  be  avoided.  Seals  forced  into 
sharp  corners  can  damage  the  seal  ring  surface  (see  inset  in  fig.  9-4).  Seal  failures 
can  also  occur  from  cuts  sustained  by  installation  over  sharp  edges  such  as  threads.  An 
installation  tool  such  as  that  shown  in  figure  9-8  can  help  to  alleviate  this  problem. 
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9.3.2  Creep 


Permanent  dimensional  changes  (set)  in  a material  due  to  an  imposed  load  (below 
normal  yield  stress)  are  referred  to  as  cold  flow  or  creep.  Such  dimensional  changes 
in  seals  can  result  in  leakage.  The  effect  of  crystallinity,  temperature,  and  pressure 
on  the  creep  characteristics  of  materials  commonly  used  in  oxygen  systems  is  shown  in 
figures  9-9  to  9-15. 

Creep  data  for  selected  materials  at  room  temperature  exposed  to  a 3000  psi  stress 
are  given  in  figure  9-9  (ref.  142).  Figure  9-10  (ref.  143)  illustrates  the  effect  of  crys- 
tallinity on  the  creep  rate.  For  Teflon,  a sharp  reduction  in  creep  rate  exists  over  a 
narrow  band  of  crystallinity  between  70  and  80  percent.  Thus,  it  can  be  helpful  to  spe- 
cify the  crystallinity  of  polymeric  material  where  creep  must  be  minimized.  Additional 


Time,  min 

Figure  9-9.  - Creep  data  for  various  gasket  materiais  at  ambient  tempera- 
ture and  stress  of  3000psi  (ref.  142,  p.  20).  Duroid  5600  and  5650, 
ceramic-filled  Teflon;  Fluorogold,  fiberglass-filled  Teflon,-  Fluorogreen, 
fiberglass-filled  Teflon;  Allpax  500,  Fluorolub  treated  asbestos  fiber 
with  Styrene/  Butadiene  binder  (not  recommended  for  oxygen  systems)- 
Halon  TVS,  modified  CTFE. 


Crystallinity,  percent 


Figure  9-10.  - Effect  of  crystallinity  on  creep  rate  (ref.  143,  p.  98). 


155 


2800i— 


2400 


2000 


16001 


LOX  grade  KEL-F 
_Halon  TVS  270 

— ^Duroid  5650 


/ 

/ 


-Fluorogold 
-Teflon  FEP 
-Duroid  5600 


Allpax  XT' 
treated^' 


/ / /A-TeflonTFE 
''  /'^-'^-Fluorogreen  E600 


10 


100 


Time,  min 


1000 


±_uJ 


10  000 


Figure  9-11.  - Room  temperature  stress  relaxation  data  (ref.  142,  p.  21). 
Trade  name  designations  in  figure  9-9. 


Figure  9-12.  - Stress  relaxation  data  for  -320°  F (-196°  C)  (ref.  133,  p.  22). 
See  figure  9-9  for  trade  name  identifications. 


data  showing  the  effects  of  crystallinity  on  physical  properties  for  selected  materials 
are  given  in  tables  3-XII  and  3-Xin.  Stress  relaxation  data  for  the  same  materials  are 
given  for  room  temperature  and  at  -320°  F in  figures  9-11  and  9-12,  respectively.  Note 
that  the  creep  at  cryogenic  temperature  is  nearly  zero  at  the  test  loads.  Creep  data  for 
selected  metal  candidates  for  seal  application  are  given  in  figures  9-13  to  9-15. 

The  coefficient  of  thermal  expansion- contraction  of  seal  materials  varies  consider- 
ably and  should  also  be  taken  into  account  in  all  seal  design  (see  table  9-II). 

A commonly  used  solution  to  the  creep  problem  and  the  expansion- contraction  prob- 
lem is  to  use  metal  seals  coated  with  the  appropriate  polymer  (in  most  cases  a fluoro- 
carbon poljrmer).  This  provides  a combination  of  the  overall  hardness,  strength,  and 
thermal  expansion  characteristics  of  a metal  seal  and  the  surface  characteristics  of  a 
polymer  seal.  This  technique  is  more  successful  in  static  seals  than  in  dynamic  seals, 
however,  because  the  relatively  thin  polymeric  coatings  are  more  easily  damaged  in 
sliding  seals. 


156 


Tensile  stress,  psi  Strain,  in. /in. 


.40| 


.101 1 ^ I 1 1 I 1 ^ I I I.  I 

0 500  1000  1500  2000  2500  3000 

Time,  min 

Figure  9-13.  - Creep  characteristics  of  1100-0  aluminum  at  196°  F (ref.  133,  p.  21). 
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Figure  9-14.  - Creep  properties  of  copper  (ref.  133,  p.  19). 
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50x10^ 


TABLE  9-II.  - LINEAR  THERMAL  EXPANSION 


OF  TYPICAL  SEAL  MATERIALS^ 


Material 

Contraction 
(+75°  to 
-65°  F), 
in.  /ft 

— 1 

Expansion 

(-75°  to 

+375°  F), 

in.  /ft 

Coefficient  of 
expansion, 
in. /(in.  )(°F) 

Teflon 

0.093 

0.  148 

5.  5X10'^ 

Nitrile,  general  purpose 

. 218 

. 468 

13.  0 

Chloroprene 

. 190 

. 407 

11.  3 

Viton-A 

. 130 

. 277 

9.  0 

Kel-F 

.064 

. 137 

3.  5 

Silicone 

. 252 

. 540 

15.  0 

High-temperature  aluminum,  2017 

.022 

. 047 

13.  0X10"® 

Stainless  steel,  type  302 

.016 

— 

. 035 

9.6 

^Ref.  51,  sec.  6.3.2.  7. 


9.3.3  Special  Considerations  for  Very  High  Pressures 

During  the  early  phases  of  the  Apollo  program  silicone  rubber  O-ring  seals  were 
used  for  the  high  oxygen  pressure  applications  in  the  personnel  life  support  system 
(PLSS)  and  the  emergency  oxygen  system.  The  material  was  selected  because  of  the 
favorable  experience  gained  during  the  Mercury  and  Gemini  programs  where  silicone 
rubber  was  used  for  high  pressure  oxygen  applications.  Subsequent  to  the  Apollo  7 fire, 
all  of  the  silicone  rubber  seals  in  the  high  pressure  (over  5000  psia)  portable  life  sup- 
port system  and  oxygen  pressurization  system  applications  were  replaced  by  Viton  be- 
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cause  Viton  passed  the  standard  mechanical  impact  compatibility  test  and  silicone  rubber 
did  not.  However,  the  Viton  seals  were  found  to  be  functionally  unsuitable  at  this  pres- 
sure and  silicone  rubber  O-ring  seals  were  reinstituted. 

The  rationale  exercised  in  reinstituting  silicone  rubber  seals  is  completely  explained 
in  reference  124.  Basically,  the  problem  encountered  with  the  Viton-A  seal  centered  on 
its  absorption  of  oxygen  gas  under  high  pressures  and  its  subsequent  inability  to  relieve 
the  internal  pressure  from  absorbed  gases  without  rupture  when  the  system  was  depres- 
surized. Alternate  materials  were  considered  and  rejected  for  various  reasons:  three 
such  reasons  are  (1)  similarity  to  Viton-A,  (2)  inadequate  test  data,  and  (3)  poor  com- 
pressive set  characteristics.  It  was  finally  concluded  that,  based  on  extensive  satisfac- 
tory experience  (in  excess  of  19  500  hr  of  logged  and  estimated  operating  experience)  in 
the  Mercury,  Gemini,  and  Apollo  programs,  at  pressures  exceeding  5000  psia,  silicone 
rubber  was  the  most  satisfactory  seal  material  available.  Then,  since  the  seals  in  this 
application  were  heat  sinked  and  not  exposed  directly  to  oxygen  flow,  and  in  view  of  addi- 
tional ignition  tests  successfully  performed,  silicone  rubber  seals  were  reinstituted. 
Representative  high  pressure  (7500  psi  and  above)  seal  designs  using  silicone  rubber  are 
illustrated  in  figure  9-16  for  both  static  and  dynamic  applications. 


High  pressure  (7500  psia) 


(a)  Ambient  dynamic  seal. 
Ambient 


(b)  Static  seal. 


Figure  9-16.  - Dynamic  and  static  seals 
(ref.  124). 
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9.4  LEAKTCSTS 


Leak  testing  may  be  categorized  as  either  leak  measurement,  the  total  leak  meas- 
urement, or  leak  location.  Generally,  the  procedure  is  to  measure  total  leakage  and 
then,  if  necessary,  locate  the  individual  leaks. 

Laminar  flow  leaks  can  have  very  tortuous  paths  and,  even  for  pressures  above 
3000  psi,  a test  time  of  3 to  4 hours  may  be  required  for  leak  detection  by  measuring 
pressure  loss  in  the  system.  Other  commonly  used  test  techniques  vary  widely  in  sen- 
sitivity and  complexity;  these  techniques  can  vary  from  soap  solution  bubble  testing 
(maximum  sensitivity  to  10  std  cm  /sec)  to  a bell  jar  - helium  mass  spectrometer 
(maximum  sensitivity  better  than  10“  std  cm  /sec,  or  1 std  cm  /32  yr).  Soap  solution 
testing  may  be  quite  adequate  for  many  oxygen  propellant  ground  and  flight  systems 
using  nitrogen  as  a pressurant  gas.  However,  as  leakage  requirements  become  more 
stringent,  as  for  a long  duration  interplanetary  mission,  it  may  become  necessary  to 
employ  the  more  sensitive  testing  techniques  such  as  the  helium  mass  spectrometer. 
These  techniques  are  discussed  in  references  55  (pp.  11  to  13)  and  56. 

Since  helium  is  the  most  common  tracer  gas  used  for  leak  measurement,  table  9-III 
is  included  showing  some  acceptable  leak  detection  methods  for  various  allowable  helium 


TABLE  9-m.  - LEAKAGE  MEASUREMENT  USING  GASEOUS  HELIUM 


Allowable 

leakage, 

standard 

cm^/sec 

Approximate 

equivalent 

Leak  detection 
method 

Remarks 

1.  OxlO"^ 

0.  6 cm^/min 

Water  submer- 

Detectable  and  meas- 

(6  to  10  aver- 

si  on,  wet  test 

able  with  simple 

age  size  bub- 
bles in  2 min) 

meter,  or 
flowmeter 

equipment 

1.  0X10"^ 

1 cm  in  17  min 

Water  submer- 

Easy  to  get  false  indica- 

(no  bubbles  in 

sion  or  wet  test 

tions;  trapped  gas  be- 

2 min) 

meter 

tween  flanges,  outside 
of  seal,  and  desorbed 
gases  from  external 
surfaces  may  indicate 
leakage 

1.  0xl0‘® 

1.  0 cm^  in 

Mass  spectrom- 

Leak  check  requires  ap- 

12  days 

eter 

proximately  1/2  hr  to 
set  up  and  1/4  hr  to 
test 

1.  OxlO""^ 

1.  0 cm^  in 

Mass  spectrom- 

Leak  check  requires  ap- 

4 months 

eter 

proximately  1/2  hr  to 
set  up  and  1/4  hr  to 
test 
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leak  rates.  A discussion  of  leakage,  including  specification  limits  for  system  leakage 
in  terms  of  helium  gas,  and  a discussion  of  zero  leakage,  may  be  found  in  section  4. 1. 

A summary  of  commonly  available  test  techniques  and  their  approximate  sensitivi- 
ties are  shown  in  figure  9-17. 


n — 

Sonics 

1 cm^/min 

u 

Soap  bubble  devices 

1 n 1 

1 

Radioactive  gases 

1 U 1 

L 

10 


10" 


10" 


10' 


10 


,-5 


10 


-6 


High-voltage  discharge 
I ~"l  I 


1 cm^/hr 


Intrinsic  tracers 


1 cm^/day 


1 cm^/wk 


Soap  solution  immersion 


X 


XX 


Halide  torch  LD 

zi:~r 


n: 


Helium  LD  (hand  probe) 


W/99:l  Ny  HE 


X 


10 


-7 


10 


-8 


10 


-9 


10 


1 cm^/month 


Halogen  LD 


IXHL 


Chemical  test  papers 


Hydrogen  sensitive  LD 


XX 


XX 


X 


Oxygen  tracer/electron  emission  LD 


10"^^  10'^^  10'^^  10'^^  stdcm^/sec 


1 cm^/yr 


1 n 1 — r 

-~rx — rxL 

Radioactive  gages 

Ideal  conditions 

1 1 1 1 1 

FT  HT 

Argon  pressure  rise  LD 

1 n 1 n I ^ n 

Helium  mass  spectrometer  with  bell  jar 

(ideal;  special-type) 

Figure  9-17.  - Test  methods  and  their  test  sensitivities  (ref.  55,  p.  12).  Leak  detector,  LD. 
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CHAPTER  10.  FILTERS 


As  noted  earlier,  solid  particles  in  oxygen  systems  can  cause  abrasion  and  impact 
ignition  of  sensitive  materials  and  clogging  of  close  clearances.  Generally,  the  oxygen 
as  supplied  by  the  vendor  meeting  MSFC  Specification  399A  (table  2-VII)  has  been  fil- 
tered to  remove  particles  greater  than  10  microns  nominal  and  40  microns  absolute. 

This  is  adequate  for  most  oxygen  system  requirements  provided  that  no  additional  con- 
taminant is  introduced  by  subsequent  handling. 

Particulate  contamination  is  most  critical  in  high  pressure  gaseous  oxygen  systems 
for  two  reasons:  first,  gaseous  systems  are  generally  at  room  temperature  or  higher, 
which  reduces  the  energy  requirement  to  cause  ignition,  and  second,  gaseous  systems 
can  easily  accelerate  particles  to  sonic  or  even  supersonic  velocities.  This  results  in 
very  high  impact  energies.  Consequently,  filters  may  be  required,  especially  in  high 
pressure  gaseous  oxygen  systems.  Where  high  reliability  is  required,  careful  control 
of  particulate  contamination  and  system  cleanliness  verification  (sec.  4.  5)  must  be 
maintained. 

Where  it  is  possible  to  provide  contaminant- controlled  oxygen  to  a contaminant- free 
system,  system  filters  may  not  be  required.  Where  filters  are  required  to  guarantee 
particle  control,  they  should  be  installed  in  the  section  of  the  oxygen  system  which  has 
a low  flow  velocity.  This  provides  for  a minimum  AP,  lower  potential  for  high  velocity 
particle  impact,  and  minimal  scrubbing  action  of  the  fluid  through  the  filter.  The 
degree  of  filtration  is  dictated  by  (1)  size  of  orifices,  pores,  slots  or  passages, 

(2)  clearances  between  sliding  (or  static)  surfaces,  and  (3)  the  hazard  of  entrained 
material  impacting  or  abraiding  a surface. 

Unless  test  data  permit  otherwise,  the  following  criteria  are  suggested: 

(1)  Filter  to  a particle  size  that  is  10  percent  less  than  the  smallest  orifice,  pore, 
or  passage  to  remain  unplugged. 

(2)  Remove  by  filtration  particles  that  exceed  10  times  the  asperity  height  of  the 
land  surfaces  where  all  metal  valve  surfaces  are  used  in  a shutoff  valve  application 
(see  sec.  7.  8). 

(3)  Solid  particulates  should  be  limited  as  follows: 

4000  to  1000  microinches  for  low  pressure  gaseous  oxygen  systems  (500  to 
2000  psia) 
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1000  to  250  microinches  for  medium  pressure  (2000  to  7500  psia) 

250  to  100  microinches  for  high  pressure  (7500  to  10  000  psia) 

100  to  40  microinches  for  pressure  above  10  000  psia 

Oxygen  filters  require  special  design  and  maintenance  considerations.  Usually, 
filters  are  changed  when  the  pressure  loss  across  the  element  becomes  too  great.  With 
oxygen  filters  it  must  be  remembered  that  the  unit  is  filtering  and  storing  solid  contam- 
inants. If  the  contaminants  include  a high  percentage  of  hydrocarbons,  which  may  be 
increasing  with  each  use,  it  should  also  be  assumed  that  the  filter  could  be  sensitive  to 
shock  and  ignition  sources  (ref.  144,  p.  10). 

Filter  isolating  valves  should  be  installed  in  the  line  so  that  the  pressure  in  the 
filter  can  be  relieved  and  the  filter  element  removed  for  cleaning.  This  may  mean  two 
filters  in  parallel  where  the  flow  of  oxygen  cannot  be  interrupted  while  the  filter  ele- 
ment is  being  cleaned.  Bypass  lines  to  permit  removal  of  the  filter  element  for  clean- 
ing are  not  recommended  unless  a high  degree  of  control  can  be  exercised  over  the  use 
of  the  bypass  line. 

Since  pressure  losses  across  the  filter  increase  with  filter  fineness  and  residue 
accumulation,  system  tolerance  for  such  pressure  loss  must  be  provided.  The  stand- 
ard procedure  for  monitoring  the  filter  condition  is  by  AP  measurement. 

Because  of  the  pressure  drop  across  a filter,  filters  may  not  be  tolerable  in  liquid 
systems.  However,  components  may  be  protected  from  damage  due  to  large  particu- 
lates by  a screen  which  introduces  only  a slight  pressure  drop. 

Some  of  the  more  common  filter  element  types  are  listed  in  table  lO-I.  A chart  of 
square  mesh  wire  screen  sizes  is  included  as  table  10- II  and  standard  grades  of  twilled 
dutch  double  weave  wire  cloth  in  table  lO-III. 

Filter  elements  of  bronze,  nickel,  monel,  or  stainless  steel  are  preferred.  Typ- 
ical elements  are  sintered  bronze  or  screens  of  materials  as  listed  in  table  lO-HI.  In 
operation,  the  manufacturer's  maximum  recommended  pressure  drop  must  not  be  ex- 
ceeded because  the  loss  of  filter  element  integrity  in  an  oxygen  line  or  component  could 
easily  result  in  a fire. 

When  conical  wire  mesh  screens  are  used,  the  cone  must  point  upstream  so  that 
the  screen  will  be  self- cleaning  by  washing  debris  to  the  wall  of  the  pipe.  This  orien- 
tation will  result  in  collecting  particles  in  a location  which  will  result  in  the  least  pos- 
sible pressure  drop  across  the  screen. 
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TABLE  lO-I.  - FILTER  ELEMENT  TYPES^ 


Filter 

Filtra- 

tion 

Filtration  rating  range 
available, 

Nominal^ 

Absolute 

Square  mesh  wire  cloth  or 

Surface 

40  and  up 

twilled  Dutch  single 

weave  wire  cloth 

Sintered  square  mesh  wire 

Surface 

40  and  up 

cloth  or  sintered  twilled 

Dutch  single  weave  cloth 

Wound  wire  cloth 

Depth 

2 and  up 

Twilled  Dutch  double 

Surface 

8 to  100 

weave  wire  cloth 

Sintered  porous  metal 

Depth 

2 to  60 

5 to  135 

Composite  sintered  porous 

Depth 

2 to  60 

metai  and  mesh 

Etched  disk 

Depth 

0.  5 to  75 

1 to  150 

Edge  (ribbon  or  stacked 

Surface 

40  to  125 

washer) 

25  to  500 

^Ref.  51.  p.  5.  10.  4-2. 

II  = 39.  4 pin. 

^Nominal  rate  shown  only  for  reference  when  absolute  rat- 
ings are  not  commonly  employed  for  medium. 


TABLE  10-11.  - SQUARE  MESH  WIRE  SCREEN  SIZES^ 


U.  S.  sieve  number  (mesh) 

50 

100 

140 

200 

270 

325 

400 

Wire  per  in. 

52.  36 

101.01 

142.  86 

200.0 

270.  26 

323.  00 

400 

Wire  diameter,  in. 

0. 0085 

0.  0043 

0.  0030 

0.0021 

0.  0015 

0.0012 

0.  0010 

Sieve  opening,  in. 

0.0117 

0.  0059 

0.  0041 

0.0029 

0, 0021 

0.0017 

0.  0015 

Sieve  opening,  p 

297 

149 

105 

74 

63 

44 

37 

^Ref.  51,  p.  5.10.2-2. 


TABLE  lO-III.  - STANDARD  GRADES  OF  TWILLED  DUTCH 


DOUBLE  WEAVE  WIRE  CLOTH^ 


(a)  Wire  cloth  specifications 


Grade 

Nominal 
mesh  count 

Absolute 

micron 

rating 

Wire  diam- 
eter, jj. 

Nominal 

thick- 

ness, 

in. 

Nominal 

weight, 

Ibf/ft^ 

Warp 

Shute 

01 

24  X 230 

100.  0 

380 

220 

0.0350 

02 

30  X 250 

75.  0 

250 

200 

. 0280 

0.  719 

03 

50  X 250 

50.0 

250 

200 

. 0280 

. 633 

04 

80  X 745 

35.  0 

100 

76 

.0110 

. 241 

28 

165  X 1350 

20.  0 

70 

40 

.0057 

. 159 

41 

200  X 1350 

15.  0 

70 

40 

. 0057 

. 161 

51 

250  X 1350 

12.  5 

55 

40 

.0051 

. 160 

67 

325  X 2100 

10.  0 

38 

25 

. 0033 

. 100 

75 

375  X 2150 

7.  5 

34 

24.  5 

. 0031 

. 095 

(b)  Allowable  tolerances 


Warp  wire  mesh  count 

Shute  wire  mesh  count 

Wire  diameter 

Warp  wire 

Number  of 

Shute  wire 

Number  of 

Wire  diam- 

Diameter 

mesh  count 

tolerance 

mesh  count 

tolerance 

eter. 

tolerance, 

wires  per 

wires  per 

M 

M 

inch 

inch 

Up  to  49 

±0.  3 

Up  to  250 

±20 

Up  to  25 

±1/2 

50  to  74 

±.  5 

251  to  1000 

±25 

26  to  99 

±1 

75  to  99 

±1.  1 

1001  to  2000 

±30 

100  to  199 

±2 

100  to  400 

±2.  0 

2001  to  3000 

±50 

200  to  400 

±3 

(c)  Available  materials 


Finest  available  grade 

Finest  wire  size. 
M 

Type  of  material 

Grade  75;  375  X 2150 

18 

AISI  304,  304L  stainless  steel 

Grade  41;  200  x 1350 

25 

AISI  316,  Monel,  nickel 

Grade  04;  80  x 745 

50 

AISI  321,  347  stainless  steel 

^Ref.  51,  p.  5.10.4-4. 


APPENDIX  A 


DEFINITION  OF  ABDREVIATIONS  AND  ACRONYMS 
AND  TRADE  NAME  IDENTIFICATION 

This  appendix  contains  a listing  of  acronyms  and  abbreviations  used  in  the  text  along 
with  their  definitions.  Also  included  is  a listing  of  chemical  terms  used  and  their  com- 
mon trade  names.  This  list  of  chemical  terms  is  included  only  for  assistance  to  the 
reader  and  is  not  meant  to  imply  endorsement  of  the  trade  names  listed  nor  disapproval 
of  those  which  may  have  been  omitted. 

DEFINITION  OF  ABBREVIATIONS  AND  ACRONYMS 

Term  Definition 

ABS  acrylonitrile- butadiene- styrene  copolymer 

AN  Air  Force /Navy  Aeronautical 

ANSI  American  National  Standards  Institute 

ASRDI  Aerospace  Safety  Research  and  Data  Institute 

ASTM  American  Society  for  Testing  and  Materials 

ASME  American  Society  of  Mechanical  Engineers 

CGA  Compressed  Gas  Association 

CM  command  module 

CNR  carboxy  nitroso  rubber 

CTFE  (poly)  chlorinatedtrifluoroethylene 

DN  bearing  bore  x rpm 

DOT  Department  of  Transportation 

EB  electron  beam 

EPR  ethylene  propylene  rubber 
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Term 


Definition 


EVA  extravehicular  activity 

FEP  fluorinated  ethylene-propylene  (copolymer) 
FLOX  fluorine- oxygen  mixtures 

FRC  Flight  Research  Center 

g acceleration  of  gravity  (32. 2 ft/sec  ) 

GMA  gas  metal  arc 

GN2  gaseous  nitrogen 

GOX  gaseous  oxygen 

GSE  ground  support  equipment 

GTA  gas  tungsten  arc 

JP4  jet  fuel  grade  kerosene 

JPL  Jet  Propulsion  Laboratory 

JSC  Johnson  Space  Center 

KSC  Kennedy  Space  Center 

LeRC  Lewis  Research  Center 

LM  lunar  module 

LOX  liquid  oxygen 

MC  Marshall  Center  (Marshall  Spaceflight-  Center) 

MS  Military  Standard 

MSC  Manned  Spacecraft  Center,  see  JSC 

MSFC  Marshall  Space  Flight  Center 

NASA  National  Aeronautics  and  Space  Administration 

NBS  National  Bureau  of  Standards 

OPS  oxygen  purge  system 

PBI  polybenzimidazole 

PLSS  Personnel  Life  Support  System 

PV  pressvire-velocity 

PVC  polyvinylchloride 
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Term 


Definition 


RCS  reaction  control  system 

RTV  room  temperature  vulcanizing 

SCFM  standard  cubic  feet  per  minute 

SCIM  standard  cubic  inches  per  minute 

SM  service  module 

STP  standard  temperature  and  pressure 

TFE  (poly)  tetrafluoroethylene 

TGA  thermogravimetric  analysis 

TIG  tungsten  inert  gas 

TNT  trinitrotoluene 

T.  O.  technical  order 

USAF  United  States  Air  Force 


TRADE  NAME  IDENTIFICATION 

Trade  or  common  name  Chemical  name  or  definition 


AFD-E-124D 


, Allpax  500 

Armalon 
Arylon  T-3198 
Atlac  711 
Avisun  2356 
Bakelite  phenolic 
Buna-S 
Butyl  rubber 
Cab-  o-sil 


terpolymer  of  perfluorovinyl  ether  and 
Teflon  (TFE)  (experimental  fluoroelas- 
tomer) 

fluorolube  treated  asbestos  fiber  with  sty- 
rene butadiene  binder 

Teflon  (TFE)  coated  glass  fiber 

poljraryl  ether 

polyester 

polypropylene 

phenolic  resin 

polybutadiene -styrene  copolymer 
isobutylene-isoprene  copolymer 
sintered  colloidal  silica  particles 
polyacetal 


Celcon 


Trade  or  common  name 


Chemical  name  or  definition 


Cosden  825  TV 
Cycolac  KT  and  KL 

Cycovin  KA 

Dacron 
DC- 33 
DC- 41 
Dowclene  10 

Drilube  822 
Durez  2311 

Duroid  (5000  series) 

Dylene  8X 

Epon 

Fluorel 

Fluorogold 

Fluorogreen 

Fluorosilicone 

Formvar 

Geon  101 

Glyptal 

Halocarbon 

Halon 

Halon  TVS 

Kel-F  81 

Kel-F  82 


polystyrene 

acrylonitrile  - butadiene-  styrene  copolymer 
(ABS) 

acrylonitrile-butadiene-styrene  copolymer 
(ABS) 

polyester  fiber  (polyethylene  terephthalate) 
silicone  grease 
silicone  grease 

emulsion  of  caustic  soda,  detergent,  and 
sequestering  agent 

fluorinated  silicone 

acrylonitrile-butadiene- styrene  copol3rmer 
(ABS) 

filled  Teflon  (TFE) 
polystyrene 
epoxy  adhesive 

viny  lidene  fluoride  - hexaf  luor  opr  opylene 
copolymer 

fiberglass  filled  Teflon  (TFE) 

fiberglass  filled  Teflon  (TFE) 

fiberglass  filled  Teflon  (TFE) 

polyvinyl  formal 

polyvinylchloride  (PVC) 

polyester  plasticiser 

halogenated  hydrocarbon 

polytetrafluoroethylene  (TFE) 

modified  chlorotrifluoroethylene  (CTFE) 

chlorotrifluoroethylene  (CTFE) 

chlor  otr  if  luor  oethy  lene  - viny  lidene  fluoride 
copolymer 
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Trade  or  common  name 


Chemical  name  or  definition 


K3mar 

Liexan 

Lucite 

Mylar 

Natural  rubber 

Neoprene 

Nitrile  rubber 

Nomex 

Noryl  731 

Nylon 

Orion 

Oxyseal 

Perlite 

Plaskon  1070 

Plaskon  2200  and  2400 

Plenco  200D 

Plexiglass 

Polyox  WSR-35 

Profax  6505 

RTV  pol3uners 

Rulon 

Salox-M 

Santocel  A 

Saran 

Shell  325 

Silastic 

Silicone 

Teflon 


vinylidene  fluoride 

polycarbonate 

polymethylmethacrylate 

polyester  film  (polyethylene  terephthalate) 

polyisoprene 

polychlorobutadiene 

polybutadiene  acrylomitrile 

polyimide  fiber  (aromatic  polyamide) 

polyphenylene  oxide  polymer 

polyamide 

polyacrylonitrile  fiber 

graphite  and  chlorinated  hydrocarbon 

volcanic  glass 

polypropylene 

chlorotrifluoroethylene 

epoxy 

polymethylmethacrylate 
polyethylene  oxide 
polypropylene 
polysiloxane 
filled  Teflon  (TFE) 
bronze-filled  Teflon  (TFE) 
silica  gel 

polyvinylidene  chloride 
polystyrene 
polysiloxane 
polysiloxane 

polytetrafluoroethylene  (TFE) 
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Trade  or  common  name 


Chemical  name  or  definition 


TextoUte 
Turco 
Vespel 
Viton  A 


phenolic-paper  laminate 
nonsilicated  alkaline  cleaner 
polyimide 

vinylidene  fluoride- hexafluoropropylene 
copolymer 
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APPENDIX  B 

CONVERSION  FACTORS 


NASA  policy  dictates  the  use  of  the  International  System  of  Units  (SI)  as  the  standard 
in  published  documents.  This  volume,  because  of  its  wide  use  of  referencea  which  pre- 
sent data  in  various  systems  of  units,  has  deviated  from  that  policy.  Accordingly,  the 
following  tables  of  conversion  factors  for  the  most  frequently  used  properties  are  in- 
cluded here.  A more  complete  list  of  conversion  factors  for  the  SI  system  may  be 
found  in  NASA  SP-7012  - ’’International  System  of  Units  - Physical  Constants  and  Con- 
version Factors.  ” 


ENERGY 


abs  J 

int.  J 

cal 

t.  ^ cal 

Btu 

int.  kW-hr 

ft -lb  (wt) 

liter-atm 

hp-hr 

1 

0.999835 

0. 239006 

0.238849 

0.947831X10"^ 

2.77732X10"'^ 

0.  737561 

9.86896x10"® 

3.  72505x10"’^ 

1.  000165 

1 

0.  239045 

0.  238889 

0. 947988X10"^ 

2.777778X10"’^ 

0.737682 

9.87058x10"® 

3.72567X10"'^ 

4. 1840 

4.  1833 

1 

0.  999346 

3. 96573x10"® 

1.  162030X10"® 

3.  08595 

4. 12917x10"® 

1.  558562x10"^ 

4. 18674 

4.  18605 

1.000654 

1 

3. 96832x10"® 

1. 162791X10"® 

3.08797 

4. 13187x10"® 

1.  559582x10"^ 

1055. 040 

1054.  866 

252.  101 

251.996 

1 

2.93018x10 

778.  156 

10.41215 

3.  93008x10"^ 

3 600  594 

3 600  000 

860  563 

860  000 

3412.  76 

1 

2 655  656 

35534.  1 

1.  341241 

2 684  525 

2 684  082 

641 617 

641  197 

2544.  48 

0.745578 

1 980  000 

26493.  5 

1 

1.355821 

1.355597 

0. 324049 

0.323837 

1.  285089x10"® 

3.  76555X10"’^ 

1 

1.338054x10"® 

S.OOOOlXlO""^ 

101.  3278 

101.3111 

24. 2179 

24.  2021 

0.  0960417 

2.81420X10"® 

74.  7354 

1 

3.  77452x10"® 

*Thermochemical. 


THERMAL  CONDUCTIVITY 


■RS&SSIH 

(cal)  (cm) 

(Btu)  (in. ) 

(Btu)(ft) 

(Btu)  (in.) 

(Btu)(in. ) 

(cm®)(K) 

(in.  ®)(°F) 

(sec)(cm®)(K) 

(hr)(ft®)(°F) 

(hr)(ft®)(°F) 

(sec)(in.  ®)(°F) 

(hr)(in.  ®)(°F) 

1 

1.411 

0.  2389 

6.9340X10® 

57.  79 

1.  338x10"® 

4.  816 

0. 7087 

1 

0.  1693 

4.  914X10® 

40.  95 

9.  480X10"'^ 

3.413 

4. 1858 

5.907 

1 

2.  9027X10® 

2.  419X10® 

5.602X10"® 

20.  16 

1.  442X10"® 

2.035x10"® 

3.445X10"^ 

1 

8.  33x10"® 

1.  929X10"® 

6.  944X10"® 

1.730x10"® 

2.  442X10"® 

4.  135X10"® 

12 

1 

2. 315X10"® 

8.  33X10"® 

7.  4738X10® 

1.0548x10® 

1.  785X10® 

5.  184x10® 

4.  3191X10^ 

1 

3.  600X10® 

0.  2076 

0.  2930 

4.  960X10"® 

1.  44X10® 

12 

2.  778X10"^ 

1 

17J 


PERMEABILITY 


Standard  unit:  . cc(STP)cm  ^ ^ 

2 

(cm  )(sec)(bar) 


Units  system 

Multiplication  factor 
for  converting  to 
standard  units 

Units  system 

Multiplication  factor 
for  converting  to 
standard  units 

see  em 

7. 501X10^ 

see  mil 

2.901X10"® 

cm^  sec  cm  Hg 

cm^  day  atm 

see  em 

7. 501X10^ 

sec  mil 

1.023X10"^ 

cm^  sec  mm  Hg 

in.  ^ hr  lb/ in.  ^ 

sec  mm 

7.  501 

liter  mm 

7.  501X10'* 

cm^  sec  sm  Hg 

cm^  sec  mm  Hg 

sec  mm 

1. 142xl0‘^° 

sec  mm 

2. 741x10"^ 

m^  day  atm 

cm^  hr  atm 

10 mil 

1.  273X10’^ 

see  mil 

3. 82X10"® 

min  ft^  atm 

100  in.  ^ day  17.  3 psi 

sec  mm 

9. 8692X10"^ 

see  mil 

2.901x10"*^ 

cm^  sec  atm 

2 

in.  day  atm 

see  mil 

4. 497X10'^^ 

see  mil 

2. 408X10"** 

2 

100  in.  day  atm 

100  m^  day  17.  7 psi 

sec  cm 

9. 8692x10"^ 

em^  see  atm 

LENGTH 


cm 

mm 

mp 

A 

1 

10"* 

10"* 

lO""* 

10"® 

10 

1 

10"® 

10"® 

lO""* 

10* 

10® 

1 

10"® 

10"* 

lo"* 

10® 

10® 

1 

10"* 

10® 

lo"* 

10* 

10 

1 

cm 

m 

in. 

ft 

1 

100 

2. 5400051 
30.  48061 

0.  01 
1 

0.025400051 

0.30480061 

0.  397 
39.  37 
1 

12 

0. 032808333 
3. 2808333 
0. 083333333 
1 

SURFACE  TENSION 


dyne/cm 

erg/  cm^ 

mg/mm 

mg/  in. 

Ib/ft 

1 

1 

0. 10197 

2.5901 

6.853X10"® 

9.80665 

9. 80665 

1 

25. 400051 

6.72X10"“^ 

0. 38609 

0. 38609 

0.03937 

1 

2.6459X10“® 

14592. 15 

14592.  15 

1488 

37  794 

1 

VISCOSITY^*^ 


poise^ 

(lb  force)(sec)/ft2 

lb  mass/ft-sec 

1 

2.  0886x10"® 

0.0672 

4.788X10^ 

1 

32.  174 

14.  9 

3.  108x10"® 

1 

^Absolute  viscosity;  kinetic  viscosity  = absolute  viscosity/ density. 

H P 

“Poise  = 1 (dyne)(sec)/cm  = 1 g/(cm)(sec). 

(lb  force)(sec)/ft^  = 1 slug/ft-sec. 


FORCE^ 


dynes 

g 

kg 

J/cm 

J/m 

lb 

poimdals 

dynes 

1 

980.  7 

9.  807X10® 

lo"^ 

10® 

4.  448X10® 

1.  383x10“^ 

g 

1.020x10"® 

1 

1000 

1.  020x10^ 

102.0 

453.  6 

14.  10 

kg 

1.  020X10"® 

0.  001 

1 

10.  20 

0.  1020 

0.4536 

1.410x10"® 

J/cm 

lO"”^ 

9.  807x10"® 

9.807x10"® 

1 

0.  01 

4.  448x10"® 

1.383X10"® 

N/m  or  j/m 

O 

1 

9.  807X10"® 

9.807 

100 

1 

4.  448 

0. 1383 

lb 

2.248x10"® 

2.  205x10"® 

2.  205 

22.  48 

0.  2248 

1 

3. 108x10"® 

poundals 

7.233x10"® 

7.  093x10"® 

70.  93 

723.  3 

7.  233 

32.  17 

1 

^Conversion  factors  between  absolute  and  gravitational  units  apply  only  under  standard  acceleration  due 


to  gravity  conditions. 
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AREA 


cm^ 

m2 

in.  2 

ft2 

1 

10^ 

6.  4516258 
929.  03412 

10'^ 

1 

6. 4516258X10"^ 
0. 092903412 

0. 15499969 
1549.  9969 
1 

144 

1.0763367x10"2 
10.  763867 

6.9444444X10“2 

1 

VOLUME 


cm^ 

in.  3 

ft3 

milter 

liter 

gal 

1 

0.061023378 

3. 5314455x10‘3 

0.9999720 

0. 9999720xl0"3 

2.6417047X10"^ 

16.387162 

1 

5.  7870370x10"^ 

16.  38670 

1.638670x10"2 

4. 3290043X10"3 

283 17.  017 

1728 

1 

28316.  22 

28.  31622 

7.4805195 

1.000028 

0.06102509 

3. 531544X10"3 

1 

0.001 

2.641779X10"* 

1.000.028 

61.  02509 

0.03531544 

1000 

1 

0.  2641779 

3785.4345 

231 

0. 13368656 

3785.  329 

3.785329 

1 

MASS 


g 

kg 

lb 

metric  ton 

ton 

1 

10"3 

2.  2046223X10"® 

10"® 

1. 1023112X10"® 

103 

1 

2.  2046223 

10"® 

1. 1023112X10"® 

453.  59243 

0.  45359243 

1 

4.  5359234X10"“^ 

5X10"“* 

10® 

10® 

2204.6223 

1 

1.  1023112 

907184.  86 

907.  18486 

2000 

0.  90718486 

1 

SPECIFIC  HEAT 


cal/(g)(K) 

J/(g)(K) 

W-sec/(g)(K) 

Btu/(]b)(°R) 

1 

4.  1840 

4.  1840 

0.9995826 

0. 239006 

1 

1 

0.  238849 

1.000654 

4.  18674 

4.  18674 

1 

ENTHALPY 


cal/g 

J/g 

W-sec/g 

Btu/lb 

1 

4.  1840 

4.  1840 

1.  798823 

0. 239006 

1 

1 

0.  429929 

0.  555919 

2.  32597 

2.32597 

1 

DENSITY 


g/cm® 

g/in.  ® 

kg/gal 

kg/ft® 

Ib/gal 

Ib/ft® 

1 

16.3872 

3. 78543 

28.  3170 

8.  34545 

62.4283 

0.  0610232 

1 

0.  23100 

1.  72800 

0.  509268 

3.  80959 

0.  264171 

4.32900 

1 

7. 48052 

2.  20462 

16.4917 

0.0353145 

0. 578704 

0.  133681 

1 

0.  294715 

2.  20462 

0.  119826 

1.96360 

0.  453592 

3.  39311 

1 

7.  48052 

0.  0160184 

0.  262496 

0. 0606365 

0.  453592 

0. 133681 

1 

PRESSURE 


atm 

bars  or 
dynes/cm^ 

cm  Hg 
at0°C 

in.  Hg 
at  0°  C 

in.  H,0 
at4°C 

kg/m® 

j 

Ib/in.  ® 

tons 

(short)/ft® 

N/m® 

torr  or 
mm  Hg 

! 

micron 

bar 

atm 

1 

9.869X10"’^ 

1.316x10'® 

3. 342X10'® 

2.458X10'® 

9.678X10'® 

4.  725X10'* 

6.804X10'® 

0. 9450 

9. 869X10'® 

1.316X10'® 

1.316x10'® 

0. 9869233 

2 

bars  or  dynes/cm 

1.  013x10® 

1 

1.  333x10* 

3.  386x10* 

2. 491X10'® 

98.07 

478.8 

6.  895x10* 

9.  576x10® 

10 

1333 

1.333  1 

10® 

cm  Hg  at  0°  C 

76.00 

7.  501X10'® 

1 

2.  540 

0. 1868 

7.356X10'® 

3.  591x10'® 

5.171 

71.83 

7. 501X10'* 

0. 1 

10'* 

75. 006 

in.  Hg  at  0°  C 

29.  92 

2. 953X10'® 

0. 3937 

1 

7.355X10'® 

2.  896X10'® 

1.  414x10'® 

2.036 

28.28 

2.953x10'* 

3.937x10'® 

3.937X10'® 

29.  52993 

in.  HjO  at  4°  C 

406.8 

4. 015X10''* 

5.354 

13.60 

1 

3.937x10'® 

0. 1922 

27.  68 

384.5 

4. 015X10'® 

0.  5354 

5.354X10'* 

402 

kg/m^ 

1.  033x10^ 

1. 020x10'^ 

136.0 

345.3 

25.40 

1 

4.  882 

703. 1 

9765 

0. 1020 

13.60 

1.360X10'® 

1.0197 

2 

ib/tr 

2116 

2. 089x10'® 

27.  85 

70. 73 

5. 202 

0.  2048 

1 

144 

2000 

2. 089X10'® 

2.  785 

2. 785x10'® 

2188 

Ib/in. ^ 

14.70 

1. 450x10'® 

0. 1934 

0.4912 

3.613X10'® 

1. 422X10'® 

6.944X10'® 

1 

13.89 

1.450X10'* 

1. 934X10'® 

1.934x10'® 

14. 5038 

tons  (short)/ft^ 

1.0S8 

1.044X10'® 

1. 392x10'® 

3. 536X10'® 

1.024X10'* 

0.0005 

0.  0720 

1 

1. 044x10'® 

1. 392X10'® 

1. 392X10'® 

1.044 

N/m^ 

1.  013X10® 

10'* 

1.  333X10® 

3. 386X10® 

2. 491X10'* 

9.807 

47.88 

6.  895X10® 

9.  576x10* 

1 

133.3 

0. 1333 

IXlO® 

torr  or  mm  Hg 

760 

7.  501x10'* 

10 

25.40 

1.868 

7.356x10'® 

0.3591 

51.71 

718.3 

7. 501X10'® 

1 

10'® 

750.0617 

micron 

7.60X10® 

0.7501 

10* 

2.  540X10* 

1868 

73.56 

359. 1 

5. 171x10* 

7. 183x10® 

7.501 

. 1000 

1 

7.  5x10® 

Page  intentionally  left  blank 


APPENDIX  C 


SOLUBILITY  OF  HYDROCARBONS  OR 
CARBON  DIOXIDE  IN  OXYGEN 

This  appendix  contains  graphical  presentations  of  the  solubilities  of  some  saturated 
and  unsaturated  hydrocarbons  and  carbon  dioxide  in  liquid  oxygen  as  a function  of  oxygen 
temperature.  , , ... 


-340  -330  -320  -310  -300  -290  - 280 

Temperature,  °F 

Figure  C-1.  - Solubility  of  saturated  hydrocarbons  in  liquid  oxygen 


(ref.  145,  p.  19). 
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Figure  C-2.  - Solubility  of  unsaturated  hydrocarbons  in  liquid  oxygen 
(ref.  145,  p.  20). 
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APPENDIX  D 
IGNITION  TEMPERATURES 


OF  METALS 


This  appendix  contains  figures  showing  the  measured  ignition  temperatures  of 
metals  and  a table  (from  ref.  146)  giving  ignition  temperature  ranges  for  various  mag- 
nesium alloys.  The  measured  ignition  temperatures  of  metals  are  plotted  against  the 
logarithm  of  oxygen  pressure.  In  cases  where  the  test  environment  was  other  than 
100  percent  oxygen,  such  as  air,  oxygen- nitrogen  or  oxygen- helium  mixtures,  the  pres- 
sures plotted  are  oxygen  partial  pressures  (i.e. , if  test  gas  is  air  at  1 atmosphere,  the 
oxygen  pressure  plotted  is  0.  21  atmosphere). 

The  data  plotted  have  been  compiled  from  several  references.  These  references 
are  identified  on  the  plots.  Accordingly,  such  variables  as  test  procedures  and  tech- 
niques, instrumentation,  test  specimen  shape  and  purity,  and  quenching  effects  of  the 
diluent  gas  are  not  accounted  for. 

The  following  table  gives  the  pages  on  which  the  ignition  temperature  of  the  metals 
are  shown: 


Figure 

Metal 

Page 

F^ure 

Metal 

Page 

D-l(a) 

Alum  inum 

182 

D-l(k) 

Zinc 

184 

D-l(b) 

Copper 

D-l(l) 

Bismuth  and  barium 

D-l(c) 

Iron 

D-l(m) 

Strontium  and  calcium 

D-l(d) 

Lead 

D-l(n) 

Beryclo-10 

D-l(e) 

Magnesium 

D-l(o) 

Brass 

D-l(f) 

Molybdenum 

183 

D-l(p) 

Mild  (carbon)  steel 

185 

D-l(g) 

Tantalum 

D-l(q) 

Nickel  alloys 

D-l(h) 

Tin 

D-l(r) 

Stainless  steel 

D-l(i) 

Titanium 

D-l(s) 

Miscellaneous 

D-l(i) 

Tui^sten 
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Ignition  temperature, 


• • O O OOqo 


O Ref.  150.  p.  669 
□ Ref.  151.  p.  79 


(k)  Zinc. 

O Ref.  150,  p.  669 

□ Ref.  151,  p.  79 

Solid  symbols  denote  bismuth 
Open  symbols  denote  barium 

(0  Bismuth  and  barium. 


O Ref.  150,  p.  669 

□ Ref.  151,  p.  79 

Solid  symbols  denote  strontium 
Open  symbols  denote  calcium 


(ml  strontium  and  calcium. 


ininini 


Solid  symbols  denote  tested  in  air 


Ini  Berylco-10  (ref.  199.  pp.  36,  55.  and  56). 


Oxygen  pressure,  atm 
(0)  Brass  (ref.  148,  fig  3). 
Figure  0-1.  - Continued. 


— 

O Inconel. X 

□ Monel 

A Hastelloy  R 

1 1 Pressure  range 

Open  symbols  denote  data  from  ref.  154,  p.  923 
Tailed  symbols  denote  data  from  ref.  154  and 
from  ref.  155,  p.  5 to  65 

— 

— ff 

‘-Also  Hastelloy  X 

1 l_ 

1 .1.1.1 

-I  ...1  1.  I 

IxiJ 1 .a  1 . 1 . M.l 

(ql  Nickel  allays.  (Ignition  temperature  of  nickel  above  melting  point,  1453°  C. ) 


1 

8. 

E 


c 

sc 


1500 


1300h- 


1100' 


□ 

17-7  PH  steel 

A 

AM350  steel 

o 

302  stainless  steel 

o 

321  stainless  steel 

V 

410  stainless  steel 

o 

430  stainless  steel 

Solid  symbols  denote  tested  in  air 
Tailed  symbols  denote  data  from  ref.  139, 

Double  tailed  symbols  denote  data  from  ref.  154, 

p.  5-65 

Also  from  ref,  108,  slide  S-' 

111.  U‘l 

L 1..I1..L 

V ^0  - 

temperature  range 

1 1 1 iTJ^Tj  ..-■...i.lJllI 

.1 


2000r- 


10 


100 


1000 


(r)  Stainless  steel. 

O Chromium  - ref.  150,  p.  669 


1600 


1200H 


O Zirconium  - ref.  29,  p.  10 


J O Cadmium  - ref.  150,  p.  669 

O Antimony  - ref.  150,  p.  669 
O Thorium  - ref.  150,  p.  669 

^ Sodium  - ref.  150,  p.  669^^  O Cesium  and  uranium  - ref.  155,  p.  5-65 

Potassium  - ref.  150,  p.  009^xQ  Lithium  - ref.  150,  p.  669 

ll 1 I I ■ I I I I y _J I I ..  I..  1.1  .1  .i..  1 

.1  1 10 

Oxygen  pressure,  atm 

(s)  Miscellaneous  metals. 

Figure  D-1.  - Concluded. 
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TABLE  D -I.  - IGNITION  TEMPERATURE 


RANGES  FOR  VARIOUS  MAGNESIUM 
ALLOYS  AT  1 -ATMOSPHERE 
OXYGEN  PRESSURE^ 


Alloy 

Ignition  temper- 
ature range, 
°C 

Mg  - Ag  (4.  8 - 14.  12  Ag) 

537  to  550 

Mg  - A1  (5.  67  - 63.  15  Al) 

462  to  558 

Mg  - A1  (80.33  - 93.73  Al) 

>900 

- Cd  (7. 15  - 90.  52  Cd) 

517  to  612 

Nfe  - Cu  (10.  3 - 30.  76  Cu) 

519  to  537 

Mg  - Ni  (5.  0 - 20.  0 Ni) 

508  to  517 

Mg  - Sn  (9.  88  - 25.  62  Sn) 

556  to  576 

Mg  - Pb  (16.  4 - 58.  26  Pb) 

504  to  575 

Mg  - Zn  (3.04  - 89.33  Zn) 

509  to  595 

^Ref.  146,  p.  524. 


APPENDIX  E 

IGNITION  TEMPERATURES  OF  NONMETALS 

This  appendix  contains  figures  showing  measured  ignition  temperatures  of  nonmetal 
(polymeric)  materials.  The  measured  ignition  temperatures  of  nonmetal  materials  are 
plotted  against  the  logarithm  of  oxygen  pressure.  In  cases  where  the  test  environment 
was  other  than  100  percent  oxygen,  such  as  air,  oxygen- nitrogen  or  oxygen-r helium  mix- 
tures, the  pressures  plotted  are  oxygen  partial  pressures  (i.e. , if  test  gas  is  air  at 
1 atmosphere,  the  oxygen  pressure  plotted  is  0.21  atmosphere). 

The  data  plotted  have  been  compiled  from  several  references.  These  references 
are  identified  on  the  plots.  Accordingly,  such  variables  as  test  procedures  and  tech- 
niques, instrumentation,  test  specimen,  shape  and  purity,  and  quenching  effects  of  the 
diluent  gas  are  not  accounted  for.  Also,  firepoint  data  from  f\^sh  and  firepoint  testir^ 
have  been  included  as  ignition  temperature  data  but  are  so  identified  on  the  plots. 

The  following  table  gives  the  pages  on  which  the  ignition  temperatures  of  some  non- 
metals  are  shown: 


Figure 

Nonmetal 

Page 

Figure 

Nonmetal 

Page 

E -1(a) 

Butyl  rubber 

188 

E-l(j) 

Polytegraf luoroethylene  (TFE) 

190 

E -1(b) 

Fluorosilicone 

E-l(k) 

Polyrinylalcohol 

E-l(c) 

Neoprene 

E-l(l) 

Polyvinylchloride  (PVC) 

E-l(d) 

Nylon 

E-l(m) 

Polyvinylidene  - fluoride 

E-l(e) 

P oly  chlorotrif  luoroethylene 

189 

E-l(n) 

Silicone  grease 

191 

(CTFE) 

E-l(o) 

Silicone  rubber 

E-l(f) 

Polyethylene 

E-l(p) 

Viton  A 

E-l(g) 

70  Percent  polyethlene  - 

E-l(q) 

Viton  and  Fluor  el 

30  percent  fiberglass 

E-l(r) 

Dacron  fabric 

192 

E-l(h) 

Vespel 

E-l(s) 

Nomex  fabric 

E-l(i) 

P olym  ethy  Im  ethacrylate 

E-l(t) 

Nylon  fabric 

(Plexiglas  or  Lucite) 

E-l(u) 

Orion  fabric 
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Ignition  temperature. 


Ignition  temperature. 


Ignition 

temperature 

O Ref.  25,  p.  40  (fire  point  data) 
A Ref.  23,  p.  25 
A Ref.  156,  p.  22 
1 — 1 Temperature  range 

Tailed  symbols  denote  Kel-F  90  grease 

range 

O o o 

(e)  Polychlorotrifluoroelhylene  (CTFE). 


O Ref.  1$7,  appendix  I 
□ Ref.  47,  p.  8 
A Ref.  156,  p.  21 
Solid  symbols  denote  tested  in  air 


Ignition  temperature  range  " 


(f)  Polyethylene. 


(g)  70  Percent  polyethylene  - 30  percent  fiberglass  (ref.  157,  appendix  1). 


O Vespel  SP-21 
□ Vespel  SP-1 


- Ref.  157,  appendix  1 


(h)  Vespel  (ref.  25,  pp.  40  and  41,  fire  point  data). 


Oxygen, 

percent 

O 100 

□ 42 

Solid  symbols  denote 
tested  in  air 


Oxygen  pressure,  atm 

(i)  Polymethylmethacrylate  (Plexiglas  or  Lucite)  (ref.  159,  p.  6). 
Figure  E-1.  - Continued. 


Ignition  temperature, 


(p)  Viton  A Iref.  47,  p.  31). 

O Ref.  25.  p.  41  (fire  point) 


(q)  Viton  and  Fluorel  (copolymer  of  vinylidene  fluoride  and  hexafluoropropylene). 
Figure  E-1.  - Continued. 
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Ignition  temperature,  °C 


Figure  E-1.  - Concluded. 
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APPENDIX  F 

COMBUSTION  RATE  DATA 


This  appendix  contains  figures  showing  the  rate  of  burning  of  selected  materials  as 
a function  of  oxygen  pressure  (or  partial  pressure).  In  cases  where  the  test  environ- 
ment was  other  than  100  percent  oxygen,  such  as  air  or  in  mixtures  with  nitrogen  or 
helium,  the  pressures  plotted  are  partial  pressures  (i.  e. , if  the  test  gas  is  air  at 
1 atmosphere  pressure,  the  oxygen  pressure  plotted  is  0.  21  atmosphere). 

The  followii^  table  gives  the  pages  on  which  the  combustion  rate  data  for  selected 
materials  are  shown: 


Figure 

Material 

Page 

Figure 

Material 

Page 

F-l(a) 

Cotton  fabric 

194 

F-l(k) 

Polyrnethylmethacrylate  (rod) 

197 

F-l(b) 

Dacron  fabric 

194 

F-l(l) 

Polymethylmethacrylate  (sheet) 

197 

F-l(c) 

Epoxy 

194 

F-l(m) 

Polysulfone 

198 

F-l(d) 

Neoprene 

195 

F-l(n) 

Polyurethane 

198 

F-l(e) 

Nomex  fabric 

195 

F-l(o) 

Polyvinylchloride 

198 

F-l(f) 

Nora  ex  fabric 

195 

F-l(p) 

Silicone 

199 

F-l(g) 

Nylon 

196 

F-l(q) 

Teflon  fabric 

199 

F-l(h) 

Nylon  rod 

196 

F-l(r) 

Teflon  rod 

200 

F-l(i) 

P oly  -benzim  idazole 

196 

F-l(s) 

Viton-Fluorel 

200 

F-l(j) 

Polyethylene 

197 

F-l(t) 

Velcro 

200 

Burning  rate,  in. /sec 


12 


Figure  F-1.  - Combustion  rate  data.  Lines  represent  the  bestfit  of  the  data  based  on  the  authors'  interpretation. 
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Burning  rate,  in. /sec 


o 

Ref.  164,  p.  12 

□ 

Ref.  163.  p.  19 

1 — 1 

Range  of  values 

o 

Zero  gravity 

(d)  Neoprene. 

D 100  Percent  oxygen 

□ 60  Percent  oxygen 

^ 41  Percent  oxygen 

y 21  to  35  Percent  oxygen 

^^lOO^rcent 

Open  symbols  denote  ref.  160,  p.  593 
Solid  symbols  denote  ref.  165,  p.  62 
Tailed  symbols  denote  ref.  166,  table  I 
Double  tailed  symbols  denote  ref.  167,  p.  14 

oxygen 

zs 

^y^  to  40  Percent 

/ 

.,60  Percent 

r oxygen 

A 

/ X oxvaen  ^ 

(e)  Nomex  fabric.  Burning  at  various  oxygen  concentrations. 


Bottom  ignition 


O Ref.  160,  p.  593 
□ Ref.  165,  p.  62 
A Ref.  166.  table  I 


Top  ignition  (burned  down) 


Oxygen  pressure,  atm 

(f)  Nomex  fabric.  Top  and  bottom  ignitions  in  100  percent  oxygen. 
Figure  F-1.  - Continued. 


Burning  rate,  in. /sec 


Burning  rale,  in. /sec 


.30 

.25 

.20 

.15 

.10 

.05 

10 

1 

.1 

.01 

1.4 

1.2 

1.0 

.8 

.6 

.4 

.2 


Burning  rate,  in. /sec 


Burning  rate,  in. /sec 


Oxygen  pressure,  atm 

(q)  Teflon  fabric  - bottom  ignition  (100  percent  oxygen). 
Figure  F-1.  - Continued. 
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In  lines,  joints,  and  fittings,  3.4.6,  8.0,  8.5.3,  8.6 
In  pumps,  6.0,  6. 1.2.2. 1,  6.  1.  3.  3.  4 
In  valves,  7.  0,  7.  2,  7.  4 
Limits  (levels),  2.2,  4.5,  6. 1.2.2. 1 
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Prevention,  5.1.3,  5.1.4 
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Prevention,  5.1.5,  6.1.6 
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In  tank  materials,  5.1.6 
In  seal  materials,  9.3.2 
Critical  speed  (see  "Pumps,  centrifugal") 

Critical  flow  (see  "Cavitation") 

Cycle  life 

Bellows,  8.4.3 
Tank,  5.1.5 
Valves,  7.4 

Design  criteria 

Oxygen  systems,  general,  4.4 
For  bellows,  8.  4 
For  lines,  8.  1,  8.2 

For  tanks  (see  "Oxygen  tank  assemblies.  Design  and 
safety  considerations")  ^ 

For  valves  (see  "Valve  design  criteria") 

In  relation  to  fluid  dynamics,  4.  2 

In  relation  to  stress  intensity  and  crack  propagation,  3.  3 
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Downward  propagation  rate  testing,  3.  6. 1.  4 
Ducting  (see  "Lines") 

Dynamic  (flow)  effects  on  ignition  (see  "Flow,  Effect  on 
ignition") 

Dynamics,  fluid  system  (see  "Fluid  system  dynamics") 

Electrical  arc  ignition  testing,  3.  6.  2.  5 
Electrical  wire  insulation  testing,  3.  6.  1.  6 
Epoxy  resins  (see  "Polymers,  Epoxy  resins") 

Erosion,  4.  2 

As  ignition  source,  3.0 
Cavitation  (see  "Cavitation") 

Definition  and  data,  4.2 
In  system  leakage,  4.  1 
Particulate,  4.2 
Seal,  4.2 
Valve,  7.  7 

Face  contact  seal  (see  "Seals,  dynamic") 

Fatigue,  effect  of  oxygen  on 

Crack  growth  (see  "Crack  propagation") 
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Flow  (see  also  "Flow  velocity,"  "Inlet  flow  dynamics," 
"System  dynamics") 
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Effects  on  flex  hose,  8.  3 
Effects  on  geysering,  4.  3. 1 
Effects  on  ignition,  3.4.6,  10.0 
Erosive  effects,  4.2,  (see  also  "Erosion"  and 
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Limits  in  piping,  3.  4.  6 
Tests,  3.  6.  2.  4,  10.0 
FLOX  (Fluorine -oxygen  mixtures),  4.  4 
Fluid  system  dynamics,  4.  3 

Flow  oscillation,  4.  4,  6. 1. 1.  3,  7.  3. 2 
Fluid  system  leakage,  4.  1 (see  also  "Leakage"  and  "Seals”) 
Gaseous,  4.  1 
Leak  clogging,  4.  1.  3 
Leak  erosion  (see  "Erosion") 

Leak  path,  4.1,  4.1.2,  5.1.5,  7.5,  7.6,  9.0 
Liquid,  4. 1 

Modes  of  leakage  (see  "Leakage,  Modes  of") 

Permeation,  4.1.4 
Prevention,  4. 1 
Rate,  4.1,  9.4 
Fluorine,  2.0,  9.4 

Fluorocarbon  polymers,  6. 1. 1. 1,  6.  1.2.2,  7.  5.  2,  8.  3,  9.  3.  3 
Chlorotrifluoroethylene  (CTFE),  3.  7.  1.4 


Filled  TFE  and  FEP,  3.  7. 1.  3 

Fluorinated  ethylene  propylene  copolymer  (FEP),  3.  7.  1.2 
Polytetrafluoroethylene  (TFE),  3.  7.  1.  1 
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Viton,  Fluorel,  3.  7.  1.  5 
Fracture  mechanics,  5.  1.  5 
Fracture  toughness  and  cyclic  effects,  5.  1. 5 
Friction 

As  ignition  source,  3.  0 
Erosive  effects,  4.2 

In  pumps,  6.  1.  1.  1,  6. 1.1.2,  6. 1.2. 2.,  6. 1.3.  3. 2 
In  seals,  9.0,  9.  2. 2 
In  valves,  7.  4,  7.  6 

Galvanic  corrosion  (see  "Corrosion,  Galvanic") 

Geysering  (see  "Fluid  system  dynamics,  Geysering") 

GOX  pneumatic  impact  testing,  3.  6.  1. 2 
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Data,  3.4 
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Heat  transfer 
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Prevention  of,  5.3 
Hose  (see  "Lines") 
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By  adiabatic  compression,  3. 4.  4 
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7.5.2,  10.0 

Pneumatic  (see  "Adiabatic  compression"  and  "GOX 
pneumatic  impact  testing") 

Testing,  mechanical,  3.  6.  1.1 
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Limits  of,  3.4.3 

Effect  of  material  thickness  on,  3.  4.  3 
Impeller/inducer,  6. 1.  1 
Axial  thrust,  6. 1. 2. 2 
Balancing  of,  6.  1.  1.2 

Cavitation,  6.  1. 1.  3 .< 

Critical  speed,  6.  1.  1.  2 
Materials,  6.  1.1.5 
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Inlet  flow  dynamics,  6. 1. 1.  3 
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Inlet  line  cavitation,  6. 1.  1.  3.  1 
Insulation,  5.  3 
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Fire  Hazards  of,  5.3 

Joints  (see  also  "Welds,"  "Couplings  and  fittings,"  "Con- 
nector") 
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Brazed,  8.6,  8.6.1,  8.6.2 
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Cleanliness,  8.  6. 2. 2 
Fatigue  strength,  6.  1.  4. 1 
Flanged  joints,  8.5.2 
Life,  4.4,  9.2 
Pipe  joints,  8.  5.  3 
Sleeve  or  socket,  4.4,  8.6.1 
Testing,  9.  4 

Welded,  4.4,  5.1.7,  6.  1.1.4.  1,  8.6,  8.6.1 

Labyrinth  seals,  6.  1. 1. 1 
Leak  clogging,  4. 1.  3 
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Leakage  (see  also  "Fluid  system  leakage"  and  "Seals") 
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in") 

Hose,  8.  3 
Modes  of,  4. 1. 1 
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Transition,  4. 1. 1 
Turbulent,  4. 1. 1 
Seal  (see  "Seal  leakage") 

Valve  element/seat  leakage  (see  "Valve  assembly,  valve 
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Valve  stem  (see  "Valve  assembly") 
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Lines,  6. 1.  4.  1 
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Assembly,  8.  7 

Bellows  (see  "Bellows") 

Cavitation,  6.  1.1.3.  1,  4.2 
Flexible  hose,  8.  3 
Materials,  8.2,  8.3,  8.4.3,  8.5 
Rupture,  8.  7 


Lip  seal 

Dynamic,  6.  1.  3.  1,  9.  1 
Garter -ring  lip  seal,  3. 1 
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For  pump  shaft  seals,  6.  3. 2 
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Materials  testing,  3.  6 

NASA  Specifications  for,  3.  6. 1 

Connector  potting  flammability  testing,  3.  6.  1.  7 
Downward  propagation  testing,  3.  6.  1.  4 
Electrical  wire  insulation  testing,  3.  6. 1.  6 
Flash  and  fire  point  testing,  3.  6. 1.  5 
GOX  pneumatic  impact  testing,  3.  6. 1.  2 
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Metals 

Burning  rate,  3.  5 

Dissimilar  metals  (see  "Corrosion,  Galvanic") 

Ignition  of,  3.  4.  1 
Properties  of,  3.  4.  1 


NASA  specifications  for  materials  compatibility  testing  (see 
"Materials  Compatibility  with  Oxygen") 

Oxidation  (see  "Reactivity  of  oxygen"  and  "Oxide  film  for-  . 
mation") 

Oxide  films,  characteristics  of,  3.1,  3.4.1 
Oxide  film  formation,  3.  1 
Catastrophic,  3.  1.  1.  1 
Heat  of,  3.  4 
Rate  of,  3.  1 
Thickness  of,  3.1 
Oxidizers,  elemental 

Characteristics,  1.0,  2.0 
Oxygen  (see  "Oxygen") 

Oxygen 

Characteristics  of,  1.0,  2.0 
Contamination,  2.2  (see  also  "Contaminants") 

Properties  of,  2.1 

Purity  requirements  and  specifications,  2. 3 
Index: 

Data,  3.5 
Test,  3.6.2.  3 
Oxygen  Bomb  Test,  3.  6. 2. 1 
Oxygen  systems 

Cleaning  requirements  and  procedures,  4.  5 

Cryogenic  conditioning,  4.  6 

Design  criteria  (see  "Design  criteria") 

Engineering  considerations,  3.0,  4.0 
Preferred  nonmetal  materials  for,  3.  7 
Prevention  of  failures,  4.  4 
System  dynamics  (see  "System  dynamics") 

Oxygen  tank  assemblies,  5.0 
Design  and  safety  considerations,  3.0,  4.4,  5.1,  5.1.1, 
5.1.2 

Corrosion,  3.2,  5.  1.3-5. 1.4 
Creep,  5. 1.  6 

Cyclic  stress  and  cycle  life,  5. 1.  5 

Materials  compatibility,  5.1.2,  5.2,  5.3 

Safety  factors  and  proof  pressures,  5. 1.2 

Stress  corrosion,  5.  1.  3 

Tank  wall  penetrations,  5.1.7 

Ullage  allowances,  5.6 

Weld  joints,  5. 1.  6 

Design  standards  and  specifications,  5.1.1 
Insulation,  5.  3 
Maintenance  control,  5 . 4 

Overpressure  hazard,  5.  5 (see  also  "TNT  energy  equiva- 
lent") 

Permeability,  of  materials,  4.1.4 
Data,  4.  1.  4 
Permeation,  4. 1.  4 
Piping  (see  "Lines") 

Plating,  4.4,  5.3,  9.2.1  (see  also  "Coatings”) 

Polyimide  resins  (see  "Polymers,  polyimide  resins") 
Polymers,  3.  7 

Brittle  point  of,  8.3 
Epoxy  resins,  3.3.5 
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Fiberglass,  3.  3.  3,  6. 2 

Fluorocarbon  (see  "Fluorocarbon  polymers") 

Polyimide  resins,  3.3.4 
Silicone,  3.3.2,  9.3.3 
Table  of  polymer  trade  names,  appendix  A 
Polymer,  permeability  of,  4.1.4 

Pneumatic  impact  (see  "Impact,  adiabatic  compression”) 
Pressure  balancing  arrangement  (see  "Shaft  stability,  axial 
thrust") 

Pressure  ranges,  definition  of,  1.0 

Propellant  conditioning  (see  "Oxygen  systems,  propellant 
conditioning") 

Pumps,  oxygen,  6. 0 
Pumps,  centrifugal,  6. 1 
Cleaning  requirements,  6. 1.2.2.  1,  6. 1.3.  3.4 
Critical  speed,  6. 1.1.2 

Design  requirements,  6.1.1,  6.1.2,  6.1.3,  6.2 

Safety  factors,  6. 1. 1. 4 

Materials,  6.  1. 1.5 

Housing  and  rotor  assembly,  6. 1. 1 

Impeller /inducer  (see  "Impeller/inducer  blade") 

Inlet  flow  dynamics  (see  "Cavitation”) 

Turbopump  shaft  (see  "Shaft") 

Turbopump  shaft  bearings  (see  "Bearii^s") 

Turbopump  rotating  shaft  seals  (see  "Seals,  dynamic") 
Pumps,  positive  displacement,  6.2 
Materials,  6.  2 

Purity  requirements  and  specifications,  6. 1.  3.  1 

Reactivity  of  oxygen  (see  also  "Material  compatibility"),  3.  0 
Catastrophic  oxidation,  3. 1 
Combustion  (see  "Combustion") 

Corrosion  (see  "Corrosion") 

Effect  of  oxygen  on  crack  propagation  (see  "Crack  propa- 
gation") 

Flammability  (see  "Flammability") 

Ignition  (see  "Ignition"  and  "Ignition  temperature") 

Oxide  film  formation  (see  "Oxide  film  formation") 

Rate,  3. 1 

With  common  materials,  3. 0,  3. 1 
With  solid  contaminants,  2.2 
Ring  seals,  9. 1,  9.  3.  3 (see  also  "Seals") 

Back-up  ring,  3.  3.  1.5,  3.3.2,  9.3.1 
Couplings,  8.5.1,  8.5.3 
O-ring,  7.6,  9.2.1,  9.3,  9.3.1 
Piston,  6. 1.  3.  1,  6.2 
Wear  ring,  6. 1. 1. 1 

Nonextrusion  seals  (see  "Ring  seals,  back-up”) 

Rotor  (see  also  "Pumps,  centrifugal.  Housing  and  rotor 
assembly") 

Assembly,  6.  1.  1,  6.  1. 1. 1 
Rub,  6.  1. 1. 1,  6. 1.  1.2 
Shaft  designs,  6.1.  1.4.2,  6. 1.1.5 
Stability,  6. 1. 1. 2 
Rupture,  ignition,  3.0,  3.4.5,  5.0 

Safety  factors  (see  individual  component) 


Seal  leakage,  6.3.3,  9. 2 (see  also  "Fluid  system  leakage" 
and  "Leakage") 

Erosion,  4.2,  7.6 

Permeation  (see  "Permeability") 

Prevention,  4.4,  6.1.3 
Testing  techniques,  9.  4 

"Zero  leakage"  (see  "Leakage,  Zero  leakage") 

Seals,  static  (see  also  "Seal  leakage,"  "Leakage"),  9.0, 

4.  1.2,  4.4 

Creep,  9.3.2  t 

Extrusion,  9.1,  9.3.1,  9.3.3 
Hardness,  9.3.1 

Materials,  3.7,  4.4,  8.5.2,  8.5.3,  9.0,  9.3 
Surface  finish,  6.  3.  3. 1,  6.3.  3.4,  8.5,  9.1.1,  9.2.1 
Seals,  dynamic,  9.2,  6. 1.1.2,  6.3 
Contamination  effects  on,  6. 1.  3.  3.  4 
General  design  factors,  9.1,  9.2,  6.1.3.  3 
Leakage  (see  "Leakage") 

Materials,  9.3,  6. 1.3.2 

Rubbing  speed,  contact  pressure,  wear,  9.2,  6.3.2,  8.5.1 
Turbopump  rotating  shaft  seals,  6. 1.  3 
Stability  of,  6. 1.  3.  3.  3 
Surface  finish  (see  "Seals,  surface  finish") 

Types,  6. 1.  3.  1 (see  also  "Bellows,"  "Lip  seals," 

"Ring  Seals,"  "Labyrinth  seals") 

Shafts,  rotating 

Bearings  (see  "Bearings,  turbopump  shaft") 

Design,  6.1.1,  6.1. 1.2,  6. 1.4.2 
Lubricants,  7. 2. 2.1 
Rotating  shaft  leakage,  4. 1 
Seal  (see  "Seals,  dynamic") 

Stability  (see  "Shaft  stability") 

Shaft  stability,  6. 1. 1. 1,  6. 1.1. 2 

Axial  thrust  (load),  6. 1. 1.2.2  (see  also  "Impeller/ 
inducer.  Balancing  of") 

Critical  speeds,  6. 1. 1.  2 
Impeller /shaft,  6. 1. 1 
Torsional  stability,  6. 1. 1. 2. 1 
Shockwave,  as  ignition  source,  1.0,  3.0,  4.3 
Silicone  polymers  (see  "Polymers,  silicone”) 

Solubility  limits 

As  a function  of  oxygen  temperature,  appendix  C 
Of  hydrocarbons  in  oxygen,  2.2 
Stress,  3.  3. 1. 1,  4.  7 

Bending,  5.1.7,  6.1,  6.1.5,  8.0 
Compressive,  4.  4 

Corrosion  (see  "Corrosion,  stress") 

CycUc,  3. 1.2.  3,  3.1.3,  3. 1.3.1,  3. 1.3. 3,  4.4,  5.1.5, 

8.0 

In  bellows,  8.  4.  3 

In  joints,  8.4.4,  8.6.1 

In  piping  and  tubing,  8.  1,  8.  4,  8. 4.  4 

In  pumps,  6.1.1,  6.  1.1.4,  6.  1.2.3 

In  tanks,  5.1.2 

In  valves,  7. 2 

Levels  for  materials,  3.3,  5.1.2,  5.1.5 
Mechanical,  1.0,  3.3,  4.4,  6.1,  8.5.3 
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Relaxation  (see  "Creep") 

Thermal,  6.  1,3.2,  7.2,  8.5.3 
Surface  damage,  4.2 
Bearings,  6. 1.2.3 
Bellows,  8.4 

Cavitation  (see  "Cavitation") 

Erosion  (see  "Erosion") 

From  rupture,  3.4.5 
Seals,  6. 1.3. 4,  9.0 
Valve,  7.4,  7.5,  7.5.1 
Surface  finish 

Coupling  seal,  8. 5. 1 

Pump  impeller,  6. 1. 1. 3. 2 

Seals  (see  "Seals,  Surface  finish" ) 

Typical  machined  surface,  9. 1. 1 
Valve  components,  7.  5. 1,  7.  6 
System  contamination,  2.2,  5.0 
Control  procedures,  2.3,  4.5,  5.1.3,  5.4,  6.  3.  3. 4 
System  dynamics  (see  "Fluid  system  dynamics") 

Tanks  (see  "Oxygen  tank  assemblies") 

Testing  (see  specific  subject/test  name) 

Thermal  conductivity 

Of  insulation  materials,  5.  3 
Of  metals,  3.4,  6.3.2,  7.1,  7.2. 1.4 
Of  nonmetals,  3.4,  7.1,  7.2. 1.4 
Of  seals,  6. 3 

Thermal  cycling,  4.1,  4.3,  7.0,  8.5.1,  9.1 
Thermal  dlffusivity,  3.  4 

Thermogravimetrlc  analysis  testing  (TGA),  3. 6. 2. 2 
TNT  energy  equivalent,  5. 5 
Tubing  (see  "Lines") 

Turbopumps  (see  "Pumps,  centrifugal") 

Upward  propagation  testing,  3. 6. 1.  3 

Valve  assembly,  7. 0 

Valve  element  types,  7. 1 
Valve  seats  (metallic),  7. 5. 1 
Valve  seats  (nonmetallic),  7.5.2 


Valve  stem,  7.  6 
Valve  seals,  7.5,  7.6 
Erosion  of,  7.  7 
Lubrication  of,  7.  6 
Valve  types,  7. 1 

Valve  design  criteria,  4.4,  7.0,  7.2,  7.4 
Dynamic  seals  for  valve  actuators,  7.  6 
Filtration  requirements,  7.  8 
Materials  selection,  7.  3 
Valve  leakage,  7.5,  7.6 
Valve  life,  7.6 
Valve  lubrication,  7.  6 
Valve  wear,  7.4,  7.5 
Valves  (see  "Valve  assembly") 

Velocity  (see  "Flow  velocity") 

"Water  hammer" 

As  ignition  source,  3.0,  4.3 
From  geysering,  4.  3 

In  lines,  connectors,  joints,  fittings,  8.0 
In  system  failures,  1.0,  4.4,  7.0 
Welding  techniques,  5.1.7,  6. 1.1.4. 1,  8.6,  8.6.1 
Butt  welding,  8.  6. 1 
Electron  beam,  8. 6.  1 
Gas  metal  arc,  8.  6.  1 
Gas  tungsten  arc,  8.  6.  1 
Resistance  seam,  8.  6.  1 
Welds,  4.4,  8.5.1  (see  also  "Joints") 

In  line  assembly,  8.  7 

Weld  joints  (see  "Joints,  welded") 

Lands,  5. 1.  7 
Repair,  8. 6. 1 
Weld  neck  doublers,  8. 4.  3 
Wiring 

Short  circuits,  sparks,  arcing  as  source  of  ignition,  3.0 
5.0 

Yield  strength  tank  materials,  5. 1.2 

"Zero  leakage"  (see  "Leakage,  Zero  leakage") 
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Pr^ttace 


This  publicatiott  1«  part  of  a major  oxygen  eafety  review  in  progress  by  t>ie  NASA  Aerospace 
Safety  Research  and  Data  Institute  (ASRDI).  The  objectives  of  the  review  include; 

1.  Reconrunendations  to  improve  NASA's  oxygen  handling  practices  by  comparing  NASA 
and  contractor  oxygen  systems  including  the  design,  inspection,  operation,  maintenance 
and  emergency  procedures. 

2.  Assessment  of  the  vulnerability  to  failure  of  oxygen  equipment  from  a varisty  of  sources 
so  that  hazards  may  be  defined  and  remedial  measures  formulated. 

3.  Contributions  to  safe  oxygen  handling  techniques  through  research. 

4.  Formulation  of  criteria  and  standards  on  all  aspects  of  oxygen  handling  storage  and 
disposal. 

This  Special  Publication  is  composed  of  the  thermodynamic  functions,  transport  properties, 
and  physical  properties  of  both  liquid  and  gaseous  oxygen.  The  low  temperature  regime  is  emphasized. 
Because  the  data  are  detailed  beyond  that  previously  available,  this  handbook  should  fill  an  existing 
need  for  both  the  scientific  and  technical  communities. 


1.  I.  Pinkel,  Director 

Aerospace  Safety  Research  and  Data  Institute 
National  Aeron.\utics  and  Space  Administration 
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ABSTRACT 


This  Summary  Progress  Report  No.  4 presents  a review  of  the 
work  performed  in  accordance  with  Contract  AF  33(616)-673G. 

The  purpose  of  this  study  is  to  develop  a better  understanding  uf 
the  physical-chemical  and  mechanical  relationships  involved  and 
to  develop  realistic  parameters  for  specification  purposes  for  the 
applications  of  oxygen  to  missiles. 

The  significance,  sources,  and  degree  of  contamination,  and  the 
current  specifications  for  liquid  oxygen  and  equipment  are  dis- 
cussed. Recommendations  for  liquid  oxygen  specifications  and 
for  equipment  operation  are  presented.  An  extensive  bibliography 
is  included,  as  well  as  appendices  which  amplify  the  general 
discussion. 


APPENDIX  I 


GENERATION  OF  LIQUID  OXYGEN 


Composition  of  Feed 

Air,  the  raw  material  for  the  production  of  liquid  oxygen,  consists  of  a 
mixture  of  78.03  peivent  nitrogen,  20.99  percent  oxygen,  and  0.94  percent 
argon  by  volume.  The  remainder,  approximately  0. 04  percent,  consists 
of  various  gases,  vapors,  and  dust  or  particulate  matter.  Table  VII  pre- 
sents a partial  list  of  gases  and  vapors  which  may  make  up  the  remaining 
0. 04  percent  or  400  ppm  of  the  air  feed  to  a liquid  oxygen  generator.  This 
t;»blG  indicates  the  magnitude  of  concentration  of  these  gases  and  is  based 
on  composite  values  obtained  from  the  literature  (14  through  18).  Table  VIII 
presents  the  normal  boiling  and  freezing  points  oi  compounds  frequently 
present  in  the  atm.osphere  and  of  compounds  which  may  sometimes  appear 
in  the  system. 

Not  every  air  separation  plant  feed  contains  all  the  materials  listed  nor  in 
the  concentrations  shown  in  Tables  VII  and  Vin.  Naturally,  some  regions 
will  contain  certain  contaminants  while  others  will  contain  different  con- 
taminants. The  air  feed  to  a plant  in  a rural  area  would  be  expected  to 
contain  carbon  dioxide,  moisture  and  the  rare  gases,  but  only  traces  of 
hydrocarbons,  organic  compounds,  ammonia  and  acidic  gases.  In  locating 
an  air  plant,  or  at  least  the  source  of  the  air  feed,  particular  consideration 
must  be  given  to  the  possibility  of  combustible  contaminants.  In  an  industrial 
area,  such  as  near  a refinery,  it  is  not  unusual  to  find  high  concentrations 
of  hydrocarbons.  At  a metallurgical  site,  acidic  gases  will  be  present. 

Other  industrial  sites  would  be  expected  to  have  their  atmospheres  contaminated 
from  venting  or  spillage  of  volatile  compounds  which  are  us^  as  raw  materials, 
intermediates,  and  solvents. 

Experience  (38)  has  shown  that,  normally,  one  should  expect  air  feed  streams 
to  obey  the  following  general  rules:  the  concentration  of  individual  hydrocarbons 
will  decrease  as  the  number  of  carbon  atoms  in  the  molecule  increases;  methane 
concentration  is  frequently  greater  than  the  total  concentration  of  all  of  the 
other  hydrocarbons  combined;  concentrations  of  combustibles  above  30  ppm  are 
unusual. 

Figure  9 is  a flow  diagram  of  one  type  of  liquid  oxygen-nitrogen  plant  process. 
Air  from  the  atmosphere  first  passes  through  filters  for  the  removal  of 


TABLE  Vn 


(J 

«OME  GASES  AND  VAPORS  WHICH  MAYBE  PRESENT  IN 
THE  Am  FEED  TO  LIQUID  OXYGEN  GENERATORS* 
(Concentrations  in  parts  per  million  by  volume) 


Gas  or  Vapor 

Carbon  Dioxide 

Rare  Gases: 

Helium 

Neon 

Krypton 

Xenon 

Hydrocarbons: 

Methane 

Acetylene 

Others 


Composition  of  Literature  Report»d 
200  to  500 


4 to  5 
12  to  18 
1.1 
0.08 


5 to  38 
0. 001  to  30 
< 1 to  100 


Organic  Compounds  1 

Acidic  Gases: 

Carbon  Monoxide  1 

Hydrogen  Sulfide  1 

Hydrogen  Cyanide  1 

Nitrogen  Oxides  1 

Ammonia  1 


^References  14  through  18 


( ■' 
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TABLE  VIC 


PROPERTIES  OF  POSSIBLE  INGREDIENTS  OF  AIR 


Normal  BoiLtnor 

Freezing  Point 

Name 

Point  "F 

•F 

Helium 

-462. 0 

-455.8** 

Hydrogen 

-423. 0 

-434.  5 

Neon 

-410.6 

-415.6 

Nitrogen 

-320.4 

-345.  7 

Carbon  Monoxide 

-310.0 

-340.  6 

Argon 

-3C2.3 

-308. 7 

Oxygen 

-297.3 

-361.1 

Methane 

-258. 7 

-299.  2 

Krypton 

-243. 2 

-249. 9 

Nitric  Oxide 

-241.2 

-262. 5 

Ozone 

-169.4 

-313.8 

Xenon 

-160.8 

-169.6 

Ethylene 

-155.0 

-272.9 

Ethane 

-126.9 

-277.6 

Nitrous  Oxide 

-127.3 

-152.3 

Acetylene 

-118.5* 

-115.2 

Carbon  Dioxide 

-109. 3* 

- 69. 9 (5.2  atm) 

Hydrogen  Sulfide 

- 79.2 

-117.2 

Carbonyl  Sulfide 

- 54.4 

-216.4 

Propylene 

- 52.6 

-301.4 

Propane 

- 43.9 

-309.8 

Ammonia 

- 28.0 

-107.9 

Formaldehyde 

- 5.8 

-133.6 

iso- Butane 

10.4 

-229.0 

iso- Butylene 

21.2 

-220. 5 

1- Butene 

23.0 

-202.0 

1, 3 -Butadiene 

26.7 

-164 

n- Butane 

31.1 

-211.0 

2 -Butene 

33.8  (cis) 

-218 

Ethylene  Oxide 

51.3 

-168.3 

Acetaldehyde 

69.8 

-190.3 

Nitrogen  Dioxide 

70. 3 (d) 

+ 15.3 

n- Pentane 

97.2 

-204.  7 

Acetone 

133.7 

-139.0 

Methanol 

148.4 

-144.0 

Hexane 

156.2 

-137.7 

Benzene 

176. 2 

41.9 

Water 

212.0 

32.0 

n-Decane 

345.2 

- 23.8 

^Sublimes 
** Lambda  point 
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FIGURE  9 


FLOW  DIAGRAM  OF  A LIQUID  OXYGEN  GENERATOR 


particulate  matter  before  undergoing  compression.  Lubricants  used  in  the 
compressor  will  contaminate  the  air  by  entrainment  of  oil  droplets.  These 
lubricants  may  break  down  into  lighter  fractions  which  vaporize  into  the  air 
stream.  This  source  of  contamination  and  the  hazards  associated  with  it 
are  reduced  by  proper  choice  of  lubricant  and  by  designing  the  compressor 
to  avoid  high  temperatures.  Condensation  of  moisture  in  the  compressor 
intercoolers  and  aftercoolers  strips  the  air  of  substantial  fractions  of  soluble 
substances,  such  as  acetone  and  ammonia,  as  well  as  entrained  lubricant 
and  particulate  matter  which  passed  through  the  intake  filter.  The  condensed 
moisture  and  oil  accumulate  in  traps  after  each  cooler  and  are  drained  from 
the  system. 

The  compressed  air  passes  through  adsorption  driers  where  heavy  hydrocarbons 
and  other  organic  compounds,  including  residual  compressor  lubricants,  are 
removed  along  with  the  water  vapor.  These  driers  are  effective  also  in  reducing 
to  a large  degree  the  intermediate  hydrocarbons,  such  as  pentane  and  hexane. 

T^e  dried  air  is  cooled  to  about  -270“F  by  two  different  paths.  The  larger 
quantity  of  air  passes  through  the  main  heat  exchanger  where  most  compounds 
having  a freezing  point  above  -270®F  will  freeze  out  onto  the  walls  of  the  ex- 
changer. During  defrost,  these  solids  will  be  vaporized  and  swept  out  of  the 
exchanger  into  the  atmosphere  by  waste  nitrogen.  Residual  quantities  of  the 
frozen  compounds,  depending  upon  their  solid  vapor  pressures  at  about  -270“F, 
will  remain  in  the  air  stream,  such  as  carbon  dioxide  and  acetylene. 

A smaller  quantity  of  dried  air  is  cooied  by  expansion  in  a lubricated  reciprocating 
expander  followed  by  further  expansion  in  a lubricated  turbo-expander  which  uses 
an  air-seal  to  prevent  entry  of  lubricant  into  the  main  air  stream.  Between  the 
two  stages  of  expansion,  the  air  passes  through  a lubricant  separator  and  adsorber 
which  removes  the  lubricant  picked  up  in  the  reciprocating  expander.  Residual 
intermediate  hydrocarbons  and  large  portions  of  lighter  hydrocarbons  will  be 
removed  at  the  same  time. 

The  air  from  the  turbo-expander  joins  the  air  from  the  main  heat  exchange::  before 
entering  the  high-pressure  column.  The  air  leaving  the  main  heat  exchanger  is 
partially  liquefied  by  undergoing  Joule-Thomson  expansion.  Enterin'^  the  high- 
pressure  column  with  the  air  will  be:  the  very  low  boiling  gases  such  as  helium 
and  hydrogen;  the  compounds  which  have  high  vapor  pressures  at  -270**F  such  as 
methane,  nitric  oxide  and  ozone;  the  compounds  which  are  liquid  at  this  tempera- 
ture such  as  propane  and  propylene;  and  the  entrained  solids  in  the  air  stream. 

Of  these,  the  more  volatiie  compounds  and  some  carbon  monoxide  and  argon 
will  leave  the  high-pressure  column  with  the  nitrogen.  The  remainder  will 
leave  with  the  oxygen-enriched  air. 
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(.  The  enriched  air  is  passed  through  carbon  dioxide  filters  and  hydrocarbon 

adsorbers  for  final  cleanup.  Theoretically,  besides  nitrogen  and  argon, 
only  a portion  of  the  carbon  monoxide  and  methane  should  be  left  in  the  feed 
to  the  low-pi53Sure  column.  The  carbon  monoxide  and  a portion  of  the  argon 
should  leave  the  low-pressure  column  with  the  nitrogen  overhead  and  the 
remainder  with  the  pure  liquid  oxygen  at  the  bottom. 

It  is  possible,  especially  in  industrial  areas,  for  contaminants  in  the  air 
feed  to  increase  unexpectedly.  At  such  times,  the  hydrocarbon  adsorbers 
in  the  liquid  feed  to  the  low-pressure  column  may  become  overloaded  and 
breakthrough  may  occur,  particularly  if  this  stream  is  not  monitored.  In 
the  event  of  breakthrough,  the  lower  hydrocarbons,  methane,  ethane,  and 
ethylene,  will  be  displaced  on  the  adsorbers  by  the  higher  hydrocarbons  such 
as  propane,  proi^lene  and  butane. 

A typical  analysis  of  the  liquid  oxygen  from  such  a plant  operating  in  a relatively 
clean  atmosphere  is  approximately  as  following: 


Carbon  Dioxide 

1 to  2 ppm 

Acetylene 

0. 05  ppm 

Total  Hydrocarbons 

5 to  10  ppm,  occasionally  30  ppm 
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APPENDIX  n 


LIMITS  FOR  FLAMMABLE  CONTAMINANTS 


1.  Flammability  Limits 

For  a mixture  to  be  flammable,  that  is,  to  support  its  own  combustion 
without  external  aid,  several  conditionr  must  exist  (20,  21).  Proper 
quantities  of  fuel  and  oxidant  must  be  present  as  well  as  a source  of 
ignition.  If  any  one  of  these  is  absent,  inflammation  cannot  take  place. 

An  exception  to  this  rule  is  the  decomposition  under  certain  conditions 
of  some  chemicals  which  have  negative  heats  of  formation  > acetylene, 
silver  acetylide,  ozone,  and  others  - without  the  need  of  any  agent. 

These  materials  are  hazardous  by  themselves  and  play  a part 
in  ignition.  Hazardous  conditions,  in  general,  are  avoided  by  preventing 
the  simultaneous  appearance  of  all  three  factors  — fuel,  oxidant,  ignitor. 
This  philosophy  of  control  is  one  generally  practiced  by  industry. 

In  the  case  of  liquid  oxygen,  obviously,  the  oxygen  serves  as  the  potential 
oxidizer  and  cannot  be  eliminated.  Not  all  sources  of  ignition  are  known, 
so  positive  control  of  the  mechanism  of  ignition  is  difficult.  Control  of 
the  fuel  remains  as  the  safest  means  of  avoiding  a hazardous  condition. 
However,  the  avoidance  of  fuels  Joes  not  necessarily  mean  that  ignition 
sources  or  initiators  are  to  be  ignored. 

Much  is  known  about  flammable  limits  of  gases  in  air  (20),  and  the  under- 
lying theory  of  combustion  has  been  studied  extensively  (21).  Data  on 
combustible  limits  in  gaseous  oxygen,  although  not  as  complete  as  in 
air,  are  also  available.  However,  data  on  combustible  limits  in  liquid 
oxygen  are  very  meager,  although  this  is  not  as  great  a handicap  as  it 
might  seem.  Further  discussion  will  show  that  safe  generalizations  may 
be  used  as  guides  for  combustible  limits  with  liquid  oxygen. 

Table  IX  presents  the  lower  flammability  limits  for  various  gases  i i both 
air  and  oxygen  at  ambient  temperature  and  atmospheric  pressure.  It 
can  be  seen  that  the  limits  for  all  of  the  gases  listed  are  practically  the 
same  for  both  cases,  indicating  that  the  limits  are  Set  by  the  concentration 
of  fuel,  providing  sufficient  oxygen  is  present.  On  this  evidence,  it  may 
be  presumed  that  flammability  data  obtained  with  air  may  be  used  as  if 
it  were  obtained  with  gaseous  oxygen.  It  is  also  interesting  to  note  that. 
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TABLE  DC 


U)WER  FLAMMABILITY  LIMITS  OF  COMBUSTIBLES 


C 


Gas 

Air* 

Hydrogen 

4.0 

Methane 

5.0 

Ethane 

3.0 

Propane 

2.2 

Butane 

1.9 

iso- Butane 

1.8 

Ethylene 

2.7 

Propylene 

2.0 

Butene -1 

1.6 

Butene -2 

1.8 

i-Butylene 

1.8 

Carbon  Monoxide 

12.5 

Oxygen  (Gas)  * 

Oxygen  (Liqi 

4.0 

— 

5.1 

11.0 

3.0 

4.0 

2.3 

— 

1.8 

— 

1.8 

— 

3.0 

— 

2.1 

— 

1.8 

— 

1.7 

— 

15.5 

All  values  are  given  In  mole  percent  (not  methane  equivalent). 

* Reference  (20),  ambient  temperature,  atmospheric  pressure. 
*♦  Reference  (22),  -297“F,  atmospheric  pressure. 
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on  a methane  equivalent  basis,  .flammability  limits  for  the  hydrocarbons 
are  all  approximately  the  same. 

Experimental  results  (22,  23)  for  the  lower  flammability  limits  of  methane 
and  ethane  in  liquid  oxygen  are  also  presented  in  Table  DC.  Comparing 
flammability  limits  in  liquid  oxygen  versus  flammability  limits  in  gaseous 
cuygen,  it  may  be  predicted  that,  in  general,  more  fuel  will  be  needed 
with  liquid  oxygen  than  with  warm  gaseous  oxygen.  This  prediction  is 
. supported  by  a consideration  of  the  requirements  of  combustion.  For 
combustion  to  be  self-supporting,  sufficient  energy  must  be  produced 
by  the  burning  portion  to  raise  the  adjacent  mass  to  kindling  temperature. 
If  liquid  oxygen  is  used  in  place  of  gaseous  oxygen,  additional  heat  is 
required  both  to  vaporize  the  oxygen  and  fuel  and  to  warm  the 
vapors  to  ambient  temperature.  This  additional  heat  can  only  come  from 
additional  fuel.  This,  it  may  be  assumed  that,  where  experimental 
flammability  data  is  lacking  for  liquid  oxygen,  an  additional  margin  of 
safety  is  supplied  by  using  data  ob^ined  with  air  or  gaseous  oxygen. 

2.  ' Solubility 

In  the  above  discussion  of  flammability  limits,  it  was  assumed  that  the 
mixtures  of  fuel  and  oxygen  were  homogeneous.  However,  in  actual 
circumstances  it  is  unlikely  that  concentrations  of  hydrocarbons  would 
be  permitted  to  approach  the  flammability  limit.  Table  X presents  the 
solubilities  of  the  various  hydrocarbons  in  liquid  oxygen  compared  with 
their  lower  flammability  limits.  Solubility  as  a function  of  temperature 
is  presented  for  the  saturated  hydrocarbons  in  Figure  10  and  for  the 
unsaturated  hydrocarbons  in  Figura  11.  It  can  be  seen  that,  except 
for  methane,  ethane,  and  propane,  the  solubility  limit  is  reached  well 
below  the  flammability  limit;  As  was  mentioned  in  the  Discussion 
(Section  A,  Subsection  2,  Combuetiiile  Contaminants),  concentrations 
above  the  solubility  limit  are  as  ha?.ardous  as  concentrations  above  the 
flammability  limit.  This  means  ttuit  hazard  tolerance  should  be  based 
on  solubility  limits  instead  of  flammability  limits. 

Although  solubility  is  generally  thougi:t  of  as  equilibrium  between  solid 
and  liquid  phases,  it  can  also  be  considered  to  be  equilibrium  between 
immiscible  liquid  phases.  Ethane,  propane,  ethylene,  and  propylene 
are  all  reported  (22,  24,  25)  to  form  conjugate  phases  with  liquid  oxygen. 
In  the  cases  of  ethylene  and  propylene,  the  formation  of  a second,  fuel- 
rich,  liquid  must  be  considered  in  the  same  category  as  the  formation  of 
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TABLE  X 


SOLUBILITY  OF  HYDROCARBONS  IN  UQIIP  OOnrOKM 
Parts  Per  Million  by  Molu 

Solubility*  at  -297. 3*F  Lower  Flammability  Limit 


Gas 

(Methane  Equivalent) 

(Methane  Equ 

Methane 

080, 000 

50, 000 

Ethane 

430, 000 

60, 000 

Propane 

150, 000 

63,  600 

Ethylene 

55, 000 

55, 000 

Propylene 

20, 100 

60, 000 

i-Butane 

7,040 

72, 000 

Butene -1 

4,  000 

64, 000 

n- Butane 

3,440 

74,  400 

1- Butylene 

530 

72,000 

Acetylene 

10 

50, 000 

♦ Reference  24 


SOLUBIUTY  — PPM  HYDROCARBON 


HYDROCARBON 


a solid  phase,  and  with  the  same  degree  of  hazard.  The  concentration 
of  hydrocarbon  in  the  oxygen  rich  phase  would  be  termed  the  solubility. 
Considerable  data  on  solubilities  of  combustibles  in  liquid  oxygen  are 
available  in  the  literature  (7, 8, 21, 22, 24, 25, 26, 27, 28, 29, 30, 31, 32). 

3.  Initiators 

An  initiator  is  definea  as  an  energy  source  of  such  a magnitude  and 
intensity  that  a fuel-oxidant  reaction  can  occur  providing  the  fuel-oxidant 
mixture  concentration  is  within  the  flammability  region.  Initiators  can 
be  chemical,  thermal,  electrical,  and  mechanical  in  nature.  The  intensity 
of  the  energy  source  refers  to  the  energy  (or  temperature)  level,  and 
magnitude  refers  to  the  total  quantity  of  energy  released  as  kindling.  The 
potential  chemical  initiators,  ozone,  and  the  nitrogen  oxides  are  discussed 
at  length  below.  A discussion  of  thermal  initiators  such  as  electric  matches, 
blasting  caps,  external  heat,  and  thermite  bombs  is  beyond  the  scope  of  this 
project.  Electrical  Initiators  such  as  static  electricity  discharge,  which 
is  generated  within  the  iiquid  oxygen  handling  system,  are  a part  of  this 
project  and  will  be  studied  under  Supplement  No.  1 of  this  project. 
Mechanical  initiators  such  as  adiabatic  bubble  compression,  fluid  friction 
of  high  velocity  solid  particles,  mechanical  friction  of  valves,  and  pump 
bearings  and  shock  waves  induced  by'water  hammer*  are  a pai't  of  this 
project  and  will  be  studied  under  Supplement  No.  1 of  this  project. 

Ozone  has  been  shown  experimentally  to  react  with  unsaturated  hydrocarbons 
at  liquid  oxygen  temperatures  ana  to  increase  the  ignition  sensitivity  of 
liquid  oxygen-fuel  mixtures  in  the  flammable  region,  that  is,  the  energy 
level  for  ignition  is  reduced  (27).  Flammable  mixtures  of  liquid  oxygen- 
fuel  have  been  ignited  by  ozone  (22, 27, 29, 34, 35).  Explosive  reactions 
between  ozone  and  nitrogen  trioxide  or  tetroxide  at  temperatures  well 
above  -297°F  (36)  and  explosive  decomposition  of  ozone  itself  at  -150°F 
(37)  have  been  reported.  In  all  experimental  work,  relatively  large 
quantities  of  ozone  were  used.  However,  despite  the  evidence  of  its 
ability  to  initiate  combustion,  there  is  no  reported  evidence  in  the  literature 
of  the  presence  of  ozone  in  liquid  oxygen.  One  team  of  investigators  report 
the  possibility  of  trace  quantities  (30). 

Experiments  with  nitric  oxide  and  nit;’cgen  dioxide  show  that  neither  react 
with  unsaturated  hydrocarbons  at  -297^F  and  that  they  do  not  increase  the 
Ignition  sensitivity  (in  some  caees,  even  lowering  the  sensitivity)  of 
flammable  liquid  oxygen-hydrccai'!x>;i  mixtures  (27).  If  ozone  (at  least 
more  than  200  ppm  ozone  for  mixtures  studied)  is  introduced  into  flammable 
liquid  oxygen -unsaturated  hydrocar ^on  mixtures  containing  nitrogen  dioxide. 
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the  Ignition  sensitivity  is  increased  *to  a greater  extent  than  that  due  to 
ozone  alone  (27).  Nitrogen  dioxide  added  to  a liquid  oxygen-ethane  mixture 
just  below  the  lower-flammable-limit  concentration  had  no  effect  on  the 
limit  (22).  Nitric  oxide  reacts  with  oxygen  at  temperatures  slightly 
above  -297“F  and  very  violently  at  -265®F  (36). 

Experiments  with  gaseous  nitrous  or  nitric  oxides  have  shown  them  to  be 
flammable  but  no  ignition  occurred  when  each  solid  oxide  was  slurried 
in  liquid  oxygen  (22).  Cocrystals  of  nitrous  oxide  and  acetylene  containing 
more  than  25  mol  percent  of  the  latter  were  observed  experimentally  to 
have  the  same  ignition  sensitivity  in  liquid  oxygen  as  acetylene  (39). 

Data  on  the  presence  of  initiators  and  sensitizers  in  liquid  oxygen  and 
knowledge  of  their  effects  are  meager.  The  safest  course  appears  to  be 
the  avoidance  of  flammable  liquid  oxygen-fuel  mixtures  and  the  prevention 
of  the  occurrance  of  chemical,  thermal,  and  mechanical  initiators.  The 
former  results  in  the  Ineffectiveness  of  the  initiator  by  removing  the  fuel 
and  the  latter  reduces  the  possibility  of  occurance  of  initiation  which 
experimental  data  have  shown  to  be  hazardous. 


APPENDIX  m 


ADSORPTION  RE  PURIFICATION  OF  UQUID  OXYGEN 


Since  low -temperature  adsorption-purifiers  are  already  used  in  air-separation 
plants  to  remove  hydrocarbon  contaminants  and  carbon  dioxide,  adsorptive 
purifiers  can  be  designed  for  stored  liquid  oxygen  based  on  this  experience. 

The  difference  between  the  purification  of  stored  liquid  oxygen  and  purification 
in  an  air -separation  plant  lies  in  the  different  temperatures  used  for  the  process. 
The  hydrocarbon  adsorbers  ir.  a generating  plant  normally  operate  at  about  -280"F 
and  75  psia  whereas  adsorbers  purifying  stored  liquid  oxygen  would  operate  at 
about  -297°F  and  slightly  above  atmospheric  pressure.  The  effect  of  temperature 
on  adsorber  capacity  has  not  been  completely  established,  but  it  may  be  parti- 
cularly Important  for  the  components  with  low  solubilities  which  are  of  interest. 

Available  data  show  that  the  adsorptive  capacity  for  contaminants  decreases 
moderately  with  a decrease  in  inlet  concentration.  Since  the  concentrations  to 
be  handled  in  launch-site  storage  are  lower  than  the  concentrations  dealt  with 
in  air  plants,  the  concentration  difference  must  also  be  considered  in  adsorber 
design.  Although  conservative  criteria  may  be  used  for  the  safe  design  of 
adsorptive  repurification  systems,  it  is  desirable  to  obtain  more  quantitative 
data  on  adsorbent  characteristics  before  establishing  final  designs. 

Since  the  build-up  of  contamination  in  stored  liquid  oxygen  is  generally  a 
gradual  process,  it  would  not  be  economically  desirable  to  build  individual 
repurification  units  which  would  be  idle  much  of  the  time.  Instead,  a central 
unit  might  be  used  to  service,  in  rotation,  a number  of  storage  tanks  through 
long-distance  lines,  or,  alternatively,  a mobile  unit  could  be  designed  to 
service  tanks  periodically,  as  requir^. 

Repurification  Rate 

The  purification  rate  of  a recirculation-adsorber  depend  primarily  upon  the 
size  of  the  circulation  pump  and  the  extent  of  mixing  in  the  storage  tanks. 

During  repu  luvation  through  an  external  adsorber  the  liquid  oxygen  would  be 
subject  to  a xial  heat  influx  due  to  the  adsorntion  operation.  Liquid- 
nitrogen  refrigeration  could  be  used  to  recondense  any  boil-off  resulting  from 
such  heating. 

In  the  simplified  analysis  of  repurification  rates  which  follows,  liquid-nitrogen 
recondensation  of  the  boil-off  oxygen  is  assumed.  (The  amount  of  liquid  nitrogen 
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required  would  be  small. ) In  addition,  it  is  assumed  that  the  circulating 
oxygen  leaves  the  adsorber  completely  free  of  contamination,  although  it  is 
recognized  that  this  is  true  only  for  a perfect  absorbent. 

The  following  simplified  models  are  considered  in  evaluating  the  probable 
repurification  rate: 

1.  Complete  By- Passing 

If  the  positions  of  the  inlet  and  outlet  lines  leading  to  and  from  the  re- 
purification system  are  close  to  each  other  in  the  storage  tank,  it  is 
possible  that  complete  by-passing  wUl  occur.  Liquid  oxygen  flowing 
to  the  adsorber  will  have  been  already  purified  and  essentially  no 
purification  will  take  place  after  an  initial  active  volume  has  been 
circulated  through  the  purifier.  The  positions  of  the  inlet  and  outlet 
lines  in  the  storage  tank,  therefore,  must  be  arranged  to  promote 
thorough  mixing  of  the  contents.  (Refer  to  Figure  3,  Page  13,  and 
Section  n.  Part  C,  Paragraph  1,  Change  in  Contaminant  Concentration, 
Page  11.) 

2.  Complete  Mixing 

For  the  csise  of  complete  mixing,  the  concentration  of  contaminant  will 
decrease  according  to  the  equation: 

= kC  (ra-1) 

where 

C = concentration  of  contaminant  in  liquid  oxygen. 

t - *ime  after  start  of  purification,  hours. 

k = purification  coefficient  (capacity  of  pump  per  hour 
divided  by  storage  tank  capacity). 

The  integrated  form  of  this  equation  yields  the  new  concentration,  C,  of 
the  impurity  in  question: 


In 


Co 

C 


« kt 


(UI-2) 
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where 


Cq  » initial  concentration  of  contaminant. 

The  "hall-life"  of  the  purification  system,  1.  e. , the  time  required  to 
reduce  the  contaminant  concentration  by  a factor  of  two  is: 

h/2  = 


Thus  a tank  containing  24, 000  gallons  and  connected  to  an  external  re- 
purifier circulating  liquid  oxygen  at  a rate  of  100  gpm  will  havt*  a "half 
life"  of: 


^1/2 


2. 78  hours 


3.  Plug  Flow 

In  the  case  of  plug  flow,  the  time  to  remove  all  the  contaminant  is  pro- 
portional to  the  volume  of  liquid  in  the  vessel  divided  by  the  pump  rate. 
For  a 24, 000  gallon  tank  and  100  gpm  pump,  the  liquid  will  be  com- 
^ pletely  purified  in  240  minutes,  or  4 hours.  This,  of  course,  is  for 

ideal  conditions  and  will  not  happen  except  when  pumping  the  entire 
contents  from  one  tank  to  another.  Interestingly,  the  "half-life"  for 
plug  flow  is  not  much  less  than  that  for  complete  mixing,  1.  e. , concen- 
tration decreases  linearly  with  time: 

h/2  “ TP (m-4) 

For  the  example  cited,  the  "half-life"  would  be  2. 00  hours  as  compared 
to  2.  78  hours  for  complete  mixing. 

4.  Actual  Flow 


Actual  recirculation-flow  will  be  a mixture  of  the  three  possible  flow 
conditions  with  the  decrease  in  contaminant  concentration  being  somewhere 
between  the  rates  for  the  two  extreme  cases  of  flow,  i.  e. , plug  flow  and 
complete  by-passing.  In  launch-site  storage-tanks  equipped  with  inlet 
and  outlet  piping  arrangements  such  as  illustrated  previously  in  Figure  3(b), 
the  flow  pattern  should  be  more  favorable  to  rapid  repur  if  Icatlon;  the  rate  of 
decrease  in  contaminant  concentration  could  be  expected  to  be  closer  to  that 
for  plug  flow  and  complete  mixing  than  for  complete  by-passing. 
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Spherical  Detonations  in  Gas-Oxygen 

Mixtures' 

G.  A.  CARLSON 

AppHed  Material  Science  Division  5323,  Sandia  Laboratories.  Albuquerque.  NM  S7I13 


Studies  of  the  spherical  detonation  of  a variety  of  luses  with  oxypen  are  reported.  Detonability  limits 
for  IS  gas-oxygen  mixtures  in  a 20-cm-i.d.  sphere  have  been  determined,  using  small  high  explosive 
detonators  to  initiate  detonation.  The  minimum  energy  for  initiation  of  detonation  in  14  stoichio- 
metric gas-oxygen  mixtures  has  been  determined,  using  exploding  wires  to  initiate  detonation. 


Fhmmabiiity  limits  liave  been  determined  for  a 
wide  variety  of  gases  in  air  and  oxygen.  Deto- 
nability limits,  on  the  other  hand,  have  been  estab- 
lished for  relatively  few  gases  |l-8| , We  report 
here  detonability  limits  and  minimum  energies  for 
initiation  of  detonation  for  a number  of  gases  in 
oxygen. 

The  gas  mixtures  were  detonated  within  a 20- 
on-i.d.  spherical  vessel  consisting  of  two  1 .9-cm- 
wall  stainless  steel  304L  flanged  hemispheres 
bolted  together  and  sealed  with  an  0-ring  (see 
Fig.  1).  Cases  were  introduced  into  the  sphere 
tangent  to  the  wall,  resulting  in  a swirling,  mixing 
action.  A higii  explosive  detonator  or  an  explod- 
ing wire,  positioned  in  the  center  of  the  sphere, 
was  used  to  initiate  detonation  of  the  g:  . mix- 
ture. A calibrated  piezoelectric  transducer 
(Susquehanna  ST-4, 0-700  bars),  was  used  to 
monitor  the  resulting  pressure  waves  at  the  vessel 
wall. 

Detonators  containing  about  400  J of  stored 
chemical  energy  were  used  in  ihe  nKasurenn'iit  of 
detonability  limit!..  Exploding  wires  were  used  to 
determine  minimum  initiation  energies  for  detona- 
tion of  nea'-stoiehiomeiric  mixtures.  Capacitively 
stored  encr|’,ies  from  0.1 1 to  1 2.5  J (0.02S  to  I 


Thii  work  wa«  tuppiHlcil  by  the  Ijniled  Slates  Atomic 
f^rgy  CoininoMon. 


)iF  at  3 to  S kV)  were  discharged  through  0.71  - 
cmdong  uncoated  copper  wires,  ranging  in  diam- 
eter from  1.27  X I0‘‘  to  1.15  X 10'*  cm.  Ab- 
sorption of  electrical  e.nergy  by  tlie  exploding 
wires  was  determined  from  the  cunent  and  volt- 
age aaoss  the  wires  to  be  completed  within  0.2 
ptec.  Energy  transfer  into  the  exploding  wires 
was  calculated  to  be  about  50C^,  judging  from  the 
resulting  shock  wave  intensity  |9| . 

Upper  and  lower  detonability  limits  were  de- 
termined for  15  gases  in  oxygen.  In  all  experi- 
ments, detonation  was  differentiated  from  com- 
bustion by  the  appearance  of  the  pressure  waves 
recorded  at  the  vessel  wall.  Detonation  resulted  in 
a well-denned  shock  front  traveling  at  supersonic 
velocity,  while  combustion  always  proceeded  at 
subsonic  velocities  and  was  not  accompanied  by  a 
wcll-derincd  shock  wave.  Figure  2 shows  pressure 
records  for  ethylene-oxygen  mixtures  run  slightly 
bek>w  and  sliglitly  above  the  bwer  detonability 
limit.  In  Fig.  2a,  below  the  detonability  limit, 
only  the  sliock  wave  attributable  to  the  high  ex- 
plosive detonator  is  observed.  A preuurc  increase 
due  to  combustion  was  only  observed  in  records 
taken  at  slower  sweep  speeds.  The  duration  of  the 
combustion  reaction  war  about  OOOpsec.  In  con- 
trast, at  a slightly  higher  ethylene  concentration, 
detonation  occurs.  In  Fig.  2b,  a sharp  spike  at  4X 
pticc  marks  the  arrival  of  a well-defined  gas  detona- 


CnpyrisM  O IV7  J by  Th«  I'limhittiHm  Inoilulv 
fubUthvd  by  Amvhvan  Khwter  Hubhshms  I'-impjny,  Inv. 


384 


C.  A.  CARLSON 


Fig.  2.  Ficnure  iccofdt  of  deionabiUty  limlti  exptri- 
mcnit.  Tfa«*  a,  9.(y,f-  ethylene  in  oxygen  at  760  Ton;  ' 
Traci  b,  9.5?  ethylene  in  oxygen  at  760  Ton.  Both 
traces,  156  bats/div.  10  Msec/dhr. 


Fig.  I.  Spherical  reaction  vessel  used  fur  gas  detonalio a ..  . 

studies,  (a)  detonator  or  wire  holder  (see  detail  draw-  tion  wivc.  The  sltock  wave  velocity  of  2100 

ingsi;  (b)  pressure  transducer:  (c)  gas  mixer;  (d)  tangen-  m/sec,  determined  from  the  arrival  time,  compares 

tul  gas  inlet:  (e)  valve  connection  to  vacuum  manifold.  favorably  with  gas  detonation  wave  velocities  re- 
ported for  ethylene-methane-oxygen  mixtures  [1], 
The  results  of  the  detonability  limits  study  are 
given  'n Table  I. 


TAKLE  1 

DetonabU'ty  Limits  of  Gas-Oxygen  Mixtures,  Determined  Using 
a 4(X)  J High  Explosive  Detonator  for  Initiation 


Cat 

Lewer 

DctoiablBty 

Undt* 

(Volume  % pt) 

upp« 

Detonability 

Limit* 

(Volume  51  gat) 

Acetaldehyde 

12  -14 

46-50 

AcetyletM 

6J-  7 

67-69 

Carbon  disulfide 

12  -13 

> 46' 

Cydopropanc 

6J-  7 

38-40 

Diethyl  ether 

4J-  3 

28-30 

Ethane 

10  -17 

38-40 

&hylenc 

9 - 9J 

50-52 

Ethylem  oxids 

8-9 

64-66 

Ethyl  nitrite 

4 - 4.5 

58-62 

Methyls  cetylene 

5J-  6 

48-50 

Methyl  vinyl  ether 

5-5.5 

44-46  ■ 

Piopadiene 

5 - 5J 

48-50 

Propane 

6J-  74 

30-32 

Ptopyiene 

64-  7 

36-38 

Vinyl  fluoride 

11  -12 

54-56 

'Detonation  was  obse.  ved  at  the  higher  gas  concentration,  but  was 
n<^  observed  at  the  lower  gas  concentration. 

"Detonation  was  observed  at  the  lower  gat  concenbation.  but  wu 
not  observed  at  the  higher  concentration. 

'‘Experiments  at  higher  gas  ooncentralkm  not  possible  due  to 
uspor  pressure  limiutions. 
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TABLE  2 

Minimum  Initblion  Energy  for  Detoiution  of  Gas-Oxyg<  n Mixture* 
Uiing  Exploding  Wire  Initialioti 


Gas 

Gas  Concentration 
(Volume  %) 

Min.  mum* 
Initbtio  1 Energy 
(Joules) 

Acetylene 

40 

< 0.(1 

Ethyl  nitrite 

31 

0.  1 

Itopadiene 

28.6 

0.31 

Methylacetylene 

28.6 

OJt 

Ethylene  oxide 

40 

0.3i 

Methyl  vinyl  ether 

28.6 

0.62 

Qrdopropene 

23 

0.62 

Ethylene 

33 

0.62 

Vinyl  fluoride 

40 

0J8 

Propylene 

25 

IJ3 

Diethyl  ether 

20 

IS 

hopanc 

112 

%S 

Ethane 

28.6 

8.75 

Acetaldehyde 

40 

ns 

*Capacitively  itored  energy,  determined  as  CV*/2.  The  act  al 
energy  expended  in  the  shock  wave  from  the  exploding  wire  i about 
30%  of  the  stored  energy  |9|. 

The  minimum  energy  required  for  initiation  of 
detonation  was  determined  for  intermediate  com- 
positions of  each  gas  mixture  investigated.  Tiie 
mixtures  chosen  for  study  contair  :d  somewhat 
less  oxygen  than  stoichiometric  mixtures,  since 
earlier  detonation  studies  by  Litchfield  (6-8 1 indi- 
cated that  such  mixtures  were  more  sensitive  to 
detonation  initiation.  This  is  probably  due  to  the 
importance  of  CO  os  a reaction  product  in  det- 
onation reactions,  as  is  indicated  by  thermody- 
namic calculations. 

The  results  of  the  study  of  minimum  energies  for 
initiation  of  detonation  are  shown  in  Table  2.  In 
genera),  these  energies  are  somewhat  lower  tiun 
previous  investigators  have  found  ( 1 , 4, 6, 7, 8( . 
However,  it  has  been  demonstrated  [I0|  that  dif- 
ferent methods  of  initialing  detonation  (i.e., 
spark,  exploding  wire,  laser  pulse),  as  well  as  dif- 
ferent experimental  geometries,  can  have  a sub- 
stantial effect  on  the  minimum  energy  for  initia- 
tion of  detonation.  Thus,  the  present  results 
should  be  interpreted  as  establishing  the  order  of 
difRculty  of  initialing  detonation  in  tlie  gases 
studied,  rather  than  llie  absolute  magnitude  of  the 
initiation  energy. 
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FOREWORD 


Rigid  control  of  contamination  has  contributed  to  the  reliability  and  precision  of 
vehicles  and  instruments  sent  out  to  explore  space . Experience  gained  in  the  aerospace 
community  also  can  be  helpful  in  the  pharmaceutical,  electronic,  and  many  other  indus- 
tries in  which  extreme  cleanliness  is  important.  This  is  one  of  three  Special  Publi- 
cations issued  by  the  NASA  Office  of  Technology  Utilization  to  help  extend  and  diffuse 
current  concepts  and  techniques  of  rigorous  contamination  control . 

The  first  of  these  documents.  Contamination  Control  Principles,  SP-5045,  was 
issued  in  1967  when  a NASA  Contamination  Control  Panel  called  attention  to  the  wide- 
spread need  for  guideline  information.  The  George  C . Marshall  Space  Flight  Center, 
the  Manned  Spacecraft  Center,  and  the  John  F . Kennedy  Space  Center  were  represented 
on  that  panel  by,  respectively,  Frederick  J.  Beyerle,  Quintin  T.  Ussery,  and  Dr.  John 
Gayle . Since  llien  a number  of  special  courses  for  technicians  and  supervisors  employed 
in  clean  rooms  have  been  given,  and  the  lectures  prepared  by  James  W . Useller  for  one 
of  those  courses  at  the  Lewis  Research  Center  have  been  published  in  Clean  Room 
Technology,  SP-5074. 

This  handbook  deals  in  more  detail  with  many  of  the  same  matters  discussed  in 
SP-5045  and  SP-5074 . It  was  prepared  for  the  George  G . Marshall  Space  Flight  Center 
under  the  direction  of  H . D . Sivinski,  Manager  of  the  Planetas^r  Quarantine  Department 
at  the  Sandia  Laboratories  and  one  of  the  authors  of  Contamination  Control  Principles . 

He  was  assisted  in  this  work  by  a team  that  included  D . M . Garst,  K . F . Lindell, 

W.  J.  Whitfield,  and  J.  A.  Paulhamus  and  their  associates  at  the  Sandia  Laboratories; 

Dr . John  Beakley  and  L . Hughes  of  the  University  of  New  Mexico,  and  Mrs . Dorothea 
Drury,  technical  editor . 

The  authors*  purpose  was  to  assemble  in  one  volume  the  information  and  data  most 
likely  to  be  of  practical  help  to  persons  engaged  in  contamination  control  in  industrial  and 
related  operations . Although  commercial  names  have  been  used,  mention  of  them  does 
not  constitute  endorsement  by  the  authors  or  any  Government  agency.  The  group  respon- 
sible for  this  work  drew  on  many  sources  of  information  and  has  included  matters  about 
which  there  may  still  be  controversy,  but  the  information  presented  has  been  verified  to 
the  extent  believed  practical. 


Ronald  J . Philips,  Director 
Technology  Utilization  Division 
Office  of  Technology  Utilization 
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SECTION  4 


CONTAMINATION  CONTROL  IN  GASES  AND  LIQUIDS 


Controlling  contamination  in  gases  and  liquids  requires  methods  applicable  to 
the  type  and  quantity  of  contaminants  and  the  cleanliness  level  required  for  a particular 
application.  Gases  and  liquids  may  be  grouped  according  to  their  two  major  uses; 

a.  As  part  of  a system,  such  as  hydraulic  fluids  and  actuating  or 
control  gases,  fuels,  coolants,  lubricants,  and  refrigerants. 

b.  In  processing  and  in  support  of  system  operations  such  as  clean- 
ing solvents,  flush  gases  and  liquids,  cutting  oils,  and  lubricants. 

When  used  as  part  of  a system,  the  gas  or  liquid  may  be  recycled  or  reused  often.  In 
such  cases,  methods  for  controlling  contamination  with  capabilities  for  monitoring  or 
verifying  the  cleanliness  level  may  be  designed  as  part  of  the  system. 

Specifications  for  procurement  of  gases  and  liquids  shotild  include  the  required 
purity  level  and  tolerable  concentrations  of  specific  impurities. 

Contamination  controls  should  include  methods  of  verifying  the  purity  levels 
prior  to  use  and  monitoring  the  cleanliness  levels  periodically  during  use,  to  assure  that 
acceptable  levels  are  being  maintained. 

The  storage,  transportation,  handling,  and  transfer  of  gases  and  liquids  should 
not  contribute  to  their  contamination.  These  operations  require  well-defined  control 
techniques  and  practices  to  maintain  the  required  purity  levels. 


4. 1 Contaminants  in  Gases 

Gases  discussed  herein  are  those  defined  by  the  U.S.  Interstate  Commerce 
Commission  as  "Compressed  or  Liquefied"  in  the  interest  of  safe  handling  and  transpor' 
tation  in  interstate  commerce.  These  gases  are  segregated  into  the  following  major 
groups,  as  they  differ  in  physical  state  when  contained. 

Nonliquefied  gases  are  those  which  do  not  liquefy  in  containers  at  normal  tem- 
peratures and  under  pressures  up  to  2000  to  2500  psig,  normally  attained  in  commer- 
cially used  containers.  However,  these  gases  will  liquefy  at  cryogenic  temperatures 
(approximate  range  fz’om  -200°  to  -459°F). 
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Liquefied  gaseis  are  those  which  do  become  liquids,  to  a very  large  extent,  in 
containers  at  or  near  normal  temperatures  and  under  pressures  ranging  from  25  to 
2500  psig,  normally  attained  in  commercially  used  containers. 

4. 1. 1 Description  of  Gases 


Pertinent  infoimiation  on  each  of  the  compressed  gases  is  essential  to  the 
effective  application  of  a specific  gas  as  part  of  a system  or  in  processing  and  in  support 
of  system  activities.  General  information  is  available  from  the  gas  producer  or  distri- 
butor. More  detailed  information  is  contained  in  much  of  the  open  literature  (see 
Paragraph  4o  3,  Bibliography).  Essential  information  is  provided  below: 

a.  Physical  properties  include  boiling  points,  critical  temperatures 
and  pressures,  specific  heat,  density,  and  other  data  for  each  gas. 

Table  4-1  lists  Some  of  the  common  gases  and  their  properties. 

The  data  given  generally  represent  the  properties  of  a pure  gas. 

Therefore,  the  values  of  certain  of  these  properties  will  vary 
somewhat  with  various  purity  levels.  It  should  also  be  noted  that 
the  factors  used  in  expressing  values  of  properties  will  vary 
depending  on  the  source  of  the  data. 

b.  Formulation  includes  elements  of  gas  haixtures  and  impurities, 
with  concentrations  of  each  gaseous  element,  water,  oil,  and 
particulates  in  each  available  grade. 

c.  Materials  of  construction  which  are  suitable  or  not  suitable  for 
containment  of  the  gas  as  related  to  pressure,  temperature,  and 
corrosive  limitations, 

d.  Physiological  effects  are  odor,  toxicity,  threshold  limit  values, 
contact  irritation  to  skin,  eyes,  etc. 

e.  Precautions  in  handling  and  storage  include  containers,  safety 
devices,  temperatures,  flammability,  etc, 

f.  Marking  and  identification  of  containers  include  methods  of 
marking,  type  of  data  marked  on  containers,  and  color  marking. 

These  methods  may  vary  with  the  different  producers. 

4. 1. 2 Purity  Levels  and  Grades 

Minimum  purity  levels  of  gases  are  normally  defined  by  percent  by  volume. 
Maximum  impurities  are  defined  by  parts  per  million  by  volume.  Factors  for  inter - 
conversion  of  the  various  concentration  units  are  shown  in  Table  4-2. 

Analysis  of  individual  impurities  may  be  automatically  supplied  with  the  higher 
purity  grades  or  may  be  available  on  req.  •ist  from  the  producer. 

Terms  or  nomenclature  used  by  the  compressed  gas  industry  to  define  grades  of 
gases  relative  to  the  purity  levels  vary  widely  among  producers,  and  often  between 
gases  from  one  producer.  A grade  term  defining  a purity  level  for  one  gas  may  define 
a different  purity  level  for  another.  Therefore,  a single  grade  term  defines  a purity 
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TABLE  4-1 

Low  Temperature  Physical  Properties  of  Gases 


Noma 

Eoroivta 

Molecular 

Weight 

Normal  Eoiling  Point 

Critical  Point 

Triple  Point 
or 

(Melting  Point) 

Specific 

Heat 

Cp(S70'F, 
14.7  PSIA 
BTU/ 

(lb.moI«)(°F) 

Gas 
Density 
@70”? 
147  PSIA 
lb./cu.ft. 

Temp. 
• °F. 

liquid 

Density 

lb./eu.ft. 

Latent 

Heat 

BTO/ 

Ib.-mote 

Pressure 

PSIA 

Tcmpe 

Pressure 

PSIA 

Acelylano 

ES9 

26.04 

—119.2  (3) 

387,  (3J 

9,180  (3J 

96.0 

906 

—114.6 

17.4 

10.6 

0.0680 

Air  (I) 

(2) 

28.96 

54.56 

2556 

7.6 

0.07493 

Aramonta 

NHe 

17.03 

sE3M 

42.6 

10037 

270.3 

1639 

—103.0 

8.8x1 0‘‘ 

8.6 

0.0445 

Argon  (1) 

A 

39.95 

—302.6 

86.98 

2804 

—187.6 

70S 

—308.9 

9.99 

4.98 

0.1034 

Carbon  Oloxlda 

CO» 

, 44.01 

—109.3  (3) 

97.5  (3) 

10854  (3) 

87.9 

1071 

— 69.9 

75.1 

8.95 

0.1144 

Carbon  Monoxide 

CO 

mm 

—311.9 

49.3 

2597 

—220.4 

508 

—337.1 

2.23 

6.97 

0.0725 

Carbonyl  SuIRde 

COS 

60.07 

— 58.3 

mm 

7961 

2214) 

896 

(—217.3) 

9.92 

0.1521 

Chlorine 

Cl» 

70.91 

— 29.3 

97.4 

8780 

2912 

1118 

—149.8 

2.02x1  O'* 

8.2 

0.1853 

Dautarliim 

Da 

4.03 

—417.3 

10.7 

540 

—390.8 

239 

—426.0 

2.48 

6.97 

0.0104 

Ethane 

CaH« 

30.07 

—127.6 

33.8 

6315 

90.T 

703 

—297.9 

1.20x10* 

12.6 

0.0783 

Ethylano 

CaH* 

28.05 

—154.8 

35.2 

5826 

49.1 

735 

—272.5 

1.70x10’ 

10.4 

0.0729 

Fluorine 

Fe 

33.00 

—306.6 

93.8  . 

281 5 

—200.2 

808 

(—363.3) 

7.49 

0.0983 

Freon — 12 

CCIaFa 

120.92 

— 21.6 

92.9 

8592 

233.6 

597 

(—2524) 

17.66 

0.318 

fireon— *13 

CCIFa 

104.46 

— 114.6 

95.0 

6670 

83.9 

561 

(— 294.0) 

16.09 

0.273 

Freon — 14 

CF* 

08.0! 

—1984 

122.4 

5160 

— , 49.9 

542 

—299.2 

170x10-* 

14.6 

0.228 

FraOn — ^22 

CHCIFj 

86,47 

— 414 

88.2 

8704  ■ 

204.8 

716 

(—256.0) 

13.35 

0.229 

Helium  (1) 

He 

4.00 

—452.13 

7.798 

36 

—450.2 

33 

—455.8  (4) 

7.35x10-’(4) 

4.98 

0.01034 

Hydrothlorle  Acid 

KCI 

36.46 

—120.9 

74.3 

6948 

124.5 

1199 

(—173,  ) 

6.9 

0.0950 

Hydrogen  (1) 

Ha 

2.02 

—422.99 

4.418 

389 

—399.8 

188 

—434.5 

1.044 

6.89 

0.005209 

Kycfrogen  Sulfide 

HaS 

34.08 

— 75.4 

60.0 

8033 

2127 

1307 

—122.0 

3.36 

8.2 

0.0892 

Krypton  (1) 

Kr 

83.80 

—244.0 

150.6 

3884 

— 82.8 

796 

—250.9 

10.62 

4.98 

0.2172 

Melhana 

CH« 

16.04 

—250.6 

26.5 

3519 

—116.6 

670 

—296.5 

1.69 

8.6 

0.0416 

Methyl  Chloride 

CHaCl 

50.49 

— 11.5 

62.2 

9293 

289.6 

967 

—144.0 

1.27 

9.97 

0.133 

Neon  (I) 

Ne 

20.18 

—410.7 

■ 75.35 

748 

— 3797 

395 

—415.4 

'6.27 

4.98 

0.0521.5 

Nitric  Oxide 

NO 

30.01 

—241.0 

79.3 

5953 

— 1372 

945 

—263.6 

3.16 

7.1 

0.0777 

Nltrogan  (1) 

N, 

28.01 

—320.5 

50.46 

2405 

—232.6 

. 491 

—345.9 

1.82 

6.93 

0.07245 

Nitrogen  Trlltuortde 

NFa 

71.01 

—199.2 

96.0 

4984 

— 387 

657 

(—343.3) 

1.77xl0-‘ 

0,1864 

Nitrour  Oxide 

NaO  , 

44.01 

— 127.2 

76.8 

7110 

977 

1054 

—131.6 

120'4 

9.2 

0.1146 

Oxygen  (I) 

o. 

32.00 

—297.3 

71.27 

2932 

—181,1 

737 

—361.8 

2.10x10-’ 

7.02 

0.03281 

Ozone 

Oa 

48.00 

—169.4 

101.8 

6174 

102 

791 

(—314.5) 

0.12/ 

Fropane 

C,H« 

44.10 

— 437 

362 

8076 

206.2 

617 

—305.0 

8.39x10“ 

17.4 

0.1154 

Fropytene 

C.H, 

42.08 

— 53.8 

3741 

7925 

197.4 

667 

—301.0 

2.4<xl0-» 

15.3 

0.1070 

Sulliir  Dioxide 

SOt 

64.06 

13.9 

89.3 

10728 

315.0 

1142 

—103.8 

2.43x10-’ 

9.6 

0.1687 

Xenon  (1| 

Xe 

131.30 

—163.0 

190.8 

5436 

61.9 

847 

—169.2 

11.82 

4.98 

0.3416 

(I)  Bpsad  on  data  from  Iho  Comproriod 
Got  AnocTallon  MsstInQ  Juno  I?,  19i2 

(S)  Froxlmats  composlllon  of  dry  cir  (Molo  Pereonfh 
78.09  K},  20.95  0»  0.93  Ar,  0.03  COt 

(3}  Danotai  »jbnmalIon  and  lolFd  dcnstfjr 
(4)  \ Ronitida]  poTtit 


Copyright  by  Air  Products  and  Chemicals  Inct 
Peprinted  with  permission. 
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TABLE  4-2 


Factors  for  3 nterconversion  of  Concentration  Units  of  Gases  and  Vapors 


1 

Present 

Desired  ^ 

Units 

Percent 

by 

Volume 

Parts  per 
MiUion 
by 

Volume 

Moles 

per 

Liter 

MiUigrams 

per 

Cubic 

Centimeter 

Milligrams 

per 

Liter 

Milligrams 

par 

Cubic  Meter 

Milligrams 

per 

Cubic  Foot 

Percent  by  volume 

- 

o 

1 

2450 

24,500/M 

2.45/M 

2.45  X 10'®/M 

0.0863/M 

Parts  per  million  by  volume  , . . , . 

10^ 

- 

24.5  X 10® 

24.5  X 10®/M 

24,500/M 

24.5/M 

863/M 

Moles  per  Uter 

4.1  X lO"^ 

4.1  X 10~® 

- 

1/M 

10‘®/M 

10'®/M 

35.3  X 10'®/M 

Milligrams  per  cubic  centimeter  . . . 

4.1  M X lO"* 

4.1  M X 10‘® 

M 

- 

lO"® 

10-® 

35,3  X 30'® 

Milligrams  per  liter 

0.41  M 

4.1  M X lO”® 

M X 10® 

CO 

o 

- 

10-® 

0.0353 

Milligrams  per  cubic  meter 

410  M 

0.041  M 

M X 10® 

10® 

10® 

- 

35.3  • 

Milligrams  per  cubic  foot 

11.6  M 

1.16  M X lO"® 

28,300  M 

28,300 

28.3 

0.0283 

- 

How  to  use  table: 

1.  Locate  column  along  top  of  table  which  gives  present  unit. 

2.  Locate  row  along  left  of  table  which  gives  desired  unit, 

3.  Read  down  and  across  to  locate  multiplying  factor. 

4.  Multiply  present  quantity  by  factor. 

Example:  Given  700  ppm  to  convert  to  moles  per  liter: 

700  X 4.1  X 10*8  s 2.87  x 10*®  moles/liter. 


Note:  In  table,  M is  molecular  weight  of  the  gas  or  vapor. 

Prom  Process  Instruments  and  Controls  Handbook, 
by  Douglas  M.  Considine,  Copyright  1957  by  the 
McGraw  Hill  Book  Co. , Inc. 
used  by  permission  of  the  McGraw  Hill  Book  Co, 


level  of  a single  gas  from  a single  producer.  The  same  grade  term  may  define  a differ- 
ent purity  level  when  used  by  other  producers.  Some  of  the  most  commonly  used  terms 
for  gas  grades  are  listed  below  in  alphabetic  order  and  do  not  imply  any  relative  order 
of  purity. 

Grades 


Analytical 
Commercial 
High  purity 
Instrument 
Prepurified 


Research 

Technical 

Ultrapure 

Zero 


Impurities  found  in  various  gases  may  be  generally  classified  as  gaseous  and 
aerosol  (liquid  and  solid  particulates).  Gaseous  impurities  are  principally  small  con- 
centrations of  the  constituents  of  gaseous  or  liquid  media  from  which  tlie  basic  gas  is 
extracted  or  from  other  substances  used  in  production  processes. 

In  some  gasf  s forms  of  hydrocarbons  may  be  an  intolerable  element.  Sources  of 
hydrocarbons  when  not  a normal  element  are  residues  of  cleaning  solvents  from  con- 
tainers and  system  equipment,  and  from  lubricants  used  in  processing  equipment  and 
containment  systems. 

Water  in  either  liquid  or  vapor  form  is  usually  a major  significant  containment 
in  all  gases.  The  water  content  of  a gas  is  usually  reduced  to  an  extremely  low  level  by 
the  normal  gas  production  processes.  However,  additional  amounts  of  water  are  easily 
introduced  into  the  gas  from  the  air  both  by  inboard  leakage  into  the  system  and  during 
transfer  to  a container  or  from  a container  to  the  user's  system.  Another  source  of 
water  is  inadequately  dried  containers,  transfer*  equipment,  and  materials  and  equip- 
ment used  in  gas  systems. 


Oils  in  liquid  or  vapor  form  may  be  introduced  into  the  gas  from  lubricants  and 
packing  materials  or  sealants  and  inadequately  cleaned  equipment  used  in  the  production 
processes  and  the  containment  system. 

Solid  par1;iculates  are  not  normally  found  in  any  significant  volume  in  newrly  pro- 
duced and  purified  gases.  Principle  sources  of  particulates  are  corrosion,  rust,  scal- 
ing, and  flalcing  of  containers  used  to  transport  the  gas  or  to  contain  the  gas  in  the  user's 
system.  For  this  reason,  gas  producers  are  reluctant  to  certify  any  maximum  concen- 
tration of  particulate  matter  in  gases. 


Table  4-3  is  a list  of  some  commonly  used  gases  with  typical  minimum  purity 
levels  that  exist  in  the  higher  purity  grades  available  from  most  producers.  The  impur- 
ities, which  are  those  normally  found,  are  given  with  the  maximum  values  for  each,  and 
are  typical  of  the  concentrations  that  may  be  expected  for  the  designated  purity  level. 
Actual  analysis  will  vary  with  each  batch  or  container  of  a specific  gas  and  may  reveal 
some  impurities  not  shown. 

Producers  in  the  compressed  gas  industry  \-vith  highly  developed,  well-controlled 
processes  for  separation  and  piirification  are  capable  of  providing  gases  of  extremely 
high  purity  levels  which  meet  most  use  requirements.  Research  and  development  in  this 
field  are  constantly  refining  these  processes  to  a point  where  some  impurities  can  be 
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TABLE  4-3 

Typical  Purity  Levels  and  Impurity  Concentrations  of  Gases 


NAME 

(a) 

{b)  IMPUMTIES  IN  PPM 

PURITY 

LEVEL, 

% 

VOLUME 

Acetylene 

(C2H2) 

Argon 

(Ar) 

Carbon 

Dioxide 

(COg) 

Carbon 

Monoxide 

(rc> 

Helium 

(He) 

Hydrogen 

Krypton 

(Kr) 

Methane 

(CH^) 

Neon- 

(Ne) 

Nitrogen 

(Ng) 

Nitrous 

Oxide 

(NgO) 

Oxygen 

<°2> 

Xenon 

(Xe) 

Water 

(HgO) 

Argon 

99.99S 

0.05 

- 

0.5 

1.0 

' 5.0 

1.0 

- 

0.5 

- 

3.0 

0.1 

1.0 

- . 

1.0 

Helium 

99.9995 

0.05 

- 

0.5 

1.0 

- 

1.0 

- 

0.5 

2.0 

5.0 

0.1 

1.0 

- 

1.0 

Hydrogen 

99.999 

0.05 

5.0 

0.5 

1.0 

5.0 

- 

- 

0.5 

- 

5.0 

0.1 

1.0 

- 

1.0 

Krypton 

99.99 

0.5 

- 

0.5 

10.0 

5.0 

1.0 

- 

5.0 

50.0 

25.0 

0.1 

2.0 

25.0 

1.0 

Neon 

99.998 

0.5 

- 

0.5 

1.0 

25.0 

1.0 

- 

0.5 

- 

5.0 

0.1 

1.0 

. 

1.0 

Nitrogen 

99.999 

0.05 

5.0 

• 

0.5 

1.0 

5.0 

1.0 

- 

0.5 

- 

- 

0.1 

1.0 

- 

1.0 

Oxygen 

99.995 

0.05 

5.0 

0.5 

1.0 

5.0 

5.0 

5.0 

0.5 

5.0 

15.0 

0.1 

- 

- 

1.0 

Xenon 

99.99 

0.5 

- 

5.0 

10.0 

5.0 

1.0 

25.0 

5.0 

5.0 

5.0 

0.1 

5.0 

- 

1.0 

(a)  Purity  levels  may  be  equal  to  or  greater  than  (5)  the  values  shown. 

(b)  Impurity  concentrations  may  be  equal  to  or  less  than  (<)  the  values  shown. 


reduced  to  a virtually  undetectable  level.  The  major  problem,  then,  is  maintaining  the 
gas  purity  level  in  containers  and  containment  systems  to  the  ultimate  use  point.  Initial 
potential  sources  of  impurities  in  gases  are  producer  storage  containers,  transfer 
equipment,  shipping  containers,  and  handling  practices. 

It  may  be  reasonable  to  assume  that  a container  of  gas  is  of  that  purity  level 
labeled  or  certified  by  the  producer.  However,  when  the  use  requirements  are  critical, 
a complete  and  accurate  analysis  by  a qualified  laboratory  may  be  needed. 

4.1.3  Gas  Systems 

The  gas  user  is  responsible  for  maintaining  or  purifying  a gas  within  the  cleanli- 
ness level  compatible  with  end  use  requirements.  Gases  which  do  not  meet  needed 
purity  levels  may  require  extensive  purification  facilities,  which  are  not  economically 
feasible  except  for  the  high  volume  user.  Hence,  the  most  economical  gas  for  the  lower 
volume  user  is  one  obtained  within  the  required  purity  level.  Techniques  for  contamina- 
tion control  in  this  paragraph  are  limited  to  the  user  gas  system. 

A gas  system  used  for  the  containment,  control,  and  distribution  of  a com- 
pressed gas  includes  the  following  components: 

Tanks  Tubing 

Fittings  Nozzles 

Regulators  O- rings  and  packing 

Valves  Filters  and  other  purification  equipment 

The  assemblage  of  the  above  parts  and  components  in  a system  constitutes  the  principal 
source  of  contaminants  to  the  gas.  Types  of  contaminants,  examples  of  each,  and  some 
of  the  principal  sources  are  shown  in  Table  4-4. 

Effective  contamination  controls  must  be  considered  in  the  design  stage  of  a gas 
system  and  implemented  throughout  the  assembly  operations.  (See  Section  2 for  product 
design  considerations. ) In  addition  to  general  design  considerations,  some  character- 
istics unique  to  a system  that  should  be  considered  are  given  below: 

a.  All  materials  exposed  to  the  gas  should  not  be  adversely  effected 
by  the  pairticular  gas. 

b.  Parts  and  equipment  such  as  regulators,  valves,  flow  meters, 
safety  devices,  tubing,  etc. , should  have  a minimum  of  entrap- 
ment areas  and  should  be  suitable  for  the  pressures  involved. 

c.  For  oxygen  systems,  eliminate  sharp  bends  in  parts  and  system 
configuration  to  prevent  erosion,  hot  spots,  and  ignition;  and 
provide  special  conditioning  procedures  to  assure  removal  and 
exclusion  of  all  combustible  substances. 

d.  Seals  or  packing  and  lubricants  in  operating  parts  should  be 
minimum  contributors  of  contaminants  to  the  gas  system. 
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e.  Cleamng  agents  should  be  minimum  contributors  of  contamina- 
tion and  easily  removed  from  the  system. 

f.  Provide  procedux-es  and  equipment  to  prevent  contaminants 
from  entering  the  system  when  it  is  opened  for  any  reason. 

g.  After  system  cleaning  a final  rinse,  flush  or  purge  should  be 
used  to  assure  removal  of  cleaning  agents  and  residue  {e,  g. , 
removal  of  hydi-ocarbons  by  steain  flushing  and  water  by  heat- 
ing, dry  gas  purging,  and  evacuating). 


TABLE  4-4 

Contaminants  in  Gas  Systems 


Types 

Examples  and  Sources 

Gases  and  vapors 

(Adsorbed  on  surfaces  or  other- 
wise trapped  or  generated  within 
the  system) 

Vapors  from  cleaning  solvents 

Vapors  from  assembly  process  materials 

Atmospheric  air 

Products  from  chemical  reactions  of  materials 
in  the  system  with  cleaning  agents,  process 
materials,  atmospheric  air,  etc. 

Particulates 

(Solid  and  liquid  droplets) 

Residue  from  cleaning  agents  and  processes 

Residue  from  assembly  processes  and  materials 

Condensates  from  air,  gases,  and  vapors  by 
temperature  and  pressure  changes 

Airborne  particles 

Wear  particles  from  valves,  regulators,  and 
other  equipment  operated  in  the  system 

Corrosion  products  generated  in  the  system 

The  following  factors  should  be  considered  in  determining  requirements  for  gas, 
purification  equipment; 

a.  Specified  purity  level  for  end  use 

b.  Purity  levels  available  from  the  producers 

c.  Specific  contaminants  or  impurities  in  gases  i ' received  that 
must  be  removed  or  reduced  in  concentration 
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d.  Economics  involved — e.  g. , cost  of  producer  delivering  gas  of 
the  required  purity  level  versus  cost  of  design,  installation, 
and  maintenance  of  purification  equipment 

e.  Capabilities  of  purification  equipment  to  remove  specific 
impurities  to  the  levels  required 

f.  Types  and  concentrations  of  contaminants  introduced  by  the 
gas  system. 

The  principal  contaminants  present  in  gases  as  procured  and  those  introduced  by 
a gas  system  are: 

a.  Particulates  such  as  corrosion  products,  rust,  scale,  wear 
products,  shedding,  and  flaking  of  materials  from  shipping 
containers  and  from  the  gas  system 

b.  The  water  content  of  most  gases  can  normally  be  reduced  to 
an  acceptable  maximum  concentration  by  the  producer.  In- 
board leakage  of  the  ambient  atmosphere  into  gas  systems  is 
a primary  source  of  moisture.  Inadequately  dried  containers 
and  systems  and  particulate  filter  equipment  are  other  sources. 

Equipment  for  use  in-line  with  r gas  system  to  remove  the  principal  contami- 
nants, as  well  as  special  design  equipment,  is  available  from  gas  equipment  companies. 

a.  Selection  and  design  of  particulate  filters  should  consider 
compatibility  with  the  gas,  flow  rate,  pressure,  and  tem- 
peratures involved.  Special  consideration  Should  be  given  to 
the  filter  media  with  regard  to: 

t 

(1)  removal  rating 

(2 ) working  pressure 

(3)  material 

(4)  migration  or  unloading 

(5)  water- vapor  and  oil- vapor  content 

(6)  other  characteristics  that  may  contribute  contam- 
inants to  the  system. 

in-line  filters  are  usually  located  at  the  point  of  egress  from 
shipping  container  or  point  of  ingress  to  the  gas  system,  or 
both  if  the  transfer  equipment  and  line  are  extensive,  to 
exclude  particulates  from  the  system,  or  at  or  near  the  point 
of  gas  usage  to  remove  particulates  to  an  acceptable  level 
for  final  use. 
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b.  Some  adsorptive  materials  used  in  drying  equipment  (for  water 
vapor  removal)  may  have  a water  content  in  excess  of  that  in  the 
gas,  resulting  in  an  increase  of  v/ater  content  rather  than  the 
intended  decrease. 

Molecular  sieves  that  have  been  adequately  dehydrated  are 
very  effective  media  for  drying  gas  to  low  levels  of  water 
content.  r 

Drying  equipment  should  be  located  as  near  as  possible  to  the 
point  of  gas  usage  to  preclude  additional  moisture  being  intro- 
duced between  the  dryer  and  point  of  use. 

c.  Other  purification  equipment  employing  various  methods  of 
absorption,  adsorption,  phase  separation,  and  chemical  catal- 
ysis may  be  used  in  removing  or  reducing  gaseous  impurities. 

Most  of  these  processes  require  highly  specialized  techniques 
and  complex  equipment,  which  are  not  normally  economically 
feasible  for  a low  volume  user, 

4. 1, 4 Specifications  and  Analysis  of  Gases 

The  needed  cleanliness  level  or  purity  of  a gas  used  as  part  of  a system  or 
process  es  determined  by  the  cleanliness  level  requirements  of  the  specific  application. 
To  facilitate  this  determination  and  to  formulate  a gas  specification  that  will  adequately 
describe  the  requirements,  the  following  factors  should  be  considered: 

a.  Chemical  and  physical  properties  of  the  gas  as  they  may 
affect  usage  requirements 

b.  Normal  impurities  in  the  gas  as  they  may  affect  usage 
requirements 

c.  Purity  levels  with  concentrations  of  impurities  of  the  gas 
normally  supplied  by  producers 

d.  Cautions  and  hazards  in  handling,  containment,  and  use  of 
the  gas 

e.  Facilities  and  methods  required  for  monitoring  or  verifying 
purity  levels  or  concentrations  of  specific  contaminants 

f.  Facilities  required  for  the  removal  of  specific  contaminants 

g.  Contamination  potential  of  the  gas  containment  or  distribution 
system. 

A procurement  specification  for  a gas  should  adequately  describe  the  acceptable 
purity  level  and  impurity  concentrations  in  terms  such  as  the  following  (see  Table  4-3): 

a.  Gas  purity  level — specify  minimum  percent  by  volume 
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b.  Normal  gas  impurities — specify  allowable  maximum  concentra- 
tion by  parts  per  million  or  percent  by  volume 

Ca  Water  content — specify  allowable  maximum  concentration  by 
dew  point  (°P  or  °C)  or  parts  per  million 

d.  Other  gaseous  impurities  that  must  be  limited — specify  allowable 
maximum  concentration  by  parts  per  million  or  perc^ent  by 
volume 

e.  Particulate  matter  (fiber  and  nonfiber) — specify  allowable  maxi- 
mum particle  sizes  with  maximum  allowable  number  per  unit 
volume 

f.  Particulate  matter  (viable) — specify  allowable  maximum  limits. 

^ee  Section  6 on  microbial  contamination  and  control. ) 

Gas  analysis  is  the  identification  and/or  quantitative  measixrement  of  gas  constitu- 
ents. These  analjrtical  measurements  are  significant  to  the  producer  and  user.  When 
applied,  the  measurements: 

a.  Provide  a check  on  production  processes  and  controls 

b.  Determine  quality  end  product 

c.  Provide  a comparison  with  specifications 

d.  Detect  trace  impurities  and  contaminants 

e.  Provide  continuous  analysis  or  monitoi'ing  for  compatibility 
v/ith  use  requirements. 

All  analytical  methods  and  techniques  are  fundamentally  based  on  the  interactions 
between  matter  and  energy.  Energy  states,  characteristic  of  the  composition  of  any 
particular  substance,  are  readily  inferred  by  observing  the  consequences  of  inter- 
action between  the  substance  and  an  external  source  of  energy.  External  energy  sources 
may  be  grouped  according  to  their  basic  modes  of  interaction  with  matter.  A variety  of 
analytical  techniques  and  instrumentation  is  available  depending  on  the  type  of  energy, 
the  means  of  using  the  energy,  and  the  elements  to  be  measured.  Some  of  the  techniques 
for  gas  analysis  for  each  mode  of  energy  used  are  shown  in  Table  4-5. 

Methods  for  completely  analyzing  a specific  gas  may  employ  a variety  of  physical 
and  chemical  techniques  and  instrumentation,  in  different  combinations,  to  provide  iden- 
tification and  measurement  of  all  constituents.  The  basic  steps  of  analysis  for  a practi- 
cal application  consist  of; 

a.  Obtaining  a true  representative  sample  of  the  gas  stream 

b.  Separating  the  sample  into  its  components  or  constituents  or 
identifying  those  constituents  of  analytical  interest 
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c.  Determining  the  quantity  of  each  constituent  with  relation  to 
the  whole  sample  or  to  one  another 

d.  Recording  the  analysis  results. 


TABLE  4-5 

Analysis  Techniques  for  Gases 


Techniques 

Type  Interaction 

Definition 

Energy  Used 

Ultraviolet  spectrophotometry 

Transmission  and 
reflection 

Measurement  of  the  quantity  and 
quality  of  electromagnetic  radiation 
emitted,  reflected,  transmitted,  or 
diffracted  by  the  sample 

Electromagnetic 

radiation 

Light  scattering 

Infrared  spectrophotometry 

Microwave  spectroscopy 

Orsat  analyzer 

Consumption  of  sample 
or  reactant 

Measurement  of  results  in  terms  of 
amount  of  sample  or  reactant  con- 
sumed, product  formed,  thermal 
energy  liberated,  'or  equilibrium 
attained 

Reaction  with  other 
chemicals 

Automatic  titrators 

Impregnated  tape 

Measurement  of  reac- 
tion products 

Photometry 

Colorimetry 

Gas  chromatography 

Combustion 

Thermal  energy 
liberation 

Other  thermic  reaction 

Mass  spectroscopy 
Nier  type 
Omegatron 
Time  of  flight 

Ion  separation 

Measurement  of  the  current, 
voltage,  or  ilux  changes  produced 
in  energized  electrical  and  mag- 
netic circuits  containing  the  sample 

Electrical  and 
magnetic  fields 

Gaseous  conduction 

Electrical  properties 

Paramagnetism 

Magnetic  properties 

Nuclear  magnetic  resonance 

Conductivity 

Thermal 

Measurement  of  results  of  applying 
thermal  or  mechanical  energy  to  a 
system  in  terms  of  energy  trans- 
mission, work  done,  or  physical 
state 

Thermal  or 
mechanical  energy 

Dew  point 

Sound  velocity 

Mechanical 
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The  selection  of  methods  and  instrumental  techniques  for  gas  analysis  involves 
consideration  of  a number  of  factors.  The  factors  include: 

a.  How  the  techniques  will  be  employed: 

(1)  laboratory  analysis 

(2)  continuous  analysis  (automated). 

b.  Knowledge  of  the  probable  composition  of  the  sample: 

(1)  a knowledge  of  the  constituents  of  analytical  interest 
permits  selection  of  instrumentation  for  a quantitive 
measurement  of  each  kno  'vn  element 

(2)  identification  of  unknown  elements  requires  instru- 
mentation for  both  identification  and  quantitive 
measurement. 

c.  The  physical  state  of  the  gas^  which  is  normally  gaseous. 

However,  some  constituents  or  impurities  may  be  in  other 

states  such  as: 

(1)  paii;iculates — solid 

(2)  moisture  or  water — liquid. 

d.  Instrument  performance  which  includes  the  following: 

(1)  sensitivity  --  the  smallest  change  that  can  be 
reliably  detected  and  distinguished  from  background 
noise  or  drift 

(2)  range  --  the  span  of  concentrations  of  which  the 
instrument  is  capable  of  measuring 

(3)  accuracy  — the  accuracy  of  instrument  readings  with 
respect  to  the  actual  value  being  measured 

(4)  temperature  effects  — ambient  temperature  effects  on 
instrument  and  requirements  to  compensate  for  tem- 
perature of  sample. 

The  selection  of  methods  and  instrumentation  for  a complete  analysis  instrument  must 
be  tailored  to  the  sample  composition  and  the  information  requirements.  Some  tech- 
niques are  rather  universal,  permitting  identification  and  measurement  of  most  con- 
stituents. These  are  known  as  specific  type  techsiiques  and  are  usually  more  complex 
and  costly,  and  sometimes  less  sensitive.  The  less  specific  types  are  usually  simpler 
but  are  less  able  to  distinguish  between  related  substances  having  similar  interactions 
with  energy.  The  nonspecific  instruments  usually  have  greater  sensitivity  to  extremely 
small  concentrations  of  the  element  being  measured  and  are  usually  more  adaptable  to 
continuous  analysis  operations  and  automation.  Sastruments  and  techniques  used  to 
measure  concentrations  of  water  vapor  or  moisture  and  to  size  and  count  particulates 
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suspended  in  the  gas  are  usually  limited  to  these  applications.  However,  in  selecting 
this  type  specifically  for  moisture  or  particulate  analysis,  consideration  must  be  given 
to  other  elements  in  the  gas  that  will  interfere  with  the  instrument  sensitivity. 

Moisture  monitoring  instruments  and  techniques  must  be  capable  of  measurements 
within  the  range  of  concentrations  expected  and  the  limits  required.  Other  elements  of 
the  gas  should  not  interfere  or  affect  the  sensitivity  of  the  instrument.  The  adaptability 
to  continuous  and  automated  analysis  should  be  considered  if  this  is  a requirement.  Some 
of  the  instruments  or  techniques  for  humidity  or  water- vapor  analysis  are:  (a)  dew 
point  — other  corrosive  gases  and  vapors  having  dew  points  relatively  close  will  cause 
errors;  (b)  electrical  conductivity  — sample  flow  must  be  low,  may  be  affected  by  other 
vapors,  and  corrosive  or  water  soluble  gases;  (c)  hygrometers  — affected  by  contami- 
nants absorbed  on  wet-bulb  wick  (mechanical  hygrometers  are  also  available);  and  (d) 
volumetric  absorption  (pneumatic  bridge). 

Instruments  and  techniques  for  determining  sizes  and  quantity  of  particulates 
suspended  in  the  gas  must  have  measurement  capabilities  within  the  ranges  required. 

Two  of  the  instruments  and  techniques  are  the  light-scattering  photometer  which  deter- 
mines particle  size  or  concentration  level,  and  the  microscopic  measurement  which 
consists  of  collecting  the  sample  on  a filter  media  for  measurement;  usually  a grab 
sample  technique. 

4. 1. 5 Safe  Handling  of  Compressed  Gases 

Compressed  gas  users  should  comply  with  all  applicable  regulatory  standards  in 
the  use,  handling,  and  storage  of  compressed  gases.  Regulatory  standards  include: 

a.  ICC  regulations  on  the  transportation  of  explosives  and  other 
dangerous  articles 

b.  PAA  regulations  on  the  transportation  of  compressed  gases  by 
air 

c.  U.S.  Coast  Guard  regulations  on  the  transportation  of  compressed 
gases  by  water 

d.  ASME  code  on  pressure  vessels 

e.  ASME  code  on  pressure  piping 

f.  Compressed  Gas  Association  standards 

g.  Lxjcal,  state,  and  municipal  codes  and  standards  applicable  to  the 
use  and  storage  of  compressed  gases. 

These  standards  are  considered  minimum  requirements.  Supplemental  procedures  for 
the  safety  of  operational  personnel  and  the  protection  of  equipment  and  facilities  must  be 
compatible  with  these  minimum  requirements,  and  should  include  such  other  procedures 
that  are  required  for  a particular  operation  or  gas  usage. 
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Compressed  gases,  like  high  explosives,  are  a fo3?m  of  stored  energy  and  are 
potentially  hazardous.  Strict  compliance  with  safe-handling  practices,  procedures, 
and  standards  by  all  personnel  involved  will  ensure  control  of  all  potential  hazards  and 
incidents. 

Five  basic  practices  interdependent  in  achieving  a high  degree  of  safely  in  a 
compressed  gas  system  are: 

a.  Engineering  design  compatible  with  pressure,  volume,  and  par- 
tictilar  gas  used 

b.  Assembly  practices  and  processes  with  good  quality  control 

c.  Proper  assembly  in  accordance  with  design  specifications 

d.  Proper  operation  in  accordance  with  safe  practices 

e.  Adequate  maintenance  and  inspection  to  assure  continued 
safety. 

Compressed  gas  containers  most  commonly  encountered  by  the  user  are  cylin- 
ders. Rules  and  regulations  pertaining  to  cylinders  apply  equally  to  spheres  and  drums 
where  their  alternate  use  is  authorized  by  ICC  regulations.  Cylinder  safety  begins  with 
the  supplier  by  his  adherence  to  ICC  regulations  covering: 

a.  Inspection  and  testing 

b.  Proper  filling 

c.  Valves 

d.  Safety  relief  devices 

e.  Marking  and  labeling 

f.  Transportation, 


4,2  Contaminants  in  Liquids 

In  rough  cleaning  operations,  contamination  in  the  cleaning  solution  may  be  a 
normal  condition,  hi  precision  cleaning,  however,  the  contaminant  level  is  of  definite 
concern  and  should  be  monitored  periodically  to  assure  that  the  required  purity  level 
is  maintained.  Contaminants  in  liquids  consist  of  five  primary  types; 

a.  Nonvolatile  residue 

b.  Other  liquids  in  suspension  or  solution 


c.  Absorbed  gases 

d.  • Particulate  matter 

e.  Microbial  matter  (viable  particulates). 

These  contaminants  normally  originate  from  the  following  sources; 

a.  May  be  contained  in  the  liquid  as  received  from  the  producer 

b.  May  be  generated  by  use  in  cleaning  processes  or  system  operation 

c.  May  be  contributed  by  storage  tanks,  pipes,  valves,  and  other  sys- 
tem components 

d.  May  be  contributed  by  exposure  to  ambient  air  (particularly  high- 
purity  water). 

The  effects  of  contaminants  in  liquids  are  similar  to  the  effects  of  the  same  con- 
taminants in  any  other  environment.  However,  the  method  of  migration  is  different,  and 
the  contaminant  may  in  some  cases  assume  different  forms.  A representative  list  of  the 
effects  of  contaminants  in  liquids  is  shown  in  Table  4-6. 


TABLE  4-6 

Effects  of  Contaminants  In  Liquids 


Contaminant 

Effects 

Nonvolatile  residue 

Contact  resistance 
Increased  wear 
Corrosion 

Noncompatible  with  LOX  systemt 

Particulate 

Increased  friction,  wear,  and  erosion 
Mechanical  restriction 
Electrical  malfunction 
Photographic  process  degradation 
Corrosion 

M icrqbial 

Deterioration  of  material 
Cross  infection 

Creation  of  nonsterile  conditions 

Water  and  food  pollution 

Purity  dilution  of  pharmaceutical  products 

Other  liquids 

Dilution;  reduced  effectiveness 
Corrosion 

Chemical  reactions;  acidity,  safety  hazards 
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4. 2. 1 Hydraulic  Systems 


The  performance  of  hydraulic  systems  is  directly  related  to  the  level  of  con- 
tamination within  the  system.  Contaminants  may  induce  wear  on  critical  components, 
affect  the  forces  necessaiy  to  drive  valves  or  servomechanisms,  and  directly  obstruct 
hydraulic  lines. 

An  effective  method  of  contaminant  remoyal  can  be  designed  only  when  the  types 
and  effects  of  contaminants  have,  been  identified.  Some  sources  and  effects  of  significant 
types  of  contaminants  are  shown  in  Table  4-7. 

a.  Design  Considerations  for  a Hydraulic  Filtration  System  -- 
The  life  of  systems  whose  accuracy  or  reliability  does  not  war- 
rant recirculating  fluid  filtration  may  be  extended  by  careful 
cleaning  and  periodic  fluid  changes.  The  cleaning  techniques 
used  for  components  in  the  system  (ultrasonics,  vapor  degreas- 
ing, chemical,  etc. ) are  covered  in  Section  3 of  this  handbook. 

In  assembled  systems,  a cleaning  procedure  may  consist  of 
flushing  the  lines  with  a cleaning  solution,  rinsing  with  deion- 
ized water,  and  drying  with  nitrogen.  This  procedure,  however, 
is  only  typical;  various  steps  may  need  to  be  added  or  repeated. 

When  a hydraulic  system  requires  a recirculating  liquid  filter 
assembly,  the  following  factors  should  be  considered  in  the  sys- 
tem design; 

(1)  level  of  contamination  permitted 

(2 ) type  and  amount  of  contaminants  present 

(3)  available  space 

(4)  volume  and  type  of  liquid  to  be  filtered 

(5)  type  of  service  and  conditions  of  operation 

(6)  adaptability  of  the  unit  for  adding  auxiliary  equipment. 

b.  Design  Considerations  for  a Cleanable  Hydraulic  System  -- 

In  the  design  and  assembly  of  hydraulic  systems,  several  basic, 
but  sometimes  overlooked,  factor^s  should  be  considered  in  'con- 
structing a system  that  can  be  cleaned  to  the  tolerances  speci- 
fied. These  factors  are  as  follows: 

(1)  the  materials  of  construction  must  be  such  to  permit 
cleaning  to  the  level  required  with  the  cleaning  mate- 
rials and  processes  needed 

(2)  the  materials  should  be  identified  as  to  composition 

(3)  the  materials  should  be  compatible  with  the  liquid 
used  in  the  system 
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TABLE  4-7 


Sources  and  Effects  of  Contaminants  in  Hydrauiic  Systems 


Types 

Sources 

Effects 

DizTt  and  dust 

Area  of  operation  of  the  system 

Snviromnent  of  components  before  assembly  or 
during  assembly 

During  manufaotiore  of  the  components,  such  as 
core  sand  in  castings 

Wear  by  abrasion 
Wear  by  erosion 
Obstructs  passages 

Activating  force  of  valves  and  servomechamsms  may  be  increased 
or  erratic 

Acts  as  a chemical  catalyst  to  promote  oxidaticn  of  the  hydraulic 
fluid 

Water 

Condensate  resulting  from  low  operating 
temperatures 

Introduced  with  fluid  used  in  the  system 
Improper  drying  of  system  after  cleaning 

Enters  through  seals  immersed  in  water  or 
high-humidity  environments 

Oxidizes  some  metals  used  in  hydraulic  systems 
Accelerates  oil  oxidation  with  a mecal  catalyst  present 

Metal  particles 

Generated  during  manufacturing  of  components 
Generated  during  assembly  of  the  system 
Generated  during  operation  of  the  system 

Similar  to  dirt  and  dust 

Rust 

Improper  use  of  carbon  steel  in  the  system 

Flash  rust  formed  during  cleaning  of  carbon 
steel  parts 

Similar  to  dirt  and  dust 

Hydrocarbons 
Oil  oxidation 

Presence  of  air  the  hydraulic  fluid 

Accelerated  by  high  temperatures 
Accelerated  by  presence  of  fine  particles 
Accelerated  by  presence  of  water 

Similar  to  dirt  and  dust 

Polymerization 

Generated  by  high  temperatures 
Accelerated  by  presence  of  fine  particles 
Accelerated  by  presence  of  water 

Similar  to  dirt  and  dust 

bicreases  viscosity  to  change  forces  required  for  the  system 

Sheaves 

(crystal-like  growths) 

Formed  in  presence  of  Buna-N  rubber,  oil, 
and  metal 

High  temperatures  accelerate  the  reaction 
Still  fluid  accelerates  the  reaction 

Similar  to  dirt  and  dust 

Generation  of  sheaves  may  etch  away  metal  even  between  close 
tolerance  parts  such  as  pistons  and  cylinder  walls 

Miscellaneous 

contaminants 

Parts  packing  material 
Faint  on  inside  of  pipe 

Surface  coatings  from  improper  preparation 
and  cleaning  before  assenibly 

Similar  to  dirt  and  dust- 

(4)  welds  should  be  placed  so  as  to  be  cleanable  if  at  all  possible 

(5)  welds  should  be  checked  for  impurities  (scale»  spatter) 

(6)  drain  and  bleed-out  ports  should  be  provided  for  ease  in 
cleaning 

(7)  the  system  should  not  contain  dead  end  plumbing 

(8)  the  components  should  be  cleaned  before  assembly 

(9)  the  system  should  be  assembled  in  a clean  area,  if  possible. 

c . Liquid  Filtration  --  Several  types  of  particle  separators  are  used 
with  hydraulic  systems  such  as  gravity  settling  and  centrifugation. 
However,  the  main  method  of  separating  particles  from  liquid  is 
filtration . Two  major  types  of  filters  are  surface  and  depth,  and 
a combination  of  the  two  may  be  used  in  recirculating  hydraulic 
systems . 

Surface  filters  remove  solid  particulate  matter  from  liquids  by 
a straining  action  which  does  not  absolutely  filter  soluble  con- 
taminants and  fine  particles . The  different  types  and  uses  of 
surface  filters  are  described  below; 

(1)  Extended  area  meinbrane-type  filters  are  made  from 
paper  folded  into  an  accordion  pleat  and  enclosed  within 
a housing . Consequently,  this  type  of  filter  has  a large 
surface  area.  By  changing  the  density  of  the  paper  and 
the  density  of  packing,  particles  of  various  size  ranges 
can  be  removed . 

(2)  Bag  filters  are  made  from  reinforced  cloth  in  a con- 
figuration suitable  for  insertion  in  a housing . The  filter 
characteristics  are  similar  to  (1) . 

(3)  Wire  screens,  perforated  metal,  and  discs  of  pressed 
sintered  powdered  metal  are  generally  used  to  filter 
gross  particulate  contaminants  and  as  support  for 
other  types  of  filter  material . 

(4)  Ivfegnetic  fields  may  be  used  to  separate  magnetic 
materials  from  liquids . 


Depth  filters  allow  the  liquid  to  pass  through  a filter  medium . 
Absorbent  and  adsorbent  filtering  action  are  used  in  different 
types  of  depth  filters . 

(1)  AJ)sorbent  filters  use  materials  such  as  cotton,  felt, 
paper,  and  hair.  Filtration  is  accomplished  as  parti- 
cles are  trapped  in  the  filter  media . These  types  of 


IV-19 


filters'  are  inactive  chemically  and  remove  only 
solid  particles. 

(2)  Adsorbent  filters  use  materials  such  as  charcoal, 
bone-black,  and  clay.  This  filter  adsorbs  some 
dissolved  contaminants  as  well  as  removes  parti- 
cles by  trapping.  Adsorbent  filters  are,  however, 
water-sensitive  and  must  be  used  only  where  the 
system  can  be  kept  \vater-free. 

(3)  Combination  filters  can  employ  most  of  the  above 
filter  types  to  achieve  a combination  of  filter 
effects. 

d.  Contaminant  Measurement  Methods  — Water-vapor  content  of 
an  empty  system  can  be  measured  directly  by  using  standard 
dew-point  measurement  techniques  on  the  air  in  the  system. 

The  general  method  for  measiiring  particulate  contamination 
is  to  collect  a sample  of  fluid  from  the  hydraulic  system, 
filter  it  through  a membrane  filter,  and  count  and  size  the 
particles,*  Individual  components  can  be  installed  in  special 
test  systems  to  test  for  contaminants  in  the  part  or  generated 
by  the  part.  The  components  may  be  submersed  in  ultrasonic 
tanks  to  simulate  the  worst  case  of  particle  contamination  due 
to  vibx-ation  of  the  component.  The  Dual  Volume  sampling 
method  is  useful  for  reducing  background  count  in  these  types 
of  tests,  **  In  taking  samples,  many  precautions  must  be 
taken  to  avoid  particle  generation  and  inaccurate  test  results.' 

4.2.2  Analysis  of  Contaminants  in  Liquids 

Some  of  the  contaminants  found  in  liquids  and  particularly  those  contributed  by 
the  system  are  discussed  in  Paragraph  4. 2.  I,  Hydraulic  Systems.  See  Paragraph  6.  3. 2, 
Monitoring  Methods  for  Microbial  Contamination  - Liquids,  for  the  microbial  detection 
methods. 


'"Procedure  for  the  Determination  of  Particulate  Contamination  of  Hydraulic 
Fluids  by  the  Particle  Count  Method,  Society  of  Automotive  Engineers,  Inc. , ARP  598, 
March  1,  19S0, 

"'*A  Method  for  Determining  the  Degree  of  Cleanliness  of  the  Interior  of  Hydraulic 
Components  and  of  the  Downstream  Side  of  Hydraulic  Filter  Elements,  Field  Service 
Report  No.  4,  APM-FSR-4A,  Aircraft  Porous  Media,  Inc.,  Glen  Cove,  N.  Y, , 

January  24,  1958, 

^A  Systematic  Approach  to  Obtaining  Meaningful  Contamination  Data  from 
System  Fluid  Samples,  Field  Service  Report  No,  24,  APM-FSR-24A,  Aircraft  Porous 
Media,  Inc,  , Glen  Cove,  N.  Y. , September  30,  1964. 
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Liquid  dilution  by  unwanted  constituents  will  not  be  discussed  in  detail  in  this 
handbook,  since  this  is  a matter  that  can  be  regulated  to  a lai-’ge  degree  by  using  defini- 
tive specifications  in  either  purchasing  or  formulating  a liquid  solution.  Periodic 
chemical  analysis  is  required  to  assure  that  prescribed  quality  levels  are  maintained. 
Such  analysis  may  be  necessary  during  and  a.fter  formulation  by  the  manufacttirer,  as 
an  acceptance  procedure  by  the  user,  and  periodically  during  use. 

Particulates  and  other  nonvolatile  residue  present  the  other  greatest  concern  in 
contamination  control.  Gross  particxzlate  matter  can  be  seen  visually,  and  smaller  par- 
ticles can  be  detected  by  the  use  of  membrane  filters  and  microscopes.  One  method  for 
detecting  particles  5 microns  and  larger  is  described  in  Aerospace  Recommended 
Practice  (ARP)  598.  A more  quantitative  method  is  generally  reqtiired,  however,  for 
most  contamination  control  work.  This  is  described  in  the  following  discussion  of  non- 
volatile residue. 

Nonvolatile  residue  (NVR)  is  defined  as  the  soluble  (or  suspended)  material  and 
insoluble  particulate  matter  remaining  after  temperature-controlled  evaporation  of  a 
filtered  volatile  liquid.  The  amount  of  NVR  content  in  solvents  must  be  controlled  in 
cleaning  processes  in  order  to  obtain  desired  cleanliness  of  the  product  since  the  NVR 
will  remain  on  the  product  after  the  solvent  evaporates..  The  final  rinse  stage  of  any 
precision  cleaning  process  must  utilize  only  solvent  with  an  extremely  low  NVR  content. 
Earlier  stages  in  a .multistage  cleaning  operation  may  be  less  critical  in  the  control  of 
NVR. 

Some  typical  contaminants  encountered  in  NVR  control  are; 

Skin  oils 
Solder  fluxes 
Cutting  fluids 
Plasticizers 
Cleaning  solvents 
Lubricants. 

The  primary  methods  of  NVR  detection  are: 

Gravimetric 
Nephelometer 
Solvent  purity  meter 
Chromatography 
Spectrophotometry. 

Figures  4-1  through  4-5  depict  the  apparatus  and  steps  involved  in  each  NVR  detection 
method.  These  methods  are  described  and  compared  in  Table  4-8. 


Figure  4-1.  Typical  gravimetric  flow  diagram 


Figure  4-2.  Schematic  layout  of  NVR  nephelomc 
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Figure  4-4.  Block  diagram  of  typical  spectrophotometer 


Figure  4-5.  Block  diagram  of  typical  apparatus  for  NVR  chromatography 


Chromatography  is  a method  of  separating  the  constituents  of  a mixture  based 
on  their  differences  in  solubility  and  mobility  through  a packed  column.  The  time 
required  for  each  component  to  travel  through  the  packed  column  and  appear  as  a peak 
on  the  recording  trace  is  its  retention  time.  Under  controlled  conditions,  each  com- 
ponent v/ill  exhibit  a definite  retention  time,  and  this  time  provides  significant  informa- 
tion to  its  identity. 
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TABLE  4-8 

NVR  Detection  Techniques 


i 

i 


Comparison 

Characteristic 

Gravimetric 

Nephelometer 

Solvent  Purity  Meter 

Spectrophotometry 

Chromatography 

Principles  of 
operation 

Performed  by  weighing 
a container  and  evapora* 
ting  (by  boiling)  a known 
amount  of  solvent  and 
reweighing  the  container. 
The  weight  gain  is  NVH. 

Solvent  is  aerosolized  bj  clean 
air  and  sampled  by  forward 
light-scattering  photometer. 
As  NVR  content  is  increased, 
the  rate  of  evaporation  is 
decreased  resulting  in 
larger  droplets  at  the  point  of 
scattering,  which  produces 
larger  signal  output  of  the 
photometer 

Same  as  nephelometer 

Absorption  of  electromagnetic 
radiation 

Multitheoretical  plate 
Distillation 
Selective  adsorption 

Sensitivity 

"1-0.01  ppm  by  weight 

1 ppm 

1 ppm 

Varies  from  solvent  to  solvent; 
—1  ppm  optimized 

1 ppm 

Time  for 
determination 

May  vary  from  0,75  to 
8.0  hours 

*^5  minutes 

1 minute 

5 minutes  to  1 hour 

5 minutes  to  1 hour 

Units  of 
measurement 

Milligrams  per  volume, 
and  may  be  converted  to 
ppm  by  weight 

ppm  either  by  weight  or  by 
volume  after  converting 
photometer  reading  by  use  of 
calibration  curves 

ppm  either  by  weight 
or  by  volume  after 
converting  photometer 
reading  by  use  of  cali- 
bration curves 

Percent  transmittance  con- 
verted to  ppm  or  actual  weight 

Retention  volume  and 
direct  readout  are 
difficult 

Operator 

aspect 

Well  versed  in  labora- 
tory techniques,  contam- 
ination control  practices, 
and  precise  measurements 

On  development  models  was 
found  simple  to  operate  but 
somewhat  difficult  to  main- 
tain 

Extremely  simple  to 
operate.  Production 
personnel  operate  with 
no  difficulty 

Comprehensive  knowledge  of 
chemistry  required  for  setup 
and  interpretation 

Comprehensive  knowl- 
edge of  chemistry 
required  for  setup  and 
interpretation 

General 

information 

Widely  used,  recognized 
by  ASTM  Standards,  may 
be  costly  in  time  and 
labi  r.  Batch  sampling 
only 

Developed  by  IITRI  for  NASA, 
Shows  great  promise.  Batch 
or  continuous  sampling 

Developed  by  Sandia  and 
is  being  marketed  by 
commercial  firms. 
Batch  or  continuous 
sampling- 

Can  be  quite  expensive.  Quite 
specific  in  application. 

May  be  somewhat 
limited  in  identifying 
the  variety  of  contami- 
nants in  a residue 

Specifications  and  tests  for  NVR  follow; 

ASTM-NVR-66,  Tentative  Method  of  Test  for  Nonvolatile  Residue  of 
Halogenated  Solvent  Extract  from  Aerospace  Components  (Using  Rotary 
Plash  Evaporator) 

MSPC-QUAL-AMC-5,  Analysis  of  liquid  Samples  for  Nonvolatile  Residue 

MSFC -SPEC- 164,  Cleanliness  of  Components  for  Use  in  Oxygen,  Fuel, 
and  Pneumatic  Systems,  Specifications  for 

MSFC-PROC-195,  Cleanliness  Level  Requirements  and  Inspection 
Methods  for  Determining  Cleanliness  Level  of  Gas  Bearing,  Gas  Supply, 
and  Slosh  Measuring  Systems,  Procedure  for 

MSFC-DWG-10M01671,  Cleanliness  Levels,  Cleaning,  Protection,  and 
Inspection  Procedures  for  Parts,  Field  Parts,  Assemblies,  Subsystems 
and  Systems  for  Pneumatic  Use  in  Support  Equipment,  Specification  for 

MSFC-PROC-245,  Carbon  Tetrachloride  Scrubber  Method  for  Analysis 
of  Condensable  Hydrocarbon  Contamination  in  Compressed  Gases, 

Procedure  for 

MSPC-DWG-A 104 19906,  Cleanliness  of  Components  for  Use  in  Gyro 
Air  Supply  System,  Specification  for 

ASTM  D 1025-52,  Nonvolatile  Residue  of  Polymerization  Grade  Butadiene 

ASTM  D 1353-65,  Nonvolatile  Matter  in  Lacquer  Solvents  and  Diluents 

ASTM  D 2109-64,  Nonvolatile  Matter  in  Halogenated  Organic  Solvents 
and  Their  Admixtures 

FST-2,  Quality  Specifications  and  Methods  of  Analysis  for  Freon 
Precision  Cleaning  Agent. 

4.2.3  Removal  of  Contaminants  from  Liquids 

Contaminants  may  be  removed  from  liquids  by  physical,  thermal,  or  chemical 
processes.  The  complexity  of  the  process  may  be  fairly  simple  (for  some  particulates) 
or  highly  involved  (for  liquids  having  similar  vapor  pressures),. 

Contaminants  may  be  removed  from  liquids  in  many  ways,  any  one  of  which  may 
be  the  most  feasible  for  a given  situation.  Some  of  the  factors  which  will  influence  the 
selection  of  a particular  method  are: 

a.  The  volume  of  liquid  to  be  processed 

b.  The  type  of  contaminants  to  be  removed 

c.  The  boiling  point  and  vapor  pressure  of  the  liquid  (and  of  the 
contaminant  also,  if  it  is  a liquid) 
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d.  The  specific  gravity  of  the  contaminant 

e.  The  degree  of  purity  required 

f.  The  time  required  for  purification  or  output  rate  of  the  process 

g.  Economic  considerations  of  space,  initial  purchase,  operation, 
personnel,  and  maintenance. 

Hie  primary  methods  of  removing  contaminants  from  liquids  are  summarized  in 
Table  4-9. 

TABLE  4-9 

Methods  for  Removing  Contaminants  from  Liquids 


Removal  Method 
Distillation 


Principle 

Evaporation  and  condensation 


Sedimentation  and 
drain  off 

Filtration 


Gravity  settling 

Straining 
Adsorption 
Absorption 
Magnetic  attraction 


Type  of  Contaminant 
Removed 

Liquids 

Nonvolatile  residue 
Particulates 
Microbial  organisms 

Particulates 

Particulates 
Microbial  organisms 


C entrifugation 

Gravity 

Particulates 
Microbial  organisms 

Deionization 

Ion  exchange 

Dissolved  minerals 
in  water 

Some  of  the  characteristics,  limitations,  and  applications  of  these  methods  are 
described  as  follows. 
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a.  Distillation  — Apparatus  for  this  method  can  vary  from  a simple 
laboratory  setup  to  large,  sophisticated  distillation  S3rstems. 

Along  with  filtration,  this  is  probably  the  most  tiniversally  used 
method  for  purifying  liquids  because  it  will  remove  most  of  the 
contaminants  normally  found  in  liquids  in  a relatively  economical 
manner.  Distillation  plays  an  important  role  in  the  reclamation 
of  manufacturing  grade  solvents  and  in  the  repurification  of  tech- 
nical or  precision  grade  solvents.  A typical  distillation  process 
and  system  are  shown  in  Figures  4-6  and  4-7. 

b.  Sedimentation  --  This  is  a time-consuming  but  effective  method 
for  removing  particulate  matter  from  liquids.  It  is  generally 
applied  to  removing  gross  particulates  and  is  not  recommended 
when  extremely  high  purity  is  required.  The  purity  attainable  is 
a function  of; 

(1)  the  time  allowed  for  settling 

(2)  the  specific  gravity  of  the  contaminant  as  compared 
to  that  of  the  liquid 

(3)  the  degree  to  which  agitation  of  the  liquid  can  be 
controlled  and  minimized. 

The  purified  liquid  is  usually  drawn  off  at  a point  in  the  upper  por- 
tion of  the  container  and  the  sediment  is  discarded.  An  exception 
to  this  procedure  is  the  removal  of  heavy  sludge  from  industrial 
washers  by  sludge  conveyors. 

c.  Filtration  — All  filters  perform  the  basic  function  of  collecting 
and  retaining  contaminants.  The  type  of  filter  selected  for  a 
particular  application  should  be  determined  by  the  type  and  size 
of  contaminant  encountered,  flow  rates,  and  purity  level  desired, 
and  the  anticipated  filter  cleaning  or  replacement  frequency. 

Some  filters  such  as  wire  screens,  perforated  metal,  and  the 
larger  pore  size  porous  metal  can  be  cleaned;  most  other  types 
must  be  discarded  and  replaced.  Filters  may  be  used  in-line 

to  filter  the  entire  volume  of  liquid  in  either  batch  or  recircu- 
lating systems,  or  they  may  continuously  filter  only  a portion 
of  the  liquid,  as  in  the  case  of  some  ultrasonic  cleaners.  Mem- 
brane filters  in  flat  or  extended  area  configurations  are  used 
almost  exclusively  for  filtering  ultrapure  liquids.  Additional 
information  on  the  types  of  filters  available  is  contained  in 
Paragraph  4. 2. 1. 

d.  Centrifugation — This  principle  is  similar  to  that  of  sedimen- 
tation. The  primary  difference  is  the  time  required  for  particu- 
late removal.  High-speed  centrifuges  greatly  accelerate  removal 
time  for  even  those  substances  with  very  little  difference  in  spe- 
cific gravity.  Centrifugation  is  used  widely  in  removing  micro- 
bial organisms  from  a liquid. 
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Solid  lines  indicate  basic  components  and  dashed  lines  optional  components.  Nota- 
tions above  the  blocks  indicate  the  physical  state  of  the  contents  at  that  point  in 
the  process. 


Fiqure  4-6.  Diagram  of  a typical  distillation  process 
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Figure  4-7.  Typical  distillation  system 
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Deionization  Dissolved  mineral  ions  can  be  removed  from 
water  by  deionization.  Figure  4-8  shows  a tjrpical  continuous 
recirculation  system  for  deionized  water,  Resin  bed  "C"  on 
the  left  removes  the  cationic  impurities  by  exchanging  the 
cationic  impurities  for  hydrogen  ions.  Resin  bed  "A"  on  the 
right  removes  the  anionic  impurities  in  a similar  exchange 
action.  Mixed  bed  exchangers  can  accomplish  the  same 
result  as  the  two-bed  system  and  may  be  used  downstream  in 
addition  to  the  two-bed  system.  Virtually,  all  dissolved  con- 
taminants can  be  removed  from  water  in  this  manner.  Further 
information  on  deionized  water  is  found  in  Paragraph  3. 4*  1. 


Figure  4-8.  Typical  deionized  water  system 


Dilution  and  replacement  contribute  to  the  control  of  contaminants,  although  they 
are  not  methods  for  separating  and  removing  contaminants  from  liquids.  Dilution  in 
case  is  partial  replacement  of  a contaminated  liquid  with  a clean  liquid  of  the  same  type. 
This  may  be  done  on  a continuous  or  batch  basis  to  maintain  a minimum  cleanliness 
level.  Total  replacement  is  commonly  used  when  other  methods  of  purification  are  not 
practical. 
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SUPERSEDING 
MSFC-SPEG-399A 
July  31,  1967  and 
Amendment  1 
April  9,  1971 


GEORGE  C.  MARSHALL  SPACE  FLIGHT  CENTER 
NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

SPECIFICATION 

OXYGEN 


This  specification  has  been  approved  by  the  George  C.  Marshall  t 
Space  Flight  Center  (MSFC)  and  is  availa.ble  for  use  by  MSFC  and  asso- 
ciated contractors.  \ 

1.  SCOPE 

^ Scope.  - This  specification  covers  the  procurement  require- 
ments for  oxygen  used  in  space  vehicles  and  associated  ground  support 
equipment. 

1.2  Glassification.  - Oxygen  shall  be  of  the  following  types  and 
grades,  as  specified  (see  Table  I and  6.2); 

Type  I - Gaseous 

Grade  A - Fuel  cell 
Grade  B - Breathing 
Grade  C - Propellant 

Type  II  Liquid 

Grade  A - Fuel  cell 
Grade  B - Breathing 
Grade  C - Propellant 

2.  APPLICABLE  DOCUMENTS 

2. 1 The  following  documents  form  a part  of  this  specification  to 
the  extent  specified  herein.  Unless  otherwise  indicated,  the  issue  in 
effect  on  date  of  invitation  for  bids  or  request  for  proposals  shall  apply. 
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Requirement 

Grade  A for 
fuel  cells 

Purity 

99.99 

Methane  and 
ethane 

! Methane  16,  0 ppm* 
Ethane.  2.  0 ppm 

Propane  and 
higher 

hydrocarbons 

1,0  ppm  as  propane 

Alkyne  and 
acetylene 
hydrocarbons 

0,  05  ppm  as 

acetylene  \ 

\ 

Total  hydro- 
carbons 

20,  0 ppm  as 
methane 

Moisture 

3,  0 ppm 

Nitrous  oxide 

1,  0 ppm 

Halogenated 

hydrocarbons 

1,0  ppm 

Odor 

No  odor 

j CO  and  CO^ 

1 . 0 ppm  total 

Other  Impurities 
(Nitrogen,  Argon 
& Helium) 

75.  0 ppm  total 

Particulate 

1,  0 milligrams  per  1 
liter  (mg/1)  max. 
(type  II  only) 

TABLE  I.  OXYGEN  REQUIREMENTS 


Grade  B for 
breathing 


Grade  G for 
propellant 


Methane  25,0  ppm 
Ethane  2,  0 ppm 

No  requirement 

1.  0 ppm  as 
propane 

No  requirement 

0.  05  ppm  as 
acetylene 

0, 25  ppm  as 
acetylene 

29.  0 ppm  as 
methane 

50.  0 ppm  as 
methane 

3,  0 ppm 

3, 0 ppm 

1 . 0 ppm 

No  requirement 

1,  0 ppm 

No  requirement 

No  odor 

No  requirement 

5.0  ppm  carbon 
monoxide 

5.0  ppm  carbon 
dioxide 

No  requirement 

No  requirement 

No  requirement 

1.0  milligrams 
per  liter  (mg/1) 
max,  (type  II  only] 

i,  0 milligrams  ^ 
per  liter  (mg /I) 
max.  (type  II 

Ppm  in  table  I represents  parts  per  million  by  volume 
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STANDARDS 

Federal 

FED-STD-E09  Clean  Room  and  Work  Station 

Requirements,  Controlled 
Environment 

Military 

MIL-STD-129  Marking  for  Shipment  and  Storage 

(Copies  of  specifications,  standards,  drawings,  and  publications  required 
by  contractors  in  connection  with  specific  procurement  functions  should  be 
obtained  from  the  procuring  activity  or  as  directed  by  the  contracting 
officer. ) 

2,2  Other  Publications.  - The  following  documents  form  a part  of 
i.this  specification  to  the  escfeent  specified  herein.  Unless  otherwise  indi- 
cated, the  ?!,  sue  in  effect  on  date  of  invitation  for  bids  or  request  for 
proposals  snail  apply. 

Interstate  Commerce  Commission 

49  CFR  71-90  Interstate  Commerce  Commission 

Rules  and  Regulations  for  the 
Transportation  of  Explosives  and 
Other  Dangerous  Articles. 

National  Bureau  of  Standards  . 

Miscellaneous  Charts  of  Compressibility  Fact*T>rs 

Publication  M- 191  and  Charts  Showing  the  Qua,ntities 
(1948)  Delivered  by  Commercial  Cylinders 

for  Hydrogen,  Nitrogen,  and  Oxygen, 

(Application  for  copies  should  be  addressed  to  the  Superintendent  of 
Documents,  Government  Printing  Office,  Washington,  D.  G.  20402.) 

3.  REQUIREMENTS 

3.1  Samples . 

3.1.1  Quality  Assurance  Sample.  - The  quality  assurance  sample 

shall  meet  tkose  requirements  and  quality  assurance  tests  of  this  specifi- 
cation specified  in  the  contract  or  order  (see  6,  2)  for  the  type  and  grade 
purchased*  . ^ « 
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3.1.2  Acceptance  Sample.  - The  acceptance  sample  shall  meet 

all  the  requirements  of  thi'^s’^cification  for  the  type  and  grade  purchased. 

3.2  Performance  and  Product  Gharacteris;.ics. 

3.2.1  Types  I and  II. 

3.2. 1. 1 Purity.  - The  minimum  per  cent  purity  for  each  grade  of 
oxygen  shall  be  as  follows: 

(a)  Grade  A - 99.  99  by  volume 

(b)  Grade  B - 99.  60  by  volume 

(c)  Grade  C - 99.  60  by  volume 

3.2. 1.2  Specific  Impurities. 

3.2.  1.2  . i Methane  and  Ethane.  - Methane  and  ethane  for  Grade  A 
oxygen  shall  not  "be  greater  than  16  ppm  by  volume  methane  and  2 ppm  by 
volume  ethane.  Methane  and  ethane  for  Grade  B shall  not  be  greater  than 
25.0  ppm  by  volume  methane  and  2 ppm  ethane. 

3.2. 1.2.2  Propane  and  Higher  Molecular  Weight  Hydrocarbons.  ■“ 
Propane  and  higher  molecular  weight  bydrocarbon^^^  not  be  greater 
than  1.0  ppm  by  volume  expressed  as  propane  for  Grades  A and  B. 

3.2. 1.2.3  Alkyne  Hydrocarbons.  - Alkyne  hydrocarbons  shall  not 
be  greater,  expressed  a.s  acetylene,  than  the  following: 

(a)  Grade  A - 0.05  ppm  by  volume 

(b)  Grade  B - 0.05  ppm  by  volume 

(c)  Grade  C ~ 0.25  ppm  by  volume 

3.2. 1.2.4  Total  Hydrocarbons.  - The  total  hydrocarbons  as  methane 
shall  not  be  greater  than  the  following; 

(a)  Grade  A - 20  ppm  by  volume 

(b)  Grade  B » 29.0  ppm  by  volume 

(c)  Grade  C ~ 50, 0 ppm  by  volume 

3.2. 1.2. 5 Moisture.  The  moisture  content  shall  not  be  greater 
than  the  following: 

(a)  Grade  A - 3.0  ppm  by  volume 
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(b)  Grade  B - 3,  0 ppm  by  volume 

(c)  Grade  C 3.0  ppm  by  volume 

3.2. 1.2.6  Carbon  Monoxide  and  Carbon  Dioxide.  - The  total  carbon 
monoxide  and  carbon  dioxide  shall  not  be  greater  than  1.  0 ppm  by  volume 
in  Grade  A oxygen.  Carbon  monoxide  and  carbon  dioxide  shall  not  be 
greater  than  5.0  ppm  by  volume  for  Grade  B. 

3.2. 1.2.7  Nitrous  Oxide.  - The  nitrous  oxide  (N2O)  in  Grades  A 
and  B oxygen  sh^TnoFHF  greater  than  1,  0 ppm  by  volume. 

3.2. 1.2.8  Halogenated  Hydrocarbons.  - The  total  halogenated 
hydrocarbons  fojT Grades  A and  B shall  riot^'^  greater  than  1.0  ppm  by 
volume. 


3.2. 1,2,9  Other  Impurities  (Nitrogen,  Argon  & Helium).  - The 
amount  of  nitrogen,  argon  and/or  helium  contained  in  Grade  A oxygen 
shall  not  be.  greater  than  75  ppm  by  volume, 

3.2„  1.2. 10  Odor  Test.  » Grades  A and  B oxygen  shall  give  no 
indication  of  odor. 

3,2. 1.2. 11  Particulate.  - The  particulate  (see  6,4, 1)  content  of 
Type  II,  Grades  A,  B,  and  C,  shall  not  exceed  1.0  mg/1, 

3.  3 Filling  Containers, 

3.  3. 1 Filters.  - Approved  stainless  steel  filters,  10  micron  nominal 
and  40  micron  alisolute,  shall  be  used  between  the  manufacturer’s  plant 
and  the  shipping  container. 

3.  3,2  Filling  Containers.  - Cylinders  shall  be  filled  with  Type  I 
oxygen  to  a pressure  of  1,  800,  2,  015,  or  2,  200  psig  as  specified  in  the 
contract  or  order  (see  6.2).  When  filling  cylinders  having  a stabilized 
temperature  other  than  21°C  (70°F),  the  fill  pressure  shall  be  as  speci- 
fied in  Table  II  for  the  applicable  temperature  and  nominal  fill  pressure. 
When  cylinders  are  tested  as  specified  in  4,4,3, 1,  the  cylinder  pressure 
shall  not  vary  more  than  + 25  psig  from  the  pressure  specified  in  Table 
II  that  corresponds  to  the  stabilized  temperature  of  the  cylinder  being 
filled . 


3.4  Product  Identificatjon,  - A tag, shall  be  firmly  attached  to  each 
container  in  a conspicuous  location.  The  tag  shall  contain  the  following 
information: 

Product.  Oxygen  Type  Grade 

SpecificaEoh'  ' 'M  . 


5 


MSFC-SPEC-399B 
January  31,  1974 


TABLE  II.  TABLE  OF  TEMPERATURES  AND  GAGE 
PRESSURES  (POUNDS  PER  SQUARE  INCH 
GAGE  (PSIG)) 


(Modified  NBS  Publication  M-.191  (1948)) 


Temp 

^Filling  presaurca 
at  21  °C  (70  ®F> 

ummm 

2015 

2200 

-50 

1240 

1370 

1479 

•^(8 

1249 

1381 

1491 

-46 

1258 

1392 

1503 

-44 

1268 

1403 

1516 

-42 

1277 

1414 

1528 

-40 

1287 

1425 

1540 

-38 

1296 

1436 

1552 

-36 

1306 

1440 

1565 

•*34 

1315 

1457 

1577 

-32 

1325 

1468 

1589 

-30 

1334 

1479 

1601 

-28 

1344 

1490 

1613 

-26 

1353 

1500 

1625 

-24 

1362 

1511 

1637 

-22 

1372 

1522 

1649 

-20 

1381 

1533 

1662 

-18 

. 1391 

1544 

1674 

-16 

1400 

1555 

1686 

-14 

1409 

1565 

1698 

-12 

1419 

1576 

mo 

-10 

1420 

1587 

1723 

- 8 

1437 

1598 

1735 

“ 6 

1447 

1608 

. 1747 

« 4 

1456 

1619 

1759 

•»  2 

1466 

1630 

1771 

0 

1475 

1641 

1703 

2 

1404 

1654 

1795 

4 

1494 

1663 

1807 

6 

1503 

1673 

1819 

8 

1512 

1684 

1831 

10 

1522 

1695 

1843 

12 

1531 

1706 

1855 

14  . 

1540 

1716 

1867 

16 

1550 

1727 

1078 

18 

1559 

1738 

1890 

20 

1560  , 

1749 

1902 

22 

1578 

1759 

1914 

24 

1587 

1770 

1926 

26 

1596 

1701 

1938 

28 

1606 

1791 

1950 

30 

1615 

1802 

1962 

32 

1624 

1813 

1974 

34- 

1634 

1823 

1986 

36 

1643 

1834 

1990 

38 

1652 

1845 

2010 

40 

1661 

1856 

2022 

42 

16'71 

1866 

2034 

44 

1680 

1877 

2046 

46 

1609 

1088 

2058 

48 

1698 

1098 

2070 

*Xcmp 

oc 

Temp 

op 

10 

50 

11 

52 

12 

54 

13 

56 

14 

58 

16 

60 

17 

62  ■ 

18 

64 

19 

66 

20 

68 

21 

70 

22 

72 

23 

74 

24 

76 

26 

78 

27 

80 

28 

82 

29 

84 

30 

86 

31 

88 

32 

90 

33 

92 

. 34 

94 

36 

96 

37 

‘>8  . 

38 

100 

39 

102 

40 

104 

41 

106 

42 

108 

43 

110 

44 

112 

46 

114 

47 

116 

40 

118 

49 

120 

50 

122 

51 

124 

52 

126 

53 

128 

54 

130 

56 

132 

57 

134 

58 

136 

59 

138 

60 

140 

61 

142 

62 

144 

63 

146 

64 

140 

66 

150 

*Th.ese  values  are  rounded  off  to  the  nearest  whole  number. 
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Contract  or  order  number  ’ . 

Manufacturer  Supplier 

Lot  identification date . 

Certification  of  filled  containers  of  Type  I oxygen: 

(1)  Quantity  (cubic  feet  at  NTP)^  . 

(E)  Container  pressure  after  filling  . 

(3)  Container  temperature  after  filling  . 

Certification  of  filled  containers  of  Type  II  oxygen: 

(1)  Quantity tons. 

Quality  certifying  manufacturer . 

Quality  certifying  agent  . 

4.  QUALITY  ASSURANCE  PROVISIONS 

4. 1 The  supplier  is  responsible  for  the  performance  of  all  inspec- 
tion requirements  as  specified  herein.  Except  as  otherwise  specified, 
the  supplier  may  utilize  his  own  or  any  other  inspection  facilities  and 
services  acceptable  to  the  procuring  activity  that  are  covered  by  an 
inspection  or  quality  control  plan  as  required  by  the  contract.  Unless 
otherwise  specified,  the  inspection  plan  shall  be  submitted  for  review 
with  the  supplier's  bid  or  proposal.  Inspection  and  test  records  shall 
be  kept  complete  and,  upon  request,  made  available  to  the  procuring 
activity  or  its  designated  representative,  in  accordance  with  provisions 
of  the  contract  or  the  procurement  document.  The  procuring  activity 
or  its  designated  representative  reserves  the  right  to  perform  any  or 
all  of  the  inspections  set  forth  in  the  specification  for  individual  con- 
taminants or  requirements. 

4.2  Lot.  - 

4.E.  1 Type  I in  cylinders  filled  from  gas  source.  - When  Type  I 
oxygen  cylinders  are  filled,  each  set  of  cylinders  charged  on  the  same 
manifold  at  the  same  time  shall  constitute  a lot.  The  number  of  samples 
per  lot  shall  conform  to  Table  III.  Each  cylinder  selected  for  testing 
shall  have  approximately  1 standard  cubic  foot  of  gas  withdrav/n  before 
sampling  for  all  tests. 


" ' * 

^Normal  temperature  and  pressure  is  defined  as  21.  ll°C  (70°F),  and 
760  millimeters  of  mercury  (mmHg)  pressure  (14.7  pounds  per  square 
inch  absolute  (psia). 
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TABLE  in.  TEST  SAMPLES 
Lot  Sizes  Number  of  Samples 

1 
2 

3 

4 

4.2.2  Type  I in  Cylinders  Filled  from  Liquid  Source.  - When 
gaseous  oxygen  is  compressed  into  cylinders  from  the  vaporization  of 
liquid  oxygen,  the  following  sampling  procedure  shall  apply: 

4.2.2. 1 Procedure.  - Each  day,  after  initial  filling  or  any  addi- 
tional filling  of  the  liquid  storage  system,  samples  from  the  first  set  of 
cylinders  charged  on  the  manifold  shall  be  selected  in  accordance  with 

^ Table  III.  Between  the  initial  or  any  additional  filling,  one  sample 
cylinder  shall  be  taken  at  random  for  test  from  each  lot  of  20  filled 
cylinders.  Each  cylinder  selected  for  testing  shall  have  approximately 
1 standard  cubic  foot  of  gas  withdrawn  before  sampling  for  all  tests. 

4.2.3  Type  II  Filled  Containers.  - When  Type  II  oxygen  containers 
are  filled,  each  container  shall  constitute  a lot.  Two  samples  shall  be 
drawn  from  each  lot.  The  samples  are  required  for  acceptance  tests  and 
shall  be  taken  at  the  lowest  outlet  of  the  container. 

4.2.4  Continuous  Service,  Type  II,  Grade  C only,  - Continuous 
service  is  continuous  deliveries  under  Government  contract  of  a single 
product  complying  with  the  propellant  specification. 

4.2.4. 1 Sampling  Option.  - Unless  otherwise  specified,  the  follow- 
ing sampling  option  for  Type  II,  Grade  C propellant  oxygen  shall  be  used 
for  storage  and  transport  containers  engaged  in  continuous  propellant 
servic-e.  The  contractor  shall  sample  the  contents  of  each  transport 
container  engaged  in  continuous  service  at  least  once  every  7 days  at 
uniform  intervals  of  time.  Samples  shall  be  taken  from  the  filled  trans- 
port containers.  The  contractor  shall  sample  the  contents  of  each  trans- 
port container  when  entering  continuous  oxygen  service  and  when  the 
transport  container  has  remained  empty  for  a period  greater  than  24 
hours.  When  empty,  all  ports  and  vents  shall  remain  closed  to  the  at- 
mosphere. In  continuous  propellant  service,  compliance  with  quality 
conformance  tests  specified  herein  shall  be  determined  by  sampling  the 
filling  point  storage  container  after  each  addition  or,  in  case  of  continuous 
production,  at  established  intervals  not  less  than  once  every  24  hours 
(see  6.2).  A storage  container  that  is  in  the  process  of  being  filled  during 
a change  of  duty  shift,  shall  be  sampled  after  filEng  at  the  option  of  the 
Government  inspector. 
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4. 3 Samples,  - 

4.3. 1 Quality  Assurance  Sample.  - The  quality  assurance  sample 
(when  required  by  the  contract  (see  6,2)),  shall  be  selected  at  random 
from  the  production  lots  submitted  for  acceptance, 

4.  3,  1,  1 Quality  Assurance  Sample  Rejection,  - If  any  specimen  of 
the  quality  assurance  sample  fails  to  meet  the  requirements  specified 
herein,  a detailed  report  shall  be  required  by  the  procuring  activity 
describing  the  action  taken  by  the  supplier  to  insure  conformance  to  this 
specification.  The  corrective  action  taken  shall  be  the  basis  for  resum- 
ing normal  procurement  activity, 

4.3.2  Acceptance  Sample.  - Unless  otherwise  specified  by  the 
procuring  activity,  the  sample  shall  be  taken  at  the  point  of  filling,  prior 
to  shipment.  Samples  shall  be  drawn  from  each  lot  of  oxygen, 

4.  3, 2,  1 Acceptance  Sample  Certification.  - The  contractor  shall 
^furnish  with  each  Form  DD250,  or  applicable  shipping  document,  a 
certified  copy  of  the  actual  laboratory  analysis  of  each  sample  taken. 

4, 3, 2,  2 Acceptance  Sample  Rejection,  - Any  sample  that  fails  any 
acceptance  test  specified  herein  shall  be  cause  for  rejection  of  the  lot 
submitted. 


4,4  Testing.  - 

4.4. 1 Quality  Assurance  Testing.  - When  quality  assurance  test- 
ing is  required  by  the  contract  or  order  (see  6.2),  testing  shall  be  per- 
formed by  the  supplier  under  MSFC  surveillance,  or  as  directed  by  the 
procuring  activity.  Specific  tests  and  the  installation  where  the  tests 
are  to  be  conducted  shall  be  as  specified  in  the  contract  or  order  (see 
3. 1.  i and  6.  2). 

4.4.2  Acceptance  Test  Plan,  - The  contractor  or  supplier  shall 
utilize  acceptance  test  procedures  that  have  been  approved  by  the  pro- 
curing activity  to  perform  the  tests  specified  herein.  Unless  otherwise 
specified  in  the  contract  or  order  (see  6.2),  a detailed  test  plan,  includ- 
ing schematic  diagrams  of  test  setups  and  a list  of  equipment  to  be 
utilized  for  test,  shall  be  submitted  by  the  contractor  to  the  procuring 
activity  and  approved  before  tests  are  performed.  When  the  contractor 
is  unable  to  provide  approved  test  procedures  for  determining  the 
particulate  content  of  Type  II  oxygen,  the  recommended  MSFC  procedure 
described  in  6, 3 shall  be  used.  Identifiable  test  plans  that  have  received 
approval  under  contracts  the  previous  year  need  not  be  resubmitted, 

4. 4. 3 Acceptance  Tests,  - 
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4.4,  3.  1 Filling  pressure  test.  - Samples  shall  be  tested  for  proper 
filling  pressure  by  attaching  a gage  of  the  .type  described  below  to  the 
valve  outlet  and  by  attaching  either  a thermocouple  or  thermometer  of 
the  type  described  below  to  the  cylinder  wall.  If  a thermometer  is  used, 
the  bulb  shall  be  protected  from  alien  temperatures  by  a fireproof  insulat- 
ing material  secured  by  either  spring  clips  or  tape.  The  insulation  shall 
not  be  applied  betv/een  the  bulb  and  the  cylinder  v/all.  The  cylinder  shall 
stand  until  it  stabilizes  at  approximately  room  temperature.  The  cylinder 
valve  shall  be  opened  and  the  internal  pressure  observed  on  the  gage.  If 
the  internal  pressure  differs  from  the  applicable  pressure  value  shown  in 
Table  II  corresponding  to  the  stabilized  cylinder  temperature  by  more 
than  25  psig,  the  sample  cylinder,  and  all  other  cylinders  filled  from  the 
same  manifold  at  the  same  time  shall  be  rejected.  Pressures  shall  be 
measured  by  means  of  accurately  calibrated  Bourbon  tube  gages  or  other 
laboratory- type  pressure  measuring  device  capable  of  being  accurately 
read  to  within  + 5 psig.  For  the  purpose  of  this  specification,  a gage  or 
other  pressure  measuring  device  having  scale  increments  of  10  psig  is 
considered  satisfactory  for  reading  within  the_+  5 psig  requirement. 
Temperatures  shall  be  measured  using  thermocouples  or  thermometers. 
Thermocouples  shall  be  of  laboratory  accuracy^and  shall  have  a sufficient 
number  of  scale  divisions  to  be  read  within  1/2  , 

4.4.3,  2 Purity.  - The  purity  of  Grade  A oxygen  shall  be  determined 
by  indirect  measurement  to  determine  conformance  to  3. 2, 1, 1.  The 
conformance  certification  shall  be  based  on  instrumental  analysis  utiliz- 
ing analytical  equipment  having  sensitivity  capability  of  separating  and/or 
determining  the  specified  maximum  allowable  concentration  of  each  com- 
ponent. This  equipmen t may  include  gas  chromatographic,  mass  spectro- 
metric,  infrared,  or  other  analytical  equipment  having  adequate  sensitivity 
characteristics  for  specific  component  analysis.  The  purity  of  Grades  B 
and  C oxygen  shall  be  by  direct  measurement  for  conformance  to  3,2, 1, 1. 
The  difference  between  the  sum  of  the  oxygen  and  contaminant  concentra- 
tion will  be  assumed  to  be  inert  gases  and  nitrogen, 

4.4. 3,  2, 1 Methane  and  Ethane.  - Tests  shall  be  performed  to  deter- 
mine conformance  to  3.  2, 1, 2, 1. 

4. 4,  3.  2,2  Propane  and  Higher  Molecular  Weight  Hydrocarbons.  - . 
Tests  shall  be  performed  to  determine  conformance  to  3.  2, 1. 2.  2. 

4.4,  3,  2,  3 Alkyne  Hydrocarbons.  - Tests  shall  be  performed  to 
determine  conformance  to  3, 2, 1, 2, 3, 

4. 4, 3, 2. 4 Total  Hydrocarbons,  - Tests  shall  be  performed  to 
determine  conformance  to  3, 2. 1. 2,4, 

4.4, 3.2,  5 Moisture,  - Tests  shall  be  performed  to  determine 
conformance  to  3, 2, 1, 2,  5, 

4, 4, 3, 2, 6 Carbon  monoxide  and  Carbon  Dioxide,  - Tests  shall  be 
performed  to  determine  conformance  to  3, 2. 1, 2, 6, 
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4, 4, 3,  2.  7 Nitrous  Oxide.  - Tests  shall  be  performed  to  determine 
conformance  to  3, 2. 1,  2,  7. 

4o4.  3,2,  8 Halogenated  Hydrocarbons.  - Tests  shall  be  performed 
to  determine  conformance  to  3,2, 1,2.8, 

4, 4,  3,2.  9 All  Other  Impurities  (Nitrogen,  Argon  and  Helium).  - 
All  other  impurities  for  Grade  A oxygen  including  inert  gases  and  nitro- 
gen shall  be  by  appropriate  instrumental  analysis  to  determine  confor- 
mance to  3.  Z„  1, 2. 9. 

4. 4. 3.2. 10  Odor  Tests.  - Odor  tests  shall  be  checked  to  determine 
conformance  to  3, 2, 1, 2, 10, 

4.4. 3.2. 11  Particulate  Content.  - The  particulate  content  for  Type 
II,  Grades  A,  B,  and  C,  oxygen  shall  be  tested  to  determine  conformance 
to  3. 2.  1. 2,  II,  (see  6.  3). 

4, 4. 4 Examination.  - All  oxygen  submitted  shall  be  examined  to 
determine  conformance  to  3,4,  and  the  marking  requirements  of 
Section  5. 

5.  PREPARATION  FOR  DELIVERY 

5. 1 Filling  and  Transporting.  - An  approved  filter  (see  3,  3)  shall 
be  connected  to  the  inlet  side  of  all  transfer  containers  during  filling. 

5.2  Marking.  - All  containers  shall  be  marked  in  accordance  with 
ICC  Regulation  49  CFR  71-90,  Standard  MIL-STD-129,  and  properly 
tagged  and  identified  (see  3.4), 

5.3  Transfer  Equipment.  - Oxygen  containers  shall  be  approved 
by  the  procuring  activity  with  respect  to  design,  insluation,  and  com- 
patibility for  the  type  and  grade  of  oxygen.  Any  equipment  found  to  be 
defective  shall  be  repaired  or  rejected  for  future  deliveries  as  required 
by  the  procuring  activity.  All  liquid  oxygen  containers  shall  be  insulated 
to  effect  a maximum  loss  not  greater  than  0, 5 per  cent  for  24  hours, 

6,  NOTES 

6. 1 Intended  Use,  - The  oxygen  furnished  in  a ccordance  with  this 
specification  is  intended  for  three  uses;  fuel  cell,  breathing,  and  pro- 
pellant, 

6. 2 Ordering  Data,  - Procurement  documents  should  specify  the 
following: 

(a)  Title,  number,  and  date  of  this  specification, 

(b)  Type  and  grade  oxygen  required  (see  1, 2), 

(c)  Sampling  option  for  continuous  propellant  transport 
container  service  (see  4,2,4. 1), 
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(d)  Whether  quality  assurance  testing  is  required  and  if  so, 
what  tests  are  to  be  conducted  (see  3, 1«  1). 

(e)  Where  quality  assurance  testing  will  be  accomplished 
(see  4, 4, 1). 

(f)  Whether  acceptance  test  plan  is  required  or  identify  the 
approved  test  plan  (see  4, 4, 2), 

(g)  Whether  special  packaging,  packing,  a nd  marking  is 
required  (see  Section  5, ) 

(h)  Container  pressure  for  Type  I at  21°  C. 

6.  3 MSFC  Test  Procedure.  - The  MSFC  recommended  equipment; 
material,  and  test  procedures  for  determining  particulate  content  of 
Type  II,  Grades  A,  B,  and  C oxygen  shall  be  as  specified  below. 

6. 3. 1 Particulate.  - Type  II,  Grades  A,  B,  and  C oxygen  shall  he 
sampled  and  tested  for  contamination  in  accordance  with  the  following 
method. 


NOTE 

Particulate  content  determination  should  be  made 

in  a controlled  environment  meeting  the  particulate 

level  of  Standard  FED-STD-209.  “Class  30,000.  “ 

6.  3. 1. 1 Test  Equipment.  - The  test  equipment  or  its  equivalent 
shall  consist  of  the  following: 

(a)  Flask;  dewar,  five-liter  capacity,  round  configuration, 

2 -inch  opening,  and  slotted  chloro  fluorocarbon  stopper 
which  serves  to  relieve  interna,!  pressure. 

(b)  Holder;  filter,  stainless  steel;  complete  with  stainless 
steel  base,  chloro  fluorocarbon  stopper,  integral  lock- 
ing ring,  and  650  ml  stainless  steel  funnel. 

(c)  Filter  disc;  Teflon  or  glass  fiber,  1. 50  micron  or  less 
with  grid. 

(d ) Foil;  aluminum. 

(e)  Aspirator;  water. 

(fj  Dish;  petri,  plastic. 

(g)  Forceps;  unserrated  tips. 

(h)  Balance;  analytical,  0. 1 mg  sensitivity. 

(i)  Flask;  filter,  Pyrex,  heavy-wall,  two-liter,  with  side 
arm. 

(j)  Oven;  vacuum. 
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,,  6.  3. 1.2  _De|^^Cleaning.  - Clean  a five-liter  dewar  flask  by  rinsing 

three  times  mth  200  ml  of  filtered  freon  TF,  or  equal;  dry  the  flask  with 
filtered  gaseous  nitrogen;  close  the  flask  with  a slotted  chloro  fluorocarbon 
stopper  covered  with  degreased  aluminum  foil. 


6.  3. 1.3  Sample.  - Remove  the  stopper  from  the  cleaned  dewar 
flask  and  collect  a five-liter  sample  of  Type  II  oxygen.  Immediately 
close  the  flask  with  the  stopper. 

6.  3. 1.4  Procedure.  - 


6.3.  1.4.  1 Filter  Disc  Tare.  - Using  forceps,  one  1.  50-micron  or 
less  Teflon  or  glass  fiber  filter  disc  and  back-up  pad  shall  be  placed  in 
an  open  petri  dish.  Place  the  dish  in  a vacuum  oven  at  70°C  (158°F)  for 
30  minutes.  Remove  the  dish  and  place  in  a desiccator  containing  dust- 
less calcium  sulfate  for  30  minutes.  Using  forceps,  remove  the  filter 
disc  (without  the  back-up  pad)  from  the  desiccator  and  place  on  a balance. 
Allow  a 2-minute  interval,  permitting  the  filter  disc  to  come  to  constant 
weight.  Record  the  weight  to  the  nearest  0. 1 mg.  Using  forceps,  remove 
the  filter  disc  from  the  balance  and  replace  in  the  covered  petri  dish, 

6.  3. 1.4.2  Filtration.  « Connect  a heavy- wall  two-liter  Pyrex  filter 
flask  to  a water  aspirator  with  Teflon  or  chloro  fluorocarbon  tubing  and 
place  in  a hot  water  bath  10  cms  in  depth.  Place  the  stainless  steel  base 
on  the  filter  assembly  on  the  top  of  the  Pyrex  flask.  Using  forceps,  re- 
move the  filter  disc  and  back-up  pad  from  the  petri  dish  and  place  them 
on  the  stainless  steel  base.  Immediately  lower  the  filter  funnel  onto  the 
base;  secure  with  the  locking  ring  and  place  a degreased  aluminum-foil 
cover  on  top  of  the  filter  funnel.  Turn  on  the  water  aspirator.  Remove 
the  aluminum-foil  cover  and  pour  three  or  four  drops  of  the  Type  II 
sample  from  the  dewar  flask  into  the  filter  funnel  to  prevent  shattering 
of  the  filter  disc.  Pour  the  remaining  contents  of  the  dewar  flask  into 
the  filter  funnel  but  not  directly  on  the  filter  disc.  Between  pourings, 
cover  the  filter  funnel  with  the  aluminum-foil  cover.  During  filtration, 
frost  will  form  on  the  filter  flask  and  aspiration  shall  be  continued  until 
frost  disappears.  Rinse  the  filter  funnel  with  filtered  freon  TF.  Dis- 
connect the  funnel  and  discontinue  water  aspiration.  Using  forceps, 
transfer  the  filter  disc  to  the  open  petri  dish  and  place  in  a vacuum  oven 
at  70°C  (158°F)  for  30  minutes. 

NOTE 

A sudden  change  in  vacuum  oven  pressure  should  be 
avoided  as  it  may  remove  particles  from  the  filter 
and  cause  erroneous  results. 

Remove  the  dish  and  place  in  a desiccator  for  30  minutes.  Using  forceps, 
remove  the  filter  disc  from  the  desiccator  and  place  on  a balance.  Allow 
a 2 -minute  interval  permitting  the  filter  disc  to  come  to  constant  weight. 
Record  the  weight  to  the  nearest  0. 1 mg.  A particulate  content  of  the 
sample  shall  not  exceed  1.0  mg/1. 
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6.  4 Definition.  - 

6.4.1  Particulate, 
microns  filter  <^isc. 

t 

6.  5 Changes,  D)3viations 
deviations,  or  waive rn  will  te  -3 
without  the  approval  of  the  cog 
All  changes,  deviations,  or  waiij 
Integration  Division,  S&tE-S/F  -I 
35812,  for  coordination  with  thel 

Notice.  - When  Governmei 
are  used  for  any  purpose  other 
Government  procurenrent  operaj 
by  incurs  no  responsibility  nor 
the  Government  may  aave  formi 
the  said  drawings,  specificatio 
'implication  or  otherwise  as  in 
other  person  or  corporation,  o] 
manufacture,  use,  or  sell  any 
related  thereto. 


The  Sdissoived  solids  retained  on  a 10.0 


r Waivers.  - No  technical  changes, 
de  to  the  requirements  of  this  document 
int  design  engineering  activity  of  MSFC. 
[rs  will  be  submitted  to  the  Requirements 
larshall  Space  Flight  Center,  Alabama 
lof.nizant  design  activity. 

^drawings,  specifications,  or  other  data 
m in  connection  with  a definitely  related 
)n,  the  United  States  Government  there- 
[ligation  whatsoever;  and  the  fact  that 
lied,  furnished,  or  in  any  way  supplied 
or  other  data  is  not  to  be  regarded  by 
manner  licensing  the  holder  or  any 
lor  /eying  any  rights  or  permission  to 
per  <:ed  invention  that  may  in  any  way  be 


Custodian: 

NASA  - George  C.  Marshall  Sp^ 
Flight  Center 


Preparing  Activity: 

George  C.  Marshall  Space 
Flight  Center 
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Paragraphs  1-1  to  1-7 


SECTION  i 
SENERiiL 


1-1.  PURPOSE  AND  SCOPE.  The  purpose  of 
this  technical  manual  is  to  provide  information, 
guidance,  instructions,  and  procedures  for  on- 
base  quality  control  of  liquid  oxygen  used  as  a 
missile  propellant,  and  liquid  and  gaseous  oxygen 
used  for  aviator’s  bx-eathing  purposes. 

1-2.  GENERAli.  The  quality  control  require- 
ments of  oxygen  supplied  an  a propellant  are 
different  from  those  of  oxygen  supplied  for 
breathing  purposes.  This  difference  is  de- 
fined and  dictated  by  the  kinds  and  amounts  of 
contaminants  permitted  in  oxygen,  according  to 
use.  Therefore,  a knowledge  and  understanding 
of  this  difference  is  essential  to  the  quality 
control  of  oxygen  in  accordance  with  intended 
use. 

1-3.  DESCRIPTION  AND  PROPERTIES  OF 
OXYGEN.  Oxygen  can  exist  as  a solid,  liquid, 
or  gas,  depending  upon  the  temperature  and 
pressure  to  which  it  is  subjected.  At  atmos- 
pheric pressure,  oxygen  exists  as  a solid  at 
temperatures  below  its  melting  point,  -361  F 
(-21.8  C).  Solid  oxygen  turns  into  a liquid  at 
its  melting  point  and  remains  in  this  state  until 
the  temperature  rises  to  its  boiling  point, 
-297  F (-183°C).  At  this  latter  temperature, 
liquid  oxygen  vaporizes  into  the  gaseous  state. 
Conversely,  gaseous  oxygen  will  turn  into  liquid, 
at  atmospheric  pressure,  by  cooling  to  a tem- 
perature below  -297  F.  By  increasing  the 
pressure,  gaseous  oxygen  can  be  liquefied  at 
higher  temperatures,  ug  to  its  critical  tem- 
perature, -182  F (-119  C).  Oxygen  will  not 
condense  to  a liquid  at  temperatures  above  its 
critical  temperature  regax-dless  of  the  pressure 
applied.  The  pressure  required  to  liquefy 
oxygen  at  its  critical  temperature  is  known  as 
its  critical  pressure,  736.5  psia.  The  application 
of  high  pressure  cind  ultra-low  temperatures  to 
convert  gases  into  their  liquid  state  is  known  as 
the  science  and  technology  of  cryogenics.  Liquid 
oxygen  is  a cryogenic  fluid. 

1-4.  SOURCE  OF  OXYGEN.  Air,  which  con- 
tains about  21  percent  oxygen  by  volume,  is  the 
principal  source  of  liquid  and  gaseous  oxygen. 


Air  is  compressed  and  cooled  to  liquefaction, 
whereupon  the  liquid  oxygen  is  separated  by 
distillation  and  taken  off  as  liquid  product,  or 
gasified  for  gaseous  product. 

1-5.  PHYSICAL  PROPERTIES  OF  OXYGEN. 
Gaseous  oxygen  is  colorless,  odorless,  taste- 
less and  about  1.1  times  as  heavy  as  air.  Liquid 
oxygen  is  an  extremely  cold  (approximately 
395  degrees  below  body  temperature)  pale  blue 
fluid,  which  flows  like  water.  One  gallon  of 
liquid  oxygen  weighs  9.519  pounds  which  is 
approximately  1.14  times  the  weight  of  one 
gallon  of  water.  (See  figure  1.1.)  Liquid 
oxygen  is  stored  and  handled  at  atmospheric 
pressure  in  well- insulated  containers  which 
maintain  the  liquid  at  its  boiling  point.  There- 
fore, liquid  oxygen  is  always  boiling  as  it  slowly 
turns  into  gaseous  oxygen.  As  the  exqxanding  gas 
from  the  boiling  liquid  increases  in  amount, 
it  builds  up  pressure  within  the  container. 
Therefore,  the  ejqianding  gas  must  be  vented  to 
the  atmosphere,  because  confinement  is  both 
dangerous  and  impractical.  When  the  cold  and 
colorless  gas  is  vented  to  the  atmosphere,  it 
produces  a fog  as  it  immediately  condenses 
moisture  and  carbon  dioxide  in  the  air. 

1-6.  CHEMICAL  PROPERTIES  OF  OXYGEN. 
Oxygen  is  a very  reactive  material,  combining 
vdth  most  of  the  chemical  elements.  The  union 
of  oxygen  with  another  substance  is  known  as 
oxidation.  Extremely  rapid  or  spontaneous 
oxidation  is  known  as  combustion.  While  oxy- 
gen is  non- combustible  in  itself,  it  strongly 
supports  and  rapidly  accelerates  the  combustion 
of  all  flammable  materials;  some  to  an  explosive 
degree.  Oxygen,  as  supplied,  contains  a mini- 
mum of  99.5  percent  by  volume  of  pure  oxygen. 
The  remaining  0.5  percent  consists  principally 
of  argon,  plus  various  organic  and  inorganic 
compounds  in  amounts  measured  in  the  parts 
per  million  range. 

1-7.  PRODUCTION  (GENERATION)  OF  OXY- 
GEN. Air,  the  rawmaterial  for  the  production  of 
oxygen  is  principally  a mixture  of  78.09  percent 
nitrogen,  20.95  percent  oxygen  and  0.93  percent 
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OXYGEN 

I MASS 

LIQUID  VOLUME  AT  BOILING  POINT 

GAS  VOLUME  AT  ONE 
• ATMOSPHERE  AND  70°F 

1 Grams 

Pounds 

■Liters 

Gallons 

Cubic  Feet 

Liters 

Cubic  Feet 

1 

0.002205 

0.0008766 

0.0002316 

0.00003096 

0.7540 

0.02663 

i 453.6 

1.000 

0.3976 

0.1050 

0.01404 

342.0 

12.08 

I 1141.0 

2.515 

1.000 

0.2642 

0.03532 

860.11 

30.38 

I 

9.519 

3.785 

1.000 

0.1337 

3256,0 

115.0 

I 32300.0 

71,21 

28.32 

7.481 

1.000 

24355.0 

860.1 

1 1,326 

0.002924 

0.001163 

0.0003072 

0.00004106 

1.000 

0.03532 

1 37.55 

0.08280 

0.03292 

0.008697 

0.001163 

28.32 

1.000 

Figure  1-1.  Oxygen  Weight-Volume  Equivalents 


argon,  by  volume.  The  remaining  0.03  percent 
consists  of  various  gases,  vapors,  and  particu- 
late matter  in  varying  concentrations,  depending 
upon  locality  and  climatic  conditions.  Air  is 
compressed  and  cooled  to  liquefaction.  The 
liquid  oxygen  in  the  liquefied  air  is  separated 
by  fractional  distillation,  whereupon  it  is  with- 
drawn as  liquid  oxygen  product  or  passed  to  a 
vaporizer  for  conversion  to  gaseous  oxygen  pro- 
duct. . The  equipment  and  facilities  used  in 
producing  oxygen  are  known  as  liquid  oxygen 
generating  plants. 

1 - 8 , LIQUID  OXYGEN  GENERATING  PLANTS, 
Atmospheric  air  is  passed  through  a liquid 
oxygen  generating  plant  in  five  basic  steps: 
compression,  purification,  refrigeration,  expan- 
sion and  distillation.  A brjief  description  of  the 
basic  steps  is  as  follows: 

a.  Air  from  the  atmosphere  is  first  passed 
through  filters  before  imdergoing  compression 
in  the  air  compressor  and  then  is  cooled  by  a 
heat  exchanger, 

b.  The  cooled  compressed  air  is  purified 
and  dried  by  removal  of  carbon  dioxide,  hydro- 
carbons, solid  particles,  and  moisture  as  it  is 
passed  through  carbon  dioxide  scrubbers,  fil-' 
ters,  drying  tvibes  and  hydrocarbon  absorbers. 

c.  The  cold  and  purified  compressed  air  is 
further  cooled  by  passage  through  a heat  ex- 
changer. 


.•  d.  The  air  is  then  passed  through  an  expan- 
sion valve  where  it  liquefies  as  it  becomes  as 
cold  as  its  temperature  of  liquefaction. 

e.  The  liquid  air  is  fed  to  the  fractional 
distillation  colinnn  where  it  flows  through  nu- 
merous trays,  boiling  off  nitrogen  and  releasing 
liquid  oxygen.  The  liquid  oxygen  collects  at 
the  bottom  of  the  column,  where  it  is  drawn  off 
as  product  or  diverted  to  a vaporizer  for  con- 
version to  gaseous  oxygen  product. 

1-9.  SUPPLY  SOURCES  OF  OXYGEN.  Liquid 
and  gaseous  oxygen  supplied  to  the  Air  Force  are 
obtained  from  the  following  generating  plants. 

1-10,  COMMERCIAL  PLANTS.  Liquid  and 
gaseous  oxygen  generated  at  commercial  plants 
are  procured  according  to  the  military  specifi- 
cation that  is  specific  to  the  intended  use: 

a.  Liquid  oxygen  for  propellant  use  is  pro- 
cured in  accordance  with  the  current  issue  of 
Specification  MIL-P-25508. 

b.  Liquid  and  gaseous  oxygen  for  aviator’s 
breathing  purposes  are  procured  in  accordance 
v/ith  the  current  issue  of  Specification  MlL-0- 
27210. 

l-ll.  GOVERNMENT  OWNED  - CONTRAC- 
TOR OPERATED  PLANTS,  Liquid  oxygen  gene- 
rated at  government  owned- contractor  operated 
plants  is  procured  according  to  the  current 
issue  of  Specification,  MIL-P-25508. 
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1-12.  GOVERNMENT  OWNED  - GOVERN- 
MENT OPERATED  PLANTS.  Liquid  and  gaseous 
oxygen  plants  which  are  government  owned- 
government  operated  and  are  located  on  Air 
Force  bases  are  hereinafter  referred  to  as 
AF  Operated  Generating  Plants  or  Base  Gene- 
rating Plants.  These  plants  are  designed  and 
built  to  generate  liquid  or  gaseous  oxygen 
according  to  the  following  production  capacities 
and  product  quality; 

a.  Twenty,  Twenty-five,  and  Fifty  Tons  Per 
Day.  Produces  both  liquid  oxygen  and  liquid 
nitrogen  for  support  of  missile  sites.  Gene- 
rated liquid  oxygen  must  meet  the  requirements 
of  the  current  issue  of  Specification  MIL-P- 
25508. 

b.  One  Ton  Per  Day.  Produces  liquid  and 
gaseous  oxygen  for  breathing  purposes  in  supporU 
of  aircraft.  Generated  liquid  and  gaseous 
oxygen  must  meet  the  requirements  of  the 
current  issue  of  Specification  MIL-0-27210. 

1-13.  CONTANfiONrANTS  AND  CONTAMINA-^ 
TION.  The  following  discussion  on  contaminants 
and  contamination  applies  to  propellant  liquid 
oxygen  and  aviator’s  liquid  breathing  oxygen. 
Contaminants  in,  and  contamination  of  aviator’s 
gaseous  breathing  oxygen  is  discussed  in  Section 
V.  Liquid  oxygen  as  produced  by  generating 
plants  contains  contaminants  which  are  not  com- 
pletely removed  by  the  generating  process.  At- 
mospheric air,  from  whichliquid  oxygen  is  gene- 
rcited,  is  the  primary  source  of  contamination. 
An  additional  source  of  contamination  is  the. 
compressors  and  other  equipment  of  the  gene- 
rating plants.  Airborne  contaminants  and  those 
added  by  the  generating  plants  are  partially  re- 
moved by  a system  of  filters,  absorbers,  driers, 
and  heat  exchangers  before  the  air  is  finally 
liquefied.  When  the  liquid  oxygen  separates  from 
the  liquefied  air,  it  carries  with  it- those  con- 
taminants which  are  not  completely  removed. 
The  variety  and  quantity  of  contaminants  which 
separate  .with  the  liquid  oxygen  depend  on  how 
effective  their  removal  has  been  during  the 
generating  process.  Generating  plants  are 
designed  to  remove  contamination  to  the  lowest 
limits  possible  both  for  safety  of  operation  and 
for  quality  of  product.  The  contamination  limits 
of  liquid  oxygen  produced  by  any  generating 
plant  for  Air  Force  Supply  as  a propellant  or 
as  breathing  oxygen  are  specified  as  procure- 
ment limits.  Procurement  limits  and  the  ulti- 
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mate  use  limits  of  contamination  are  based  on 
the  types  and  significance  of  contaminants,  and 
the  sources  of  increasing  contamination  in 
liquid  oxygen  during  storage,  handling,  and 
transfer. 

/■' 

1-14.  TYPES  AND  SIGNIFICANCE  OF  CON- 
TAMINANTS. The  types  and  significance  of 
contaminants  in  liquid  oxygen  are  described 
in  paragraphs  1-15  through  1-17. 

/ 

1-15.  HYDROCARBONS.  These  contaminants 
are  present  in  atmospheric  air,  and  are  also 
added  by  the  compressors  and  other  equipment 
of  the  generating  plant.  They  are  only  par- 
tially removed  by  the  low-temperature  hydro- 
carbon. absorption-purifiers  of  the  generating 
plants.  Those  which  separate  with  the  liquid 
oxygen  are  called  light  hydrocarbons  because 
they  contain  four  carbon  atoms  or  less,  such 
as  methane,  acetylene,  ethane,  ethylene,  pro- 
pane, and  butane.  Heavier  hydrocarbons  are 
removed  to  insignificant  concentrations  in  pro- 
perly operating  plants.  However,  through  mis- 
takes, carelessness,  or  breakdown  of  equipment 
during  Storage,  handling  and  transfer  of  liquid 
oxygen,  heavy  hydrocarbons  can  cause  contam- 
ination in  the  form  of  solvents,  oils,  greases 
or  fiunes.  The  presence  of  hydrocarbons  in 
liquid  oxygen  constitutes  a potential  fire  and 
explosion  hazard.  The  hazard  increases  during 
storage  and  handling  because  all  of  the  common 
hydrocarbon  contaminants,  except  carbon  mono- 
xide, are  less  volatile  than  liquid  oxygen  and, 
therefore,  increase  ir.  concentration.  If  either 
the  solubility  limit  or  the  low  flammability 
limit  of  a hydrocarbon  is  exceeded,  the  con- 
dition is  especially  hazardous.  A source  of 
ignition  can  initiate  a fire  or  explosion  if  the 
hydrocarbon  is  present  in  sufficient  concen- 
tration to  sustain  combustion.  Ignition  sources 
can  be  static  electricity,  mechanical  and  fluid 
friction,  and  shock  waves  introduced  by  impact. 
Whenever  a hydrocarbon  is  present  in  quantities 
greater  than  its  solubility  in  liquid  oxygen,  it 
separates  out  of  the  liquid  as  a solid.  Even 
the  smallest  grain  of  hydrocarbon  solid  in 
liquid  oxygen  has  the  potential  of  continued 
burning  upon  suitable  ignition.  Although  one 
tiny  particle  may  not  be  dangerous  in  itself, 
a collection  of  such  particles  could  be  serious, 
since  ignition  may  propagate  from  particle  to 
particle.  Acetylene  is  especially  hazardous  in 
this  respect. 
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a.  Acetylene.  Acetylene  is  the  most  hazard- 
ous hydrocarbon  contaminant  because:  it  is  very 
insoluble;  it  can  readily  be  triggered  into  ig- 
nition; and,  since  it  is  chemically  unstable,  it 
can  decompose  under  certain  conditions  and  be- 
come its  own  source  of  ignition.  Therefore,  a 
special  test  has  been  developed  to  determine 
acetylene  concentration  in  propellant  liquid 
oxygen. 

b.  Significance  in  Aviator’s  Liquid  Breath- 
ing Oxygen.  Hydrocarbon  contaminants  in  liquid 
oxygen  create,  in  addition  to  their  potential  fire 
and  explosion  hazards,  potential  psychological 
and  physiological  hazards  to  aircrews  when 
liquid  oxygen  is  used  for  breathing  purposes. 
Depending  upon  the  type  and  concentrations  of 
hydrocarbons,  psychologically,  the  effects  may 
be  uneasiness,  apprehension  or  possible  panic, 
resulting  from  detecting  their  presence  by 
odor;  physiologically,  the  effects  maybe  nausea, 
illness,  intoxication  or  possible  asphyxiao 

1-16.  INERT  SOLIDS.  These  contaminants 
are  classified  as  inert  solids  because  they  do 
not  react  with  oxygen  to  create  a fire  and  ex- 
plosion hazard,  and  to  distinguish  them  from 
hydrocarbons,  which  become  solids  when  their 
solubility  limits  are  exceeded.  Inert  solids 
consist  of  three  distinct  forms: 

a.  Particulate  Matter.  These  solids  con- 
sist of  rust,  metal  fragments,  dust  and  fibers 
derived  from  the  equipment  or  the  environment 
of  the  liquid  oxygen  supply  system.  These  con- 
taminants are  solids  at  normal  temperatures 
as  well  as  at  liquid  oxygen  temperature. 

b.  Moisture.  In  its  liquid  or  vaporous 
form,  moisture  condenses  to  ice  on  contact 
with  liquid  oxygen  or  with  the  cold  surfaces 
of  equipment.  Atmospheric  moisture  is  an 
ever-present  source  of  contamination. 

c.  Carbon  Dioxide.  This  contaminant  is 
slightly  soluble  in  liquid  oxygen  but  separates 
out  of  liquid  oxygen  as  a solid  when  its  sol- 
ubility limit  is  exceeded.  Inert  solid  con- 
taminants .in  liquid  oxygen  are  hazardous  for 
a nximber  of  reasons.  First,  they  may  cause 
mechanical  malfunctions  or  failures.  Second, 
they  may  cause  plugging  of  filters,  lines,  in- 
jectors, valves,  etc.  Third,  the’y  may  accumu- 
late charges  of  static  electricity. 


1-17.  TOXIC  AND  ODOROUS  CONTAMINANTS. 
The  odorous  and  toxic  characteristics  ofhydro- 
carbons  have  already  been  discussed  in  para- 
graph 1-15,  above.  In  addition  to  the  hydro- 
carbons, there  are  other  contaminants  which, 
if  present  in  aviator’s  liquid  breathing  oxygen, 
may  also  affect  the  mental  and  physical  well- 
being of  aircrews.  In  particular,  these  con- 
taminants are  nitrous  oxide  and  chlorinated 
hydrocarbons. 

1-18.  SOURCES  OF  INCREASING  CON- 
TAMINATION. The  initial  contamination  of 
liquid  oxygen  in  the  generating  plant  increases 
continuously  after  generation,  as  non.- volatile 
contaminants  are  concentrated  by  the  evapora- 
tion of  liquid  oxygen.  This  gradual  process  of 
increasing  contamination  is  accelerated  if  con- 
taminants are  introduced  during  storage,  hand- 
ling and  transfer  operations,  all  of  which  are 
potential  sources  of  increasing  contamination. 
The  added  contaminants  are  concentrated  as 
liquid  oxygen  vaporizes  and  the  increasing  con- 
tamination of  liquid  oxygen  is  therefore  com- 
pounded each  time  contaminants  are  introduced. 
This  means  that  the  problem  of  controlling 
contaminants  becomes  more  severe  as  the 
liquid  oxygen  passes  through  both  the  pro- 
pellant liquid  oxygen  supply  system  and  the 
aviator’s  breathing  oxygen  supply  system.  With 
respect  to  the  former,  the  problem  is  increased 
by  large  scale  transfers  of  liquid  oxygen  and  by 
long  periods  of  storage.  In  regard  to  the  latter, 
the  problem  is  increased  by  the  potential  toxi- 
city and  lower  maximum  limits  of  contaminants 
in  liquid  oxygen.  Thus,  an  acceptable  concen- 
tration of  contaminants  in  liquid  oxygen  as 
generated  or  procured  can  increase  to  a point 
which  may  threaten  the  safety  or  reliability  of 
the  mission.  Therefore,  procurement  limits 
establish  higher  quality  for  both  propellant 
liquid  oxygen  and  aviator’s  breathing  oxygen  to 
allow  for  increase  of  contamination  to  estab- 
lished use  limits.  This  margin  of  safety  does 
not  provide  a margin  for  error  or  for  unex- 
pected contamination,  and  personnel  should  not 
relax  their  vigilance  in  quality  control  against 
the  ever  present  sources  of  increasing  con- 
tamination of  liquid  oxygen. 

1-19.  INCREASING  CONCENTRATION  DUE  TO 
EVAPORATION  OF  LIQUID  OXYGEN.  Liquid 
oxygen  in  the  supply  system  is  always  boiling 
and  evaporating.  Non-volatile  contaminants  4n 
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liquid  oxygen  are  always  increasing  in  concen- 
tration as  the  amount  of  liquid  decreases.  This 
ever-present  process  of  increasing  contamina- 
tion is  intensified  by  cool-down  vaporization 
looses  associatedwithliquid transfer  operations. 
Concentration  of  contaminants  will  increase  in 
approximate  proportions  to  the  amount  of  liquid 
oxygen  loss  by  vaporization.  In  the  case  of 
large  scale  transfers  of  propellant  liquid  oxygen, 
the  increases  of  concentration  of  contaminants 
can  be  of  considerable  magnitude.  For  ex- 
ample, if  a 10  percent  vaporization  loss  occurs, 
the  concentration  of  contaminants  will  automati- 
cally increase  by  a factor  of  1.11.  Obviously, 
repeated  losses  will  increase  contamination  to 
dangerous  levels. 

1-20.  HANDLING  AND  TRANSFER  OPERA- 
TIONS. These  operations  are  a continuing 
source  of  increasing  contamination  by  con- 
taminant addition.  The  types  of  contaminants 
range  from  dust  and  dirt  to  moisture  and  carbon 
dioxide  and  other  atmospheric  constituents. 
Whenever  transfer  operations  require  the  con- 
nection or  disconnection  of  a transfer  line, 
the  opportunity  for  introducing  additional  con- 
tamination arises.  At  the  time  of  connection, 
atmospheric  contaminants  or  dust  and  dirt  may 
be  trapped  in  a section  of  the  transfer  line,  to 
be  carried  into  the  supply  system  by  the 
flowing  liquid.  At  the  time  of  disconnection, 
atmospheric  contamination  may  become  depo- 


sited inside  the  cold  transfer  equipment,  ready 
to  enter  the  rest  of  the  system  during  the  next 
transfer  operation.  Field  and  laboratory  ex- 
periments have  shown  that  strong  convective 
currents  are  formed  by  the  density  difference 
between  cold  oxygen  vapors  and  warm  ambient 
air.  As  the  cold,  denser  oxygen  vapors  flow 
out  of  the  low  points  of  cold  transfer  equip- 
ment, the  warm,  less  dense  air  flows  in  at  the 
high  points,  depositing  moisture  and  other  con- 
densables in  the  form  of  frost.  Both  mechanisms 
of  contamination  can  be  controlled  by  strict 
adherence  to  proper  procedures.  The  trapped 
portion  of  the  atmosphere  may  be  removed  by 
adequate  purging  before  transferring,  and  con- 
densables may  be  prevented  from  entering  cold 
transfer  connections  by  allowing  the  connections 
to  warm  up  before  disconnecting.  The  making 
and  breaking  of  transfer  connections  should  be 
accomplished  as  quickly  as  careful  handling  will 
permit. 

1-21.  EQUIPMENT.  The  sources  of  increasing 
contamination  of  liquid  oxygen  from  equipment 
are  variable  both  as  to  time  and  origin.  Long- 
term deterioration  of  mechanical  equipment 
must  be  expected.  The  moving  parts  of  valves 
and  piimps  will  wear  and  contribute  to  par- 
ticulate contamination.  Other  sources  of  po- 
tential contamination  are  the  solvents  and  solids 
which  may  remain  from  repair  or  cleaning 
operations. 
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SECTION  II 

QUALITY  CONTROL  OF  PROPELLANT  LIQUID  OXYGEN 


2-1.  INTRODUCTION.  The  quality  control  of 
propellant  liquid  oxygen  requires  frequent  and 
continuous  surveillance  over  its  constantly  in- 
creasing contamination.  Quality  control  of 
propellant  liquid  oxygen  begins  with  base-gene- 
ration or  procurement  to  assure  that  its  con- 
tamination is  within  procurement  limits.  Sur- 
veillance continues  throughout  the  supply  system 
to  assure  that,  at  any  time  during  storage,  hand- 
ling, and  transfer,  the  contamination  of  pro- 
pellant liquid  oxygen  is  within  use  limits.  Ade- 
quate and  reliable  quality  control  of  liquid  oxygen 
demands  that  each  operation  in  the  missile  liquid 
oxygen- supply- system  must  be  carried  out  in 
strict  compliance  withprocedures  established  to 
assure  safety  of  operations  and  reliability  of  the 
propellant. 

2-2.  SCOPE.  This  section  established  proce- 
dures and  requirements  for  the  quality  control  of 
oxygen  that  is  procured  or  base  generated, 
transferred,  and  stored  for  use  as  a propellant. 
This  section  is  applicable  to  base  personnel  who 
are  responsible  for  supervising  or  performing 
the  operations  associated  with  receipt,  gene- 
ration, storage,  transportation,  or  transfer  of 
propellant  liquid  oxygen. 

2-3.  PERSONNEL.  Personnel  selected  to  per- 
form operations  in  the  supply  system  should  be 
trained  in  a thorough  knowledge  of  the  charac- 
teristics of  liquid  oxygen  and  its  contaminants, 
and  of  the  system  to  be  quality  controlled. 
Only  those  personnel  who  demonstrate  under- 
standing of  the  operations  involved,  and  capable 
and  reliable  performance,  should  be  assigned 
duties  and  responsibilities  in  the  supply  system. 

2-4.  CONTROL  OF  CONTAMINATION.  A 
knowledge  and  understanding  of  how  contami- 
nants are  concentrated  in  liquid  oxygen  by  the 
sources  of  increasing  contamination  is  es- 
sential to  the  effective  control  of  contamination. 

2-5.  VAPORIZATION.  The  concentration  of 
contaminants  due  to  liquid  oxygen  vaporization 
cannot,  of  course,  be  prevented.  However,  the 
rate  of  increasing  contamination  from  this 


source  shall  be  controlled  by  minimizing  heat 
additions  in  handling  and  transfer  through  pro- 
ficient and  careful  performance  of  operations. 

2r6.  EQUIPMENT.  Addition  of  contaminants 
from  equipment  shall  be  reduced  or  prevented 
by  operating  and  maintaining  generators,  storage 
tanks,  trailers  and  propellant  loading  systems 
in  accordance  with  the  applicable  operation  and 
service  technical  orders.  This  source  of 
added  contamination  shall  be  further  controlled 
by  assuring  that  all  equipment  is  inspected  and 
cleaned  in  accordance  with  T.O.  42C-1-11. 

\/  2-7.  DISPOSITION  OF  DETERIORATED  PRO- 
PELLANT LIQUID  OXYGEN.  When  the  con- 
taminants in  liquid  oxygen  reach  or  exceed  the 
Use  Limits,  the  liquid  oxygen  shall  be’condemned 
and  proper  disposition  of  the  material  shall  be 
made.  Occasion  may  arise  when  safety  and 
reliability  may  be  insured  through  condemnation 
and  disposal  of  liquid  oxygen  that  is  not  con- 
taminated beyond  Use  Limits  but  which  does 
not  have  sufficient  quality  to  undergo  required 
transfers  and  storage.  As  an  example,  it 
would  not  be  in  the  best  interests  of  safety 
and  reliability  to  fill  a launch  site  storage  tank 
with  “perishable”  propellant  which,  today,  is* 
within  Use  Limits  but,  which  at  a later  time 
when  about  to  service  a missile  will  have 
deteriorated  beyond  the  Use  Limits.  Esti- 
mating when,  propellant  liquid  oxygen  will  deteri- 
orate beyond  Use  Limits  can  be  based  only 
on  past  affecting  conditions  and  facts;  these 
pertinencies  vary  from  Base  to  Base,  and 
within  each  Base.  The  “when”,  “how”,  and 
“point”  of  proper  disposal  of  liquid  oxygen, 
whether  or  not  its  deterioration  is  too  close  to 
Use  Limits  to  allow  for  a margin  of  safety,  is  a 
Base  managerial  problem.  The  specific  action 
to  be  taken  is  determined  after  examination  of 
all  pertinent  conditions  and  facts. 

2-8.  QUALITY  CONTROL  REQUIREMENTS 
OF  PROPELLANT  LIQUID  OXYGEN. 

2-9.  PROCUREMENT  LIMITS.  The  procure- 
ment limits  for  purity  and  contamination  of 
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I propellant  liquid  oxygen  must  meet  the  requirements 
I of  the  current  issue  of  Specification  MIL-P-25508 
I (USAF).  Liquid  oxygen,  space  vehicle  grade  (99.60% 
I purity)  in  accordance  with  AFPID  9135-8  meets  the 
I requirements  of  MIL-P-25508  and  may  be  substituted 
I for  military  specification  oxygen. 


2-10.  USE  LIMITS. 


Total  Hydrocarbons 
ppm  by  weight 
measured  as  carbon 


Acetylene 
ppm  by 
weight 


Purity  % by 
volume  when 
gasified 


Moisture 
at  70°F 
and  760  mm 


Particulate 


75  (max)  1.5  (max) 

(200  ppm  by  volume 
as  methcuie 
equivalent) 


99.2  (min) 


26.3  ppm  of 
water  vapor 
(max) 
(-63.5°F 
Frostpoint) 


2.5  mgm/Liter 
(max),  total 
particles  and 
fibers 


2-11.  SUPPLY  SOURCES  OF  PROPELLANT 
LIQUID  OXYGEN. 

2-12.  PROCURED  FROM  CONTRACTORS. 

a.  Commercizil  Generating  Plants.  Pro- 
pellant liquid  oxygen  procured  from  commercial 
generating  plants  must  meet  the  requirements 
of  the  current  issue  of  Specification  MIL-P- 
25508  as  determined  by  tests  conducted  on  the 
contents  of  each  filled  shipping  container  prior 
to  leaving  contractors’  plants. 

b.  Government  Owned-? Contractor  Operated 
Generating  Plants.  Propellant  liquid  oxygen 
procured  from  Government  owned- contractor 
operated  generating  plants  must  meet  the  require- 
ments of  the  current  issue  of  Specification 
MIL-P-25508  as  determined  by  testing  each 
Government- owned  storage  container  after  each 
addition  of  a new  batch  of  material;  or,  in 
the  case  of  continuous  production,  at  established 
intervals,  but  not  less  than  once  every  24  hours. 


system  provide  the  continuous  monitoring  of 
contamination  that  is  so  essential  to  the  quality 
control  of  propellant  liquid  oxygen.  Tests,  both 
singly  and  collectively,  serve  many  needs  and 
purposes;  in  fact,  they  are  the  basis  for  the 
performance  of  all  operations  in  supply.  No 
operation  in  the  supply  system  shall  be  per- 
formed until  a basis  for  action  is  established 
by  tests.  The  basis  for  action  at  any  point  in 
supply  is  the  degree  of  contamination  of  pro- 
pellant liquid  oxygen  as  shown  by  tests.  Tests, 
or  records  of  tests  will  show:  contaminant  con- 
centration upon  receipt,  and  during  on-base- 
generation  of  propellant;  the  contamination,  and 
rate  of  increase,  from  vaporization  and  from 
contaminant  additions  during  storage,  handling 
and  transfer;  the  point  of  added  contamination 
and  whether  occurrence  was  due  to  mishandling 
or  equipment  malfunction;  the  presence  or 
imminence  of  a hazardous  condition;  the  ne- 
cessity for  investigation  and  corrective  action; 
and  ultimately,  the  reliability  of  the  propellant 
at  the  moment  of  use. 
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2-13.  AIR  FORCE  OPERATED  GENERATING 
PLANTS.  Propellant  liquid  oxygen  produced 
by  on-base  generating  plants  must  meet  the  re- 
quirements of  the  current  issue  of  Specification 
MIL-P-25508  as  determined  by  the  Continuous- 
Recording,  Oxygen  Purity  and  Total  Hydro- 
carbons Analyzers,  and  by  tests  for  acetylene, 
moisture,  and  particulate  performed  at  least 
once  a day. 


J 2-14.  SAMPLING  AND  TESTING.  Sampling  and 
i testing  at  intervals  and  points  in  the  supply 


2-15.  TESTS,  METHODS,  AND  EQUIPMENT. 
The  analysis  for  contamination  of  propellant 
liquid  oxygen,  which  consists  of  tests  for  content 
of  purity,  total  hydrocarbons,  acetylene,  mois- 
ture and  particulate  matter,  is  performed  prin- 
cipally by  instruments,  designated  as  major 
equipment.  The  required  tests,  methods,  and 
major  equipment  are  listed  in  paragraph  2-23. 
The  complete  list  of  required  equipment  which 
includes  accessory  laboratory  equipment  is 
listed  in  paragraph  2-24. 
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2-16.  SAMPLING  EQUIPMENT  AND  METH- 
ODS. 


a.  Sampler,  Liquid  Oxygen,  TTU-131/e 
(Cosmodyne).  (Federal  Stock  No.  6695-895- 
1348).  Operate,  maintain  and  clean  the  sampler 
in  accordance  with  T.O.  33D2- 10-34- 1. 

b.  Collective  Dewar  - Liquefied  Gas  Con- 
tainer. (Federal  Stock  No.  7330-205-1415,  2-liter 
capacity;  all  metal.)  This  method  simply  consists 
of  permitting  a flow  of  the  liquid  into  the  Dewar.  A 
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tube,  which  ends  in  a vertical  direction,  shall  be 
fixed  at  the  opening  of  the  sampling  point.  Purge 
the  sampling  point  and  attached  tube  with  flowing 
liquid  oxygen.  Fill  the  Dewar  half  full  with  liquid 
oxygen  and  precool  the  Dewar  by  swirling  the  liquid. 
Discard  the  precooling  liquid.  Immediately  collect 
the  sample,  and  quickly  close  the  container  with 
vented  closure.  Perform  tests  on  the  sample  as 
soon  as  possible  to  prevent  excessive  concentration 
of  contaminants.  The  Dewar  is  used  to  collect 
samples  for  the  acetylene  and  particulate  tests. 

NOTE 

Before  sampling,  clean  the  Dewar  by 
rinsing  three  times  with  200  milliliters 
of  filtered  methylene  chloride  or 
trichlorotrifluoroethane  ("Freon  TF 
Solvent")  solvent;  dry  with  filtered 
gaseous  nitrogen;  close  with  clean 
closure. 

I pCAUTIOrTl 


A catch  pan  shall  be  placed  under  sam- 
pling valve  to  contain  LOX  drippings  or 
spillage  during  filling  of  Cosmodyne 
and  Dewar  samplers. 


CAUTION  j 

A suitable  protective  cover  shall  be 
placed  over  sampling  valves  after 
sample  is  taken  and  shall  be  removed 
only  for  taking  samples  or  for  repair- 
ing valves. 

2-17.  LABORATORY  CLEANLINESS  AND  SAFETY. 
Environmental  cleanliness  is  essential  and  required 
to  prevent  airborne  contamination  of  test  samples 
and  of  testing  and  sampling  equipment.  The  poten- 
tial hazards  associated  with  handling  liquid  oxygen, 
and  cylinders  of  compressed  gases  require  strict 
compliance  with  established  safety  measures  and 
precautions.  Therefore  work  shall  be  performed  in 
the  laboratory,  and  the  laboratory  shall  be  operated 
and  maintained,  in  accordance  with  the  following 
requirements: 

a.  The  laboratory  shall  contain  a fume  hood. 

b.  The  filtering  of  liquid  oxygen  shall  be  per- 
formed at  the  fume  hood. 

c.  Two  exits  from  the  laboratory  shall  be 
provided. 


d.  The  floor  shall  be  damp-rmopped  at  least 
once  every  24  hours,  or  more  frequently  if  required 
by  outside  environment.  When  considered  necessary, 
the  floor  shall  be  cleaned  with  a detergent  and  water. 

e.  All  fixtures,  testing  instruments,  table  tops, 
cabinets,  and  desks  shall  be  damp-wiped  every  24 
hours.  Do  not  use  a dry  cloth  or  feather  duster 
which  increases  the  content  of  airborne  dust  and 
redistributes  it  about  the  area. 

f.  Good  housekeeping  is  essential  to  the  effi- 
cient and  safe  operation  of  the  laboratory.  Testing 
and  sampling  equipment  which  requires  cleaning 
shall  be  cleaned  as  soon  as  possible  after  use  and 
placed  in  its  assigned  storage  space.  Metal  waste 
cans  with  self-closing  covers  shall  be  conveniently 
located  for  the  disposal  of  waste.  Accumulation  of 
odds  and  ends  on  work  surfaces  and  in-out-away 
places  shall  be  avoided. 

g.  Smoking  shall  be  positively  prohibited  in  the 
laboratory. 

h.  Personnel  shall  be  prohibited  from  carrying 
sources  of  flames  and  sparks,  such  as  matches  and 
lighters  into  the  laboratory. 

i.  Personnel  shall  wear  protective  clothing  and 
equipment  when  handling  liquid  oxygen. 

j . A carbon  dioxide  extinguisher  and  a bucket  of 
sand  shall  be  present  in  the  laboratory  to  fight  fires. 

k.  In  the  event  of  a fire,  if  the  fire  cannot  be 
quickly  controlled,  personnel  shall  evacuate  the  area 
immediately. 

l.  In  the  event  of  an  accidental  spillage  involving 
large  quantities  of  liquid  oxygen,  the  area  shall  be 
evacuated. 

m.  Safety  equipment  and  protective  clothing 
shall  be  inspected  periodically  and  frequently  for 
suitable  operation  and  use. 

n.  Safety  precautions  shall  be  observed  at  all 
times  when  operating  the  Perkin-Elmer  213  in  the 
laboratory.  Fittings  shall  be  leak-tested  frequently 
and  regularly.  Personnel  shall  become  thoroughly 
familiar  with  safety  precautions  in  handling  high- 
pressure  gas  cylinders  and  connections.  Safety 
instructions  are  contained  in  T.  0.  42B5-1-2,  Gas 
Cylinders,  Use,  Handling  and  Maintenance. 

2-18.  RECEIPT  OF  PROPELLANT  LIQUID 
OXYGEN  FROM  A CONTRACTOR.  Propellant 
liquid  oxygen  procured  from  contractor  owned- 
contractor  operated  plants  is  sampled  from  the 
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transport  container  and  tested  prior  to  ship- 
ment. The  delivery  of  the  product  is  accom- 
panied by  a procurement  limits  test  report, 
signed  by  axi  authorized  representative  of  the 
contractor.  Propellant  liquid  oxygen  procured 
from  government  ovaied  - contractor  operated 
plants  is  sampled  from  the  storage  tanl^s, 
after  the  addition  of  each  new  batch  or,  in  the 
case  of  continuous  production,  at  established 
intervals,  but  not  less  than  once  every 24 hours, 
and  tested  for  procurement  limits.  The  de- 
livery of  the  product  is  accomplished  by  the 
latest  test  reports  of  the  storage  tanks  from 
which  the  shipment  was  filled.  In  addition,  the 
contractor  samples  the  contents  of  each  trans- 
port trailer  on  a once-a-week  schedule,  and 
tests  for  procurement  limits.  A record  of 
tests  on  each  trailer  is  maintained  by  the 
contractor.  Upon  receipt  of  commercial  pro- 
duct, on-base  sampling  and  testing  is  not 
required  before  imloading,  unless  there  is 
evidence  of  possible  contamination  of  the  product 
enroute.  When  evidence  of  possible  contami- 
nation enroute  exists,  before  unloading  is  per- 
mitted, sample  and  test  the  contents  of  the 
shipping  container  as  follows: 

a.  Sampling  Location:  Outlet  port  of  the 

shipping  container, 

b.  Samplers:  Collect  one  set  of  samples 

with  the  TTU-131/E  and  Dewar  sampler. 

c.  Tests:  Nos.  3,  4,  5,  6 and  7 of  para- 

graph 2-23. 

d.  Quality  Control  Requirements.  Pro- 
pellant liquid  oxygen  procured  from  a con- 
tractor shall  not  exceed  the  Procurement  Limits 
of  the  current  issue  of  Specification  MIL-P- 
25508. 

NOTE 

Test  resxilts  differing  objectionably 
from  Procurement  Limits  shall  be 
reported  to  the  Air  Force  Quality 
Control  Representative  concerned 
and  to  MAAMA  (MAOQT)  requesting 
immediate  investigation  and  appro- 
priate action.  If  the  “excessively'* 
contaminated  shipment  cannot  be 
returned,  permit  unloading  for  dis- 
posal purposes  only.  Tank  cars  or 
tank  trucks  which  are  unloaded  into 
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'a  storage  tank  and  which  are  re- 
|ceived  by  a contractor  containing 
^ {product  in  amoimts  greater  than 
approximately  200  gallons,  shall  be 
reported  by  the  Air  Force  Quality 
Control  Representative  concerned  to 
the  responsible  Supply  Officer  by 
letter  as  follows:  Name  of  pro- 

pellant producing  or  distributing 
plant.  Identification  of  transpor- 
tation equipment.  Date  received. 

, Approximate  amount  of  produce  in 

f^ontainer  when  received.  Action 
aken. 

2-jr9.  AIR  FORCE  OPERATED  GENERATING 
PLANT'S.  Sample  and  test  propellant  liquid 
ring  generation  as  follows: 

a.  Sampling  and  Testing  Frequency:  Con- 
tinuous-Recording Oxygen  Purity  and  Total 
Hydrocarbons  Analyzers;  and  tests  for  acety- 
lene, moisture  and  particulate  at  least  once  a 
day. 

b.  Sampling  Location:  In  accordance  with 

the  applicable  Oxygen- Nitrogen  Generating 
Plant,  Operation  and  Service  Manual. 

c.  Samplers:  Collect  sample  for  moisture 
test  with  the  TTU-131/E  Sampler  and  sample 
for  acetylene  and  particulate  matter  tests  with 
the  Dewar. 

d.  Tests:  Nos.  1,  2,  5,  6 and  7 of  para- 

graph 2-23. 

e.  Quality  Control  Requirements:  Propel- 
lant liquid  oxygen  during  generation  shall  not 
exceed  the  Procurement  Limits  of  the  current 
issue  of  Specification  MIL-P-25508. 


2-20.  AIR  FORCE  OPERATED  GENERATOR 
STORAGE  TANK.  Sample  and  test  the  contents 
of  the  generator  storage  tank  as  follows: 

a.  Sampling  and  Testing  Frequency:  At 

least  once  per  week. 

b.  Sampling  Location:  At  the  10  percent 

sampling  try  cock.  Tanks  which  are  not  so 
equipped  shall  be  sampled  at  the  lowest  ac- 
cessible |>oint. 
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c.  Samplers:  Collect  one  set  of  samples  with 
the  TTU-131/E  and  Dewar  Samplers. 

d.  Tests:  Nos.  3, 4,  5,  6,  and  7 of  paragraph 

2-23. 

e.  Quality  Control  Requirements:  The  con- 
tents of  the  generator  storage  tank  shall  not  exceed 
the  Use  Limits  specified  in  paragraph  2-10. 

NOTE 

If  the  contents  of  the  generator  storage  tank 
exceed  the  Use  Limits,  make  proper  dispo- 
sition of  the  contents  and  ascertain  the 
cleanliness  of  the  storage  tank  in  accord- 
ance with  T.O.  42C-1-11.  If  the  storage 
tank  does  not  meet  the  cleanliness  criteria 
of  T.  O.  42C-1-11,  appropriate  cleaning 
action  shall  be  taken. 

2-21.  ON-BASE  AIR  FORCE  MAINTAINED 
TRAILERS.  Sample  and  test  on-base  trailers  as 
follows: 

a.  Sampling  and  Testing  Frequency:  At  least 
once  per  week. 

b.  Sampling  Location:  Outlet  port  of  the 
filled  trailer. 

c.  Samplers:  Collect  one  set  of  samples 
with  the  TTU-131/E  and  Dewar  Samplers. 

d.  Tests:  Nos.  3, 4,  5,  6,  and  7 of  paragraph 

2-23. 

e.  Quali^  Control  Requirements:  The  con- 
tents of  the  trailer  shall  not  exceed  the  Use  Limits 
specified  in  paragraph  2-10. 

NOTE 

If  the  contents  of  the  trailer  exceed  the  Use 
Limits,  make  proper  disposition  of  the  con- 
tents and,  before  re-use,  clean  the  trailer 
tank  in  accordance  with  T.O.  42C-1-11. 

2-21A.  BASE  STORAGE  TANKS.  Sample  and  test 
the  contents  of  the  base  storage  tanks  as  follows: 

a.  Sampling  and  Testing  Frequency:  At  least 
once  every  30  days. 

b.  Sampling  Location:  At  the  ten  percent 
sampling  trycock.  Tanks  which  are  not  so  equipped 
shall  be  sampled  at  the  lowest  accessible  point. 

c.  Samplers:  Collect  one  set  of  samples  with 
the  TTU-131/E  and  Dewar  Samplers. 

d.  Tests:  Nos.  3,  4,  5,  6,  and  7 of  paragraph 

2-23. 

e.  Quality  Control  Requirements:  The  con- 
tents of  the  base  storage  tanks  shall  not  exceed  the 
Use  Limits  specified  in  paragraph  2-10. 

2-22.  LAUNCH  SITE  STORAGE  TANK.  When  launch 
site  storage  tank  is  not  protected  by  a suitable  in-line 


filter,  liquid  oxygen  shall  be  unloaded  through  the  fol- 
lowing filters,  as  applicable,  located  between  the 
trailer  and  the  fill  connection  of  the  launch  storage 
tank; 

Atlas  Sites:  Filter,  Portable,  Liquid  Oxygen; 
10  Micron,  Nominal;  25  Micron,  Absolute;  FSN 
1450-8i8-52^AC,  Manufacturer's  Code  81331;  part 
No.  800350^ 

TittfiU  I Sites;  Filter,  Portable,  Liquid  Oxygen; 
10  Micron,  Nominal;  25  Micron,  Absolute;  FSN 
4930-857-1110;  Manufacturer's  Code  81321;  part  No. 
002l'05. 

Operation  and  maintenance  instructions  are  contained 
in  applicable  missile  technical  orders.  Sample  and 
test  the  .launch  site  storage  tank  as  follows: 

a.  Sampling  and  Testing  Frequency:  The  fol- 
lowing sampling  and  testing  frequencies  shall  be  per- 
formed when  a single  Propellant  Loading  Exercise 
(PLX)  is  carried  out,  or  when  a series  of  PLX's  is  to 
be  run  on  a single  missile  within  a 72-hour  period  as 
indicated  below: 

(1)  Single  PLX,  No  longer  than  72  hours 
prior  to  PLX. 

(2)  Single  PLX.  Immediately  after  com- 
pleting PLX  and  prior  to  topping  launch  storage  tank. 

(3)  Single  PLX,  Immediately  after  topping 
launch  storage  tank  following  completion  of  PLX. 

(4)  Single  PLX,  Immediately  after  resupply 
when  contents  of  storage  tank  are  discarded. 

(5)  Series  of  PLX's.  Sample  and  test  only 
the  first  PLX  of  series,  no  longer  than  72  hours  prior 
to  start  of  series, 

(6)  Series  of  PLX's.  After  each  third 
topping  of  storage  tank  during  PLX  series. 

(7)  Series  of  PLX's.  After  completing  last 
PLX  of  series  and  prior  to.  topping  storage  tank. 

(8)  Series  of  PLX's.  Immediately  after 
topping  storage  tank  following  last  PLX  of  series. 

(9)  Series  of  PLX's.  Immediately  after  re- 
supply when  contents  of  storage  tank  are  discarded, 

(10)  Immediately  after  each  third  topping  of 
storage  tank  between  single  PLX’s  or  series  of 
PLX’s,  but  in  no  instance  shall  the  storage  tank  be 
sampled  less  than  once  in  90  days. 

NOTE 

Test  results  of  sampling  required  by  (1)  and 
(5)  above  shall  be  reported  to  the  mainte- 
nance activity  prior  to  starting  the  PLX  or 
series  of  PLX’s.  When  PLX's  are  performed 
with  liquid  nitrogen  in  lieu  of  Lox,  the 
same  procedures  above  will  apply, 

b.  Sampling  Location:  At  the  empty  trycock 
located  at  the  lower  level  of  the  tank. 
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c.  Samplers:  Collect  one  set  of  samples  with 
the  TTU-131/.E  and  Dewar  Samplers,. 


d.  Tests:  Nos.  3, 4,  5,  6,  and  7 of  paragraph 

2-23, 


e.  Quality  Control  Requirements:  The  con- 
tents of  the  launch  storage  tank  shall  not  exceed 
the  use  limits  specified  in  paragraph  2-10. 


Liquid  propellant  oxygen  must  not  be  loaded 
into  the  missile  if  the  contents  of  the  launch 
storage  tank  exceed  the  use  limits.  Make 
proper  disposition  of  the  contents.  If  the  use 
limits  for  any  of  the  following:  total  hydro- 
carbons, acetylene,  moisture,  or  particulate 
have  been  exceeded,  ascertain  the  cleanli- 
ness of  the  propellant  loading  system  (PLS) 
in  accordance  with  T.O.  42C-1-11.  If  the 
PLS  does  not  meet  the  cleanliness  criteria 
of  T.O.  42C-1-11,  appropriate  cleaning  action 
shall  be  taken. 

2-23.  TESTS,  METHODS,  .AND  MAJOR  TEST 
EQUIPMENT  .FOR  QUALITY  CONTROL  OP 
PROPELLANT  UQUID  OXYGEN. 


No. 

Test 

Equiisment 

Test  Methods 

1 

Purity 

Continuous  Oxygen  Purity 
Analyzer 

In  accordance  with  the  applicable 
Oxygen  Generating  Plant  Opera- 
tion and  Service  Manual. 

2 

Total  Hydro-  ' 
carbons 

Continuous  Oxygen  Total 
Hydrocarbons  Analyzer 

In  accordance  with  applicable 
ManTifacturer's  Instruction 
Manual. 

3 

Purity 

q. 

Portable  Oxygen  Purity 
Analyzer  Kit  (Or  sat 
Type). 

In  accordance  with  applicable 
Oxygen  Generating  Plant  Opera- 
tion and  Service  Manual. 

4 

Total  Hydro- 
carbons 

Portable  Hydrocarbon 
Analyzer;  Perkin-Elmer 
Model  213 

in  accordance  with  applicable 
Manufacturer’s  Instruction 
Manual. 

5 

Acetylene 

Acetylene  Test  Kit 
(Eosvay  Type-Short 
Method)- 

In  accordance  with  applicable 
Manufacturer’s  Instruction 
Manual 

6 

Moisture 

Dev/point  Indicator 
(Electrolytic  hygrometer 
type,  Consolidated  Electro- 
dynamics part  No. 
26-350-6000) 

In  accordance  with  Consolidated 
Electrodynamics  Instruction 
Manual 

7 

Particulate 

Matter 

Filtration  and  Millipore 
Equipment 

In  accordance  with  Specification 
MIL-P-2S508  (A  2-liter  sample  is 

acceptable) 
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Item  No. 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 


17 


Stock  No.  and  Part  No. 


6630-714-2457,  Perkin-Elmer  part  No. 
.213-0001 

6685NC824089PYB,  Consolidated 
Electrodynamics  Corp,  part  No.  26-304 


Nomenclature 


Hydrocarbon  Content  Analyzer  / 


/ 


Moisture  Tester 


6640-829-5812,  Millipore,  part  No. 
XX50-047-00 

3655-893-3096,  Millipore,  part  No. 
XX20-047-20SS 

3655-893-3092,  Precision  Scientific 
Co.,  Cat.  No.  68351 


Filter  Holder,  Aeroaol  Stahdard 


Filter  Holder,  Hydrosol 
Oven,  Vacuum  Dessicator 


3655-893-3097,  MiUipore  Type  RAWGO  Filter  Paper 

04700  Package 


3655-893-3088,  Cahn  Elec.,  part  No.  Balance 

1404 


3655-893-3098,  Corning  LG-2,  3160, 
Arthur  H.  Thomas,  part  No.  4333- A 

3655-893-3089,  Braun,  part  No,  28630 

3655-856-8941 


6640-855-8866,  A.  H.  Thomas, 
^art  No.  2110 

6640-855-8865,  Braun 
part  No.  29416 

6640-855-8864,  A.H.  Thomas, 
part  No.  2214 

365S-893-3093,  Tygon  S22-1, 
Arthur  H.  Thomas,  jjart  No.  9766 

3655-893-3094,  Tygcn  S22-1, 
Arthur  H.  Thomas,  part  No.  9766 

6640-855-8765,  Braun; 
part  No.  25040-5,  Coors, 
part  No.  580,  Size  5 

6640.420-9170,  Braun, 
part  No.  25045-4, 

Coors,  part  No.  570,  Size  4 


Dishes,  Petri,  Pyrex 
Aspirator 

Collection  Dewar  - Metal 
Liquefied  Gas  Container 

Sample  Evaporation  Beaker 
Filter,  Flask 
Bottle,  8 oz. 

Tubing,  . 1/4  in.  ID,  l/l6  in. 
Wall 

Tubing,  l/4  in  , ID,  l/2  in. 
Wall 

Desiccator  Plate,  Porcelain, 

230  mm 

Desiccator  Plate,  Porcelain, 

190  mm 
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Item  No. 


Stock  No.  and  Part  No. 


18 


19 

20 
21 


22 


23 


24 


I 25 


6640-418>0680,  Fisher  Scientific, 
part  No.  5-875-A  or  Htunbolt  Mfg,  Co., 
No. H-8700 

6640-855-8764,  Fisher  Scientific, 
part  No.  5-743 

6640-855-8763,  Fisher  Scientific, 
part  No.  5-756 

6640-855-8863,  Braun 

part  No.  60110-6x9  or  A,  S.  Aloe 

No.  V77000C 

6640-805-8354,  Harshaw  Chemical, 
part  No.  5 or  Chicago  Apparatus  Co., 
No.  49500B  (#5) 

6640-855-8862,  Braun 
part  No.  23455  or  Aloe 
part  No.  V34750 

5110-897-8355,  Braun 
part  No.  23475  or  Aloe 
part  No.  V34800 

3655-525-5920  Air  Products 
port  No.  3-979.13.0001. 


26  7310-245-0927,  Braun 
part  No.  33938  or  Fisher, 
part  No.  11-499-50  or  Lindberg 
No.  HR-8A 

27  6640-426-0315,  Millipore 
part  No.  XX62000  06 

28  6640-855-8861,  Millipore 
part  No.  YY-22- 142-00 

29  6640-855-8860,  Millipore 

part  No.  WH  14200 

30  6640-855-8859,  Millipore 

part  No.  WS  14200 

31  6640-855-8762,  EmiJ  Greiner 

part  No.  G2754D,  Nalge 
part  No.  2402 

32  6640-855-8754,  Emil  Greiner  part  No. 

■G2230H,  Nalge  part  No.  2176 


Clamp,  Hof&nan,  Open  Side 

Clamp,  Versatile,  Asbestos 
Sleeves 

Clamp,  Holder,  Regular  Model 

Support,  Iron,  Rectangular 
Base 

Stopper,  Eottle,  Rubber 
Cork  Borer,  Hand  Set 
Sharpener,  Cork  Borer 
Wire,  Copper,  B&S  22  5 lb  box 
Hot  Plate,  8 in.  diameter 

Forceps,  Microscope  Slide 

Holder,  Test  Filter,  142  mm 

Filter,  Microweb,  142  mm 
pkg. 

Filter,  Microweb,  142  mm 

pkg. 

Bottle,  Wash  or  Dispensing 
Spouts,  Pouring 
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Item  No. 


Stock  No.  and  Part  No. 


33 


34 

35 


36 


37 


38 


6640-855-8755,  Emil  Greiner 

part  No.  T3867P,  N alge  part  No.  2340 

6640-855-8756,  Emil  Greiner 

part  No.  T3867P,  Nalge  part  No.  2340-5 

6640-855-8823,  Emil  Greiner 
part  No.  G21598,  Nalge  Part  No.  6190 

6640-855-8760,  Emil  Greiner 

part  No.  G21598,  Nalge  part  No.  6190-8 

6640-855-8758,  Emil  Greiner 
part  No.  G21598,  Nalge  part  No.  6190-4 

4710-863-9096,  A.  H.  Thomas 
part  No.  9767 


39  6640-855-8770,  Corning  Glass  Works 

part  No.  LG-2- 5340 


40 


6640-855-8769,  Corning  part  No.  LG- 
22080 


( ^ 

42 

43 
4'S 
45 


46 


47 


48 


49 


6640-515-6064,  Corning  part  No.  LG- 
2-3075 

6640-420-3000,  Corning  part  No.  LG- 
2-3022 

6640- 527-7342, Corning  part  No.  LG- 
2-3120 

6640-855-8768,  A.  H.  Thomas, 
part  No,  5474C,  Corning  part  No,  5650 

6640-855-8767,  A.H.  Thomas, 
part  No.  5474- C,  Corning  part  No. 
5650-1000 

6640-403-6000,  Corning 
part  No.  LG-2-1000 

6640-855-8766,  Braun 

part  No.  13912-600,  Corning  part  No. 

1000 

6650-530-0022,  American.  Optical 
Model  2MG-H2 

6650-490-2702,  Fisher  Scientific 
part  No.  12-455 


Nomenclature 
Jugs,  Dispensing,  2 gal 

Jugs,  Dispensing,  5 gal 

Stopper,  Polyethylene,  Size  10, 
doz. 

Stopper, Polyethylene, Size  8, 
doz. 

Stopper,  Polyethylene,  Size  4, 
doz. 

Tubing,  Polyethylene,  l/4in,  OD. 
100  ft.  roll 

Flask,  Filtering,  4,000  ml 
Bulb,  Levelling 

Cylinder,  Graduated,  100  ml 
Cylinder,  Graduated,  1000  ml 
Desiccator,  Glass 
Flask,  Volumetric,  100  ml 
Flask,  Volumetric,  1000  ml 

Beaker,  Laboratory,  2000  ml 
Beaker,  Griffin  Low  Form  600  ml 

Microscope,  Optical  Vertical 
Stage,  Micrometer,  Microscope 
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50  6650-540-9018,  American  Optical 

Model  353 

51  6650-897-7083,  Bausch  8t  Lomb  Catalog 

No.  31-16-50-01  (Catalog  D184) 

52  5120-897-8358,  Master  Appliance 

part  No.  12300 

53  6640-855-8876,  Bell  & Gossett 

Model  SYC  10-1 

54  ■ 6640-855-8875,  A,  H.  Thomas 

part  No.  1040-A  or  Fisher  part  No. 
1-100- A or  Welch  Mfg.  Co.,  No.  1402B 

55  7920-897-8356,  Emil  Greiner 

part  No.  G- 1412 

56  6670-855-8753,  Braim  part  No.  12445 A. 

or  Ahaus  No.  750- S 

57  8415-897-7086,  A.  H.  Thomas 

part  No,  6103F 

58  6640-855-8761,  A.  S.  Lapine 

part  No.  190-96,  Corning  part  No,,  3950 

59  6850-281-1837,  Emil  Greiner 

part  No.  G7688D 

60  8415-897-7087,  Standard  Safety  Co., 

part  No.  Sta-Safe  822W 

61  6506-106-5000,  Fisher  Scientific  No. 

A- 660 


62  6810-753-4784,  McKesson  & Robbins 
No.  73-631,  Fisher  part  No.  A-669 

63  6810-897-8473,  Baker  Chemical  Co., 
No.  1656,  Fisher  part  No.  C-457 

64  6810-033-8851 


65  6640-855-8874,  Millipore 

part  No.  AAWGO  4?00 

I 66  6630-507-0584',  Air  Products 

part  No.  5-869-12-0006 


Nomenclature 
Light,  Microscope 

Eyepiece,  Filar,  Micrometer 

Heatgun 

Compressor,  Oilless 
Air  Pump,  Two  Stage 

Brush,  Staticmaster,  1 in. 
Balance,  Triple  Beam,  1610  gr 
Gloves,  Polyethylene 
Glass  Wool 

Drierite,  Indicating  CaSO., 

5 lb  bottle 

Gloves,  Cryogenic  Type,  pr. 

Ammonium  Chloride,  25  lb 
drum 

Ammonium  Hydroxide,  pint 
bottle 

Cuprous  Chloride,  1 lb  bottle 

Trichlorotrifluoroethane 
(“Freon  TF-Solvent”)  Solvent 

Paper,  Filter  (100  per  pkg) 

Test  Set  Assembly,  Oxygen 
Orstat  Type 
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6SA 


66B 


66C 


66D 


! 

No.  Stock  No.  and  Part  No.  Nomenclature 


6630-!404— 2500  Air  Products  Bulb,  Leveling 

part  No.  i4- 104-27-0001 


6630—399—2958  ‘Air  Products  Tube,  Reacting 

part  No.  .4-894-27-0001 


6630—399—2959  Air  Products  Reservoir 

part  No.  .4-717-27-0001 


6630— 490— 1731  Air  Products  Burette,  100  ml. 

part  No.  .4-105-27-0001 
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Nomencla,ture 


6640-855-8873,  Fisher  Scientific 
part  No.  3-403 

6505-823-7877,  Fisher  Scientific 
part  No.  4-320  or  Braun  part  No. 

60142  Cat.  No.  21850 

6810-241-1203,  Fisher  Scientific 
part  No.  C-493 

6630-855-8872,  Air  Products 

part  No.  4-999-51-001;  6185  DC-16 


6640-855-8871,  Nalge  part  No. 
2302 


Wash  Bottle  (12  per  case) 

Detergent  (12  3-l/4  lb  cartons 
per  case) 

Copper  Sulfate  (5-lb  bottle) 

Acetylene  Test  Check  Color 
Standard,  set;  ppm;  0.1,  0.25, 
0.5,  1.0,  1.5 

Bottle,  Aspirator 


6850-680-2234,  Fisher  Scientific 
part  No.  S-156 

6810-275-8126,  Fisher  Scientific 
part  No.  S-516 

6810-262-8577,  Fisher  Scientific 
part  No.  H-330 

6810-223-2727,  Fisher  Scientific 
part  No.  D-37 

6640-855-8870,  Fisher  Scientific 
part  No.  10-595 

6640-855-8869,  Fisher  Scientific 
part  No.  9-050 

6640-855-8868,  Fisher  Scientific 
part  No.  9-039“5Aor  Bravui 
part  No.  26172 

6640-855-8867,  Nalge  Co.  part  No. 

6830-855-9427,  AFPID  No.  6806 

6830-855-9430,  AFPID  No.  6809 

4730-775-9716,  part  No.  202-1 
Crawford  Fitting 

4730-863-9100,  part  No.  203-1, 
Crawford  Fitting 

4730-772-1662,  part  No.  204-1, 
Crawford  Fitting 


Silica  Gel  (5-lb  bottle) 

Soluble  Starch  (1-lb  bottle) 

Hydroxylamine,  Hydrochloride 
(1  pkg.  bti.) 

Methylene  Chloride  (55  gal 
drum) 

Clamps,  Cyl  Support 
Distilled  Water  Storage  Tank 
Still,  Water 

2202  Bottle,  Nalgene  (6  per  case) 

Oxygen,  Methane,  90  ±10  PPM 
Oxygen,Me thane,  5 to  10  PPM 
Fitting,  Nut,  l/8  in.  OD 

Fitting,  Front  Ferrule, 

1/8  in.  OD 

Fitting,  Back  Ferrule, 
l/8  in,  OD 
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85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 
101 
102 


No.  Stock  No.  and  Part  No. 

4730-783-8846,  part  No.  400-6-2, 
Crawford  Fitting 

4730-793-2746,  part  No.  600-6-4, 
Crawford  Fitting 

4730-863-9095,  part  No.  600-A-6ANF, 
Crawford  Fitting 

4730-722-1371,  part  No.  400-7-4, 
Crawford  Fitting 


4730-588-2687,  part  No.  400-1-4, 
Crawford  Fitting 

4730-701-2886,  part  No.  200-1-2, 
Crawford  Fitting 

4730-863-9090,. part  No.  810-A-8ANF, 
Crawford  Fitting 

4730-793-2748,  part  No.  810-6-4, 
Crawford  Fitting 

4730-691-5444,  part  No.  810-1-4, 
Crawford  Fitting 

4730-775-9718,  part  No.  402-1, 

Crawford  Fitting 

4730-863-9091,  part  No.  403-1, 
Crawford  Fitting 

4730-772-1664,  part  No.  404-1, 
Crawford  Fitting 

4710-277-7581 

4820-863-9097,  Matheson 
part  No.  58 

4820-863-9104,  Matheson 
part  No.  52B 

6680-804-9042,  API 
part  No.  26590- 805 A 

6680-855-9479,  Matheson  part  No.  3 


6640-863-6766,  Fisher 
part  No.  13-258- 18A 


Nomenclature 


Fitting,  Reducing  Union, 

1/4  in.  OD  to  1/8  in.  OD 

Fitting,  Reducing  Union, 

3/8  in.  OD  to  1/4  in.  OD 

Fitting  to  AN  Adapter,  3/8  in. 
to  3/8  in.  OD  AN  Tube 

Fitting,  Female  Connector, 

1/4  in.  OD  to  1/4  in.  OD 
Female 

Fitting,  Male  to  Connector, 

1/4  in.  OD  to  1/4  in.  OD 

Fitting,  Male  to  Connector. 

1/8  in.  OD  to  1/8  in* 

Fitting  to  AN  Adapter,  I/2  in. 
OD  to  1/2  in. 

Fitting,  Reducing  Union,  l/2  in. 
OD  to  1/4  in.  OD 

Fitting,  Male  Connector,  l/2  in. 
OD  to  1/4  in. 

Fitting,  Nut,  l/4  in.  OD 


Fitting  Front  Ferrule,  l/4  in. 
OD 

Fitting,  Back  Ferrule,  l/4  in. 
OD 

Tube,  Copper 
Needle  Valve 


Needle  Valve 


Regulator,  Pressure  for  0^ 

Regulator,  High  Pressure  - 
Inlet  Connection  No.  350 

Oven,  Drying 
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Stock  No.  and  Part  No. 


Nomenclature 


103 

104 

105 

106 
107 


4730-870-1175,  Victor  Equipment 
part  No.  974-0102 

8120-823-7986,  Specification  ICC 
3E1800 


6695-895-1348,  Cosmodyne 
part  No.  CS  4.4 

8115-224-7935 

7920-634-1745  Kimberly  Clark 
part  No.  9OOL1 


Fitting  Spare  Inlet  CGA/590 

“Lecture  Bottle”,  Cylinder, 
Compressed  Gas,  Valve  Outlet, 
5/1 6 in.  - 32  thds/inch 

Sampler,  Liquid  Oxygen, 
TTU-131/E 

Container  Assy 

Kimwipes,  Disposable  Wipers, 
Case 


4940-771-3213,  Air  Products  Acetylene  Test  Kit  (Ilosvay, 

part  No.  63965A  short  method) 


109  6830-264-6748 


Hydrogen,  Technical,  FED 
Specification  BB-H-886 


NOTE:  Allowances  for  laboratory  equipment  are  included  in  ECL  460. 
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SECTION  III 

QUALITY  CONTROL  OF  AVIATOR'S  LIQUIO  OREATNING  OXYGEN 


3-1.  INTRODUCTION.  During  flight,  the  lives  of 
aircrews,  and  even  persons  on  the  ground  In  the  path 
of  flight,  depend  on  the  quality  control  of  aviator's 
liquid  breathing  oxygen.  The  quality  cont**''!  of 
aviator's  liquid  breathing  oxygen  requir  es  irequent 
and  continuous  surveillance  over  Its  constantly  In- 
creasing contamination.  Surveillance  begins  with 
base  generation  or  procurement  and  continues 
throughout  storage,  handling,  transfer  and  servicing 
of  the  aircraft.  Adequate  and  reliable  quality  control 
of  aviator's  liquid  breathing  oxygen  demands  that 
each  operation  In  the  aircraft  liquid  oxygen  supply 
system  must  be  carried  out  In  strict  compliance 
with  procedures  established  *o  assure  flight  safety 
and  mission  completion. 

3-2.  SCOPE.  This  section  established  procedures 
and  requirements  for  the  quality  control  of  liquid 
oxygen  that  Is  procured  or  base  generated,  stored, 
transferred,  tuid  used  for  breathing  purposes  by 
aircrews.  This  section  Is  applicable  to  base  per- 
sonnel who  are  responsible  for  supervising  or  per- 
forming the  operations  associated  with  receipt, 
generation,  storage,  and  transferring  of,  and  serv- 
icing aircraft  with,  avlator>  liquid  breathing 
oxygen. 

3-3.  PERSONNEL.  Personnel  selected  to  perform 
operations  In  the  supply  system  should  be  trained  In 
a thorough  knowledge  of  the  characteristics  of  liquid 
oxygen,  the  significance  of  contamination  when  used 
for  breathing  purposes,  and  of  the  supply  system  to 
be  quality  controlled.  Only  those  personnel  who 
demonstrate  understanding  of  the  operations  In- 
volved, and  capable  and  reliable  performance, 
should  be  assigned  duties  and  responsibilities  In  the 
supply  system. 

3-4.  CONTROL  OF  CONTAMINATION.  A knowledge 
and  understanding  of  how  contaminants  are  concen- 
trated In  liquid  oxygen  by  the  sources  of  Increasing 
contamination  are  essential  to  the  effective  control 
of  contamination. 

« 

3-5.  VAPORIZATION.  The  concentration  of  con- 
taminants due  to  liquid  oxygen  vaporisation  cannot. 


of  course,  be  prevented.  However,  the  rate  of  In- 
creasing contamination  from  this  source  shall  be 
controlled  by  minimizing  heat  additions  In  handling 
and  transfer  through  proficient  and  careful  perfor- 
mance of  operations. 

3-6.  EQUIPMENT.  Addition  of  contaminants  from 
equipment  shall  be  reduced  or  prevented  by  oper- 
ating and  maintaining  generators,  storage  tanks, 
servicing  carts,  and  aircraft  liquid  oxygen  systems 
In  accordance  with  applicable  technical  manuals. 

3-7.  HANDLING  AND  TRANSFER.  The  addition  of 
contaminants  from  the  environment  shall  be  pre- 
vented by  careful  andproflclrat  handling  and  transfer 
operations.  Liquid  oxygen  strongly  attracts  and 
absorbs  atmospheric  gases,  some  of  which  are  odor- 
ous and  which  may  be  p.'esent  In  the  atmosphere, 
due  to  an  environmental  source. 


3-8.  QUALITY  CONTROL  REQUIREMENTS 
OF  AVIATOR'S  LIQUID  BREATHING  OXYGEN 


3-9.  PROCUREMENT  LIMITS.  The  procurement 
limits  for  purity  and  contamination,  which  Include 
the  absence  of  odor,  of  aviator's  liquid  breathing 
oxygen  must  meet  the  requirements  of  the  current 
Issue  of  Specification  MIL-O-27210(USAF). 

3—10.  USE  LIMITS.  The  use  limits  of  liquid 
aviator’s  breathing  oxygen  are  as  follows: 


Odor 

Purity  (percent  by  volume).  . . 
Carbon  Dioxide  (ppm  by 

volume) 

Methane  (ppm  by  volume).  . . . 
Acetylene  (ppm  b,  volime).  . . 
Ethylene  (ppm  b)  voium<  ) . . . 
Ethane  and  other  hydr^c.-tbons 
(ppm  by  volume)  . . . 
Nitrous  Oxide  (ppm  bv  volume) 
Halogeoated  Compounds: 
Rehigerants  (freons,  etc.) 

(ppm  by  volume)  . . 

Solvents  (trichloroethylene, 
carbon  tetrachloride, 
etc.)  (ppm  by  volume). 
Other  (ppm  by  volume) 


None 

99.5 

(Min.) 

10 

(Max.) 

50 

(Max.) 

0.1 

(Max.) 

0.4 

(Max.) 

6 

(Max.) 

2 

(Max.) 

2 

(Max.) 

0.2 

(Max.) 

0.2 

(Max.) 
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3-11.  SUPPLY  SOURCES  OF  AVIATOR’S  LIQ- 
UID BREATHING  OXYGEN. 

3-12.  COMMERCIAL  generating  PLANTS., 
Aviator’s  liquid  breathing  oxygenprocuredfrom 
commercial  generating  plants  must  meet  the 
requirements  of  the  current  issue  of  Specifi- 
cation MIL-0-27210(USAF). 

3-13.  AIR  FORCE  OPERATED  GENERATING 
PLANTS.  Aviator’s  liquid  breathing  oxygen 
produced  by  Generating  Plants  must  meet  the 
requirements  of  the  current  issue  of  Specifi- 
cation MIL-0-27210(USAF). 

3-14.  SAMPLING  AND  TESTING.  Sampling 
and  testing  at  intervals  and  points  in  the 
supply  system  provides  the  continuous  monitor- 
ing of  contamination  that  is  essential  to  the 
quality  control  of  aviator’s  liquid  breathing 
oxygen.  Tests,  both  singly  and  collectively, 
serve  many  needs  and  purposes;  in  fact,  they 
are  the  basis  for  the  performance  of  all  opera- 
tions in  supply.  No  operation  in  supply  shall  be 
performed  until  a basis  for  action  is  established 
by  tests. 

3-15.  ON-BASE  TESTING.  Air  Force  Bases 
which  produce  liquid  oxygen  from  on-base 
generating  plants  shall  sample  and  test  the 
contents  of  the  on-base  generator  tanks  in 
accordance  with  paragraph  3-19.  Receipt  of 
aviator’s  liquid  breathing  oxygen  from  a con- 
tractor shall  be  tested  in  accordance  with 
paragraph  3-18,  and  by  the  following  tests  for 
odor  and  particulate.  Continuous  surveillance 
of  storage  ’ tanks,  servicing  trailers  and  air- 
craft converter  systems  for  the  presence  of 
odor  shall  be  made  by  the  test  for  odor. 

a.  Odor  Test.  A liquid  sample  shall  be 
tested  for  odor  by  pouring  approximately  200 ml 
of  the  sample  into  a clean  400-ml  .beaker  or 
similar  container  after  covering  the  bottom  of 
the  beaker  with  a clean,  dry  filter  paper  or 
other  absorbent  paper.  A watchglass  cover  or 
some  other  means  of  partially  covering  the  top 
of  the  beaker  shall  be  provided  as  the  200  ml 
of  liquid  evaporates  to  dryness.  This  will 
prevent  atmospheric  constituents  from  being 
absorbed  by  the  ejqjosed  liquid.  The  liquid 
shall  be  permitted  to  evaporate  to  dryness  and 
warm  up  to  approximately  room  temperature  in 


an  area  free  from  air  currents  or  extraneous 
odors.  When  the  liquid  has  completely  evapo- 
rated, the  watchglass  shall  be  removed  and  the 
beaker  contents  smelled  at  frequent  intervals 
mtil  the  accumulated  frost  on  the  outside  of  the 
beaker  has  completely  melted.  Odors  will  be 
most  prevalent  when  the  beaker  has  warmed  to 
nearly  room  temperature. 

b.  Particulate  Test.  Concurrent  with  the 
odor  test,  200  mis  of  the  sample  shall  be  poured 
into  a clean  400  ml  beaker  or  similar  container, 
without  a filter  paper  in  the  bottom.  A watch- 
glass  cover  or  some  other  means  of  partially 
covering  the  top  of  the  beal^er  shall  be  used 
as  the  200  mis  of  liquid  evaporate  to  dryness. 
When  the  frost  on  the  outside  of  the  beaker  has 
melted,  the  outside  of  the  beaker  shall  be  wiped 
with  a clean  dry  cloth  and  the  beaker  placed 
on  a clean  white  paper.  The  interior  of  the 
beaker  shall  be  visually  examined,  without  the 
aid  of  magnification,'  for  the  presence  of  par- 
ticles. 

3-16.  PERIODIC  OR  REQUESTED  TESTS  FOR 
PURITY  AND  KINDS  AND  AMOUNTS  OF  CON- 
TAMINANTS. The  tests  are  performed  in  the 
continental  United  States  by  the  Air  Force  Aero- 
space Fuels  Laboratories  and  the  Materials 
Laboratory,  SMAMA.  Laboratories  are  listed 
in  paragraph  3-25.  Tests  are  performed  in 
overseas  Commands  by  laboratories  designated 
by  Command  Headquarters. 

3-17.  TESTS  AFTER  INCIDENTS  AFFECT- 
ING FLYING  PERSONNEL.  Samples  taken  after 
incidents  in  which  flying  personnel  are  affected, 
and  any  additional  samples  deemed  necessary 
by  the  Director  of  Base  Medical  Services,  will 
be  submitted  through  the  Base  Medical  Service 
to  the  appropriate  Regional  Environmental 
Health  Laboratory  in  accordance  v/ith  AFR 
161-17.  Laboratories  are  listed  in  paragraph 
3-25. 

3-18.  RECEIPT  OF  AVIATOR’S  LIQUID 
BREATHING  OXYGEN  FROM  ACONTRACTOR. 
Before  unloading  is  permitted,  sample  and  test 
the  contents  of  each  shipping  container  as 
follows: 

a.  Sampling  Location:  Outlet  port  of  the 

shipping  container. 
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b.  Test;  Test  for  odor  in  accordance  with 
paragraph  3-15,  step  a. , and  for  particles  in 
accordance  with  paragraph  3-15,  step  b. 

c.  Quality  Control  Requirements:  The  con- 
tents of  the  shipping  container  shall  contain  no  odor 
or  particles. 


HOTE 

When  the  test  reveals  the  presence  of 
either  odor  or  particles  in  the  contents 
of  the  shipping  container,  as  tested 
above,  do  not  unload  the  contents  into 
base  storage.  Contact  the  Government 
representative  responsible  for  quality 
contol  surveillance  over  the  contractor. 

Permit  unloading  for  disposal  purposes 
only  if  the  shipment  cannot  be  returned. 

3-19.  AIR  FORCE  OPERATED  GENERATOR  TANKS. 
Air  Force  Bases  which  produce  liquid  oxygen  from 
on-base  generating  plants  shall  sample  and  test  the 
contents  of  the  on-base  generator  tanks  as  follows; 

a.  Sampling  Location:  At  the  drain  valve. 

b.  Tests  and  Frequencies; 

1(1)  When  a tank  which  is  connected  contin- 
uously to  the  generator  is  functioning  as  a receiver 
for  the  product  stream,  the  contents  of  the  tank  shall 
be  tested  for  odor  and  purity  after  each  addition  or, 
if  on  continuous  production,  once  each  24  hours.  If 
the  production  record  for  purity  of  the  quantity  added 
has  been  stable  and  above  the  minimum  requirement, 
the  purity  test  is  not  necessary.  Once  every  90  days 
and  whenever  contamination  is  suspected,  a sample 
from  the  tank  then  functioning  as  a receiver  shall  be 
sent  to  a designated  laboratory  (paragraphs  3-16  and 
3-25)  and  tested  for  compliance  with  the  procurement 
limits  for  minor  constituents.  Specification  MIL-O- 
27210.  Identify  sample  by  completing,  as  applicable, 
APTO  Form  176  and  attaching  it  to  the  sampler. 

(2)  During  the  period  a tank  is  functioning 
as  storage,  the  contents  of  the  tank  shall  be  tested 
for  odor  once  each  week  in  accordance  with  paragraph 
3-1 5.a.  Once  every  90  days  and  whenever  contaihina- 
. tion  is  suspected,  a sample  of  the  contents  of  the 
tank  functioning,  at  the  time,  as  storage  shall  be  sent 
to  a designated  laboratory  (paragraphs  3-16  and  3-25) 
and  tested  for  use  limits  specified  in  paragraph  3-10, 

S Identify  sample  by  completing,  as  applicable,  AFTO 
Form  176  and  attaching  it  to  the  sampler. 

c.  Quality  Control  Requirements: 

(1)  Odor  - none. 


NOTE 

When  tests  show  the  contents  of  the 
on-base  generator  tanks  have  an 
odor,  or  exceed  the  Procurement 
or  Use  Limits,  whenever  applicable 
as  above,  the  contents  shall  be 
drained  and  the  tanks  purged  in 
accordance  with  the  applicable 
storage  tank  operation  and  service 
technical  manual. 

3-20.  BASE  STORAGE  TANKS.  Sample  and  test  the 
base  storage  tarries  as  follows: 


NOTE 


When  Liquid  Oxygen  Sampler,  TTU- 
131/E,  FSN  6695-895-1348,  cannot 
be  obtained  because  of  a supply 
difficulty,  periodic  purging  of  the 
base  storage  tanks  must  be  accom- 
plished by  procedures  described  in 
the  applicable  technical  manuals  for 
the  operation  and  maintenance  of 
the  equipment  and  on  the  following 
frequencies: 


Capacity  of 
Storage  Tank 

2000  gallons  and 
under 


Minimum  Frequency 
of  Purging 

Once  each  6 months 


Over  2000  gallons  Once  each  12  months 

a.  Sampling  Location:  At  the  drain  valve. 


b.  Tests  and  Frequencies;  Test  for  odor, 
once  each  week,  in  accordance  with  paragraph 
3-1 5. a.  Once  every  90  days  and  whenever  contami- 
nation is  suspected,  a sample  of  the  contents  of 
base  storage  tanks  shall  be  sent  to  a designated 
laboratory  (paragraphs  3-16  and  3-25)  and  tested 
for  use  limits  specified  in  paragraph  3-10.  Identify 
sample  by  completing  AFTO  Form  176  and  attach- 
ing it  to  the  sampler  (omit  procurement  data). 


c,  - Quality  Control  Requirements: 


(1)  Odor  - none. 

(2)  The  contents  of  the  base  storage 
tanks  shall  not  exceed  the  use  limits  specified  in 
paragraph  3-10. 

NOTE 


(2)  When  functioning  as  receivers  for  the 
product  stream  of  the  generator,  the  contents  of  the 
on-base  generator  tanks  shall  not  exceed  the  procure- 
ment limits. 

(3)  When  functioning  as  storage  containers, 
the  contents  of  the  on-base  generator  tanks  shall  not 
exceed  the  use  limits. 


When  tests  show  the  contents  of  the 
base  storage  tanks  have  an  odor,  or 
exceed  the  use  limits,  the  contents 
shall  be  drained  and  the  tanks  purged 
in  accordance  with  the  applicable 
storage  tank  operation  and  service 
technical  manual. 
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Section  lU 

Paragraphs  3-21  to  3-23 


T.O.  42BI5-1-1 


3-21.  SERVICING  TRAILERS.  Sample  and 
test  the  aircraft  liquid  oxygen  servicing  trailers 
as  follows: 

a.  Sampling  Location:  At  the  drain  valve. 

h.  Tests  and  Frequencies:  Test  for  odor 

in  accordance  with  paragraph  3-15.a.,  as  follows: 

(1)  Immediately  after  first  transfer  each  day  oi 
Liquid  Oxygen  into  a servicing  trailer. 

(2)  When  six  days  have  elapsed  since  the 
servicing  trailer  was  used  to  service  aircraft, 
or  was  filled  with  liquid  oxygen. 

NOTE 

AFTO  Fcxm  134  will  be  maintinmed  on  all 
liquid  oxygen  semcing  trailers.  These  forms 
may  be  destroyed  two  weeks  after  the  date 
of  the  last  recorded  aircraft  servicing. 


c.  Quality  Control  Requirenii(>ats:  Odor  — 
None. 


NOTE 

When  tests  show  the  presence  of 
odor  in  the  contents  of  servicing 
trailer,  the  contents  shall  be  drain- 
ed cUid  the  trailer  purged  in  accord- 
ance with  the  applicable  operation 
and  service  technical  manual. 


3-22.  , AIRCRAFT  CONVERTER  SYSTEM. 
Sample  and  test  the  aircraft  liquid  oxygen 
converter  system  as  follows: 

a Sampling  Location:  At  the  drain  valve. 

b.  Tests  and  Frequencies:  Test  for  odor  in 
accordance  with  paragraph  3- 15.  a.  as  follows: 

(1}  As  soon  as  possible  after  report  of 
in-flight  odors  by  aircrews. 

I[2}  In  accordance  with  applicable  air- 
craft manuals. 


3-23.  PURGING  FREQUENCIES  AND  METH- 
ODS 

a.  Frequencies: 

(1)  Storage  Tanks  and  Servicing  Trailers. 
Any  time  tests  show  the  contents  of  a storage 
tanlr  or  servicing  trailer  are  odorous,  or  ex- 
ceed the  Procurement  or  Use  Limits  whenever 
applicable.  (See  paragraphs  3-19.c.(2)  and  (3).) 
Periodic  purging  shall  be  performed  in  accord- 
ance with  the  applicable  tecluiical  manuals  for 
the  operation  and  maintenance  of  the  equipment. 

(2)  Aircraft  Ccihverter  System.  In 
accordance  with  the  applicable  technical 
manuals. 

b.  Methods.  In  accordance  with  the  instruc- 
tions of  the  applicable  technical  manuals. 
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Section  III 
Paragraph  3-24 


• 3-24.  TESTING  AND  SAMPLING  EQUIPMENT. 
Item  No.  Stock  No.  and  Part  No. 


Nomenclature 


1 


6640-403-3500 


Beaker,  .400  ml 


2 


6640-290-6811 


Watch  Glass,  100  mm 


3 


.4 

4A 


6640-NL  Fisher  Scientific  Co.  Pgh.,  Pa. 

Part  No.  9-805  or'A.H.  Thomas  Co.,  Phila., 
Pa.,  Part  No.  5200 

6630—507—0584  Air  Products  and  Chemicals, 
Inc.,  Allentown,  Pa.,  Part  No.  5-869-12-0006 

5630--404— 2500  Air  Products,  Part  No, 
.4-104-27-0001 


Filter  Paper,  Whatman  No.  1,  Unwashed 
Medium  Diam.,  5.5  CM.,  Package  - 
100  sheets 

■Analyzer  Kit,  Oxygen  Purity,  Orsat 
Type 

Bulb,  Leveling 


6630-399  - 29  58  Air  Products,  Part  No.  Tube.  Reactine 

4-894-27-0001 


6630—399—2959  'Air  Products,  Part  No, 
4-717-27-0001 


Reservoir 


6630—490—17.31  'Air  Products,  Part  No, 
4-105-27-0001 


Burette,  100  ml 


8 Deleted. 

9 6695—895—1348  Cosmodyne  CS.4..4 


Sampler,  Liquid  Oxygen,  TTU-131/E 
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Section  IH 
Paragraph  3-25 


T.O.  42B6-1-1 


3-25.  AIR  FORCE  TESTING  LABORATORIES 
FOR  AVIATOR’S  LIQUID  BREATHING  OXYGEN. 

a.  Directorate  of  Air  Force  Aerospace 
Fuels  Laboratories: 

(1)  Wright-Patterson  Air  Force  Base 
Shipping  Address: 

Transportation  Officer 
Wright-Patterson  AF  Base 
Ohio 

Attn;  MAOQLA,  Bldg  70,  Area“B” 
Telephone:  Dayton,  Ohio  - CLEAR- 
WATER 3-7111,  Ejrt.  21106  or  26287 

Mail  Address  - Correspondence 
pertaining  to  samples. 

Commander 

Wright-Patterson  AF  Base 
Ohio 

Attn:  MAOQLA 

(2)  Searsport,  Maine,  Laboratory  - ship- 
ping and  correspondence. 

Chief 

SearsiJort  At*  Petroleum  *md 
Chemical  Laboratory 
Searsport,  Mciine 
Telephone:  Searsport,  Maine, 
KIngswood  8-2451 

(3)  Tampa,  Florida,  Laboratory: 

Chief- 

AF  Petroleum  and  Chemical  Lab- 
oratory 

Building  1121  - Shipping  Address, 
Express 

P.O.  Box  6051  - Mailing  Adress  - 
letters,  parcel  post. 

Call  No.  82030  - Wire  Address. 


Chief,  Mukilteo  AF  Petroleum  and 
Chemical  Laboratory 
Everett,  Washington 

Wire  Address  - 

Commander 

326th  Air  Defense  Group 
Attn:  Chief,  Mukilteo  AF  Petro- 

leum and  Chemical  Laboratory 
Paine  Air  Force  Base,  Washington 

Mailing  Address  - Letters, 

Parcel  Post; 

Chief,  AF  Petroleum  and  Chemical 

Laboratory 

Attn:  MAOQLD 

P.O.  Box  357 

Mukilteo,  Washington 

Telephone,  Everett,  Washington, 

Fairview  6-4122 

(5)  Materials  Laboratory,  SMAMA 

Shipping  and  Mailing  Address: 

Sacramento  Air  Materiel  Area 
Attn:  Materials  Laboratory, 
SMMQSL 

McClellan  Air  Force  Base, 
California 

b.  Regional  Environmental  Health  Labora- 
tories: 

(1)  LSGHM 

McClellan  Air  Force  Base, 
California 

(2)  SGHK 

Kelly  Air  Force  Base,  Texas 


Mac  Dill  Air  Force  Base 
Tampa,  Florida 
Telenhone;  Tamna.  Florida 


Area  Code  813,  NOTE 

830-3645  or  830-2138 

Send  samples  for  testing  to  Regional 
(4)  Mukilteo,  Washington,  Laboratory:  Environmental  Health  Laboratories 

only  in  those  incidents  in  which  fly- 

Shipping  Address  - Express  ing  personnel  are  affected. 
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INTRODUCTION 


Cleanliness  requirements  for  mechanical  systems  have  been  undergoing  a continuous 
evolution.  With  the  advent  of  the  airplane  hydraulic  and  pneumatic  systems  and  their  as- 
sociated close  tolerances,  special  requirements  had  to  be  instituted  to  prevent  malfunc- 
tion or  excessive  wear  due  to  particulate  matter  or  contaminants.  Wlien  man  prepared 
to  venture  into  the  hostile  environment  of  space  more  stringent  requirements  were  nec- 
essary. With  the  more  recent  widespread  use  of  oxygen,  both  in  industry  and  space, 
additional  scope  had  to  be  added  to  the  cleanliness  requirements.  Recognition  of  oxy- 
gen's inherent  reactivity  characteristic  as  well  as  the  fact  that  relatively  small  quanti- 
ties of  contaminants  could  serve  as  ignition  sources  and  thus  cause  the  burning  of  other- 
wise satisfactory  containment  materials  led  to  these  necessary  additional  requirements. 

During  this  evolution  a proliferation  of  cleanliness  requirements  has  been  generated. 
In  part,  this  has  occurred  because  the  applications  vary  in  scope  from  industrial  use, 
with  the  least  stringent  requirements,  to  manned  space  vehicles,  with  the  most  demand- 
ing requirements.  It  has  also  been  caused  by  the  fact  that  the  actual  degree  of  cleanli- 
ness required  has  a small  scientific  base.  Thus,  many  groups  in  both  industry  and 
government  have  generated  cleaning  specifications  by  trial  and  have  verified  them  by 
operating  experience  accumulated  with  particular  applications. 

This  report  displays  the  oxygen  system  cleaning  specifications  drawn  fromj23  indus- 
trial and  government  sources,  cleaning  processes  employed  for  meeting  these  specifica- 
tions, and  recommended  postcleaning  inspection  procedures  for  establishing  the  cleanli- 
ness achieved. 

It  is  the  purpose  of  this  document  to  collate  and  examine  areas  of  agreement  and 
difference  in  the  specifications,  procedures,  and  inspection.  Also,  the  lack  of  clarity 
or  specificity  will  be  discussed.  This  absence  of  clarity  represents  potential  safety 
hazards  due  to  misinterpretation.  Also,  it  can  result  in  exorbitant  expenditures  of  time 
and  money  in  satisfying  unnecessary  requirements. 

CLEANLINESS  REQUIREMENTS 

The  degree  of  required  cleanliness  depends  on  the  intended  application  of  the  com- 
ponent or  system  and  is  usually  expressed  in  terms  of  allowable  limits  of  contaminants. 
A contaminant  is  defined  as  any  material  which  by  being  present  in  a system  or  compo- 
nent may  cause  mechanical  malfunction,  fire,  or  explosion.  The  types  of  most  common 
contaminants  and  their  relative  sizes  are  illustrated  in  figure  1 (ref.  i).  Techniques 


If  this  solid  circle  represents  particle  10  microns  in  diameter,  the 
larger  circle  represents  the  cross  section  of  the  average  human 
hair  (100  microns).  The  major  problem  in  contamination  control 
is  the  tendency  of  the  small  particles  to  group  and  form  larger 
particles. 


Microns 


lAn  39  pin.  1mm  1cm 

Figure  1.  - Approximate  sizes  of  common  particles  (ref.  1). 


require(i  to  detect  these  contaminants  as  a function  of  their  size  are  also  indicated. 
Sources  of  contaminants  which  are  probably  the  most  difficult  to  predict  are  the  fabrica- 
tion and  assembly  operations  such  as  grinding,  cutting,  welding,  etc.  Effective  clean- 
ing will 

(1)  Prevent  functional  interference  with  components  by  particles  deposited  on  moving 

parts,  valve  seats,  and  system  sensors  and  controls 

(2)  Reduce  the  likelihood  of  fire  by  rubbing  friction  which  might  occur  if  the  clear- 

ance between  moving  system  parts  fills  with  contaminants 

(3)  Avoid  accumulations  of  finely  divided  contaminants  which  are  more  easily  ignited 

in  oxygen  than  the  bulk  system  materials 

The  cleanliness  requirements  can  be  placed  in  tlie  following  two  general  categories; 

(1)  Aerospace  clean  - applies  to  flight  systems,  components,  ground  service  equip- 
ment for  flight  systems,  environmental  chambers,  space  cabins,  and  breathing  appara- 
tuses. 

(2)  Commercial  clean  - applies  to  industrial  and  process  systems  in  which  the 
threat,  or  consequences,  of  failure  are  low. 

Wherever  possible,  the  specifications,  cleaning  processes,  and  verification  procedures 
are  grouped  in  this  report  according  to  these  cleanliness  grades.  Unfortunately,  the 
originators  of  tlie  cleaning  requirements  seldom  classified  them  according  to  this 
scheme,  but  this  patte.rn  is  discernible  in  the  accumulated  cleaning  information. 
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Description  of  Contaminants 

The  following  five  contaminants  are  mentioned  in  the  33  cleanliness  requirements 
(refs.  2 to  22)  reviewed: 

(1)  Particulate  matter  - general  term  applied  to  finely  divided  solid  matter  of  di- 
mensions  measured  in  microns  (10"  m or  3. 9x10"  in. ).  Its  population  in  a system 
(or  component)  is  determined  by  counting  the  particles  in  a unit  volume  of  wash  fluid 
(liquid  or  gas)  that  passed  through  the  system  at  the  end  of  the  cleaning  process.  The 
cleanliness  of  the  system  (or  components)  is  reported  in  terms  of  the  number  of  parti- 
cles of  a given  size  range  per  unit  area  of  the  surface  rinsed  or  washed.  If  the  internal 
surfaces  are  accessible  after  cleaning,  then  the  particle  count  can  be  made  from  a wipe 
of  the  surface  and  reported  on  the  basis  of  the  particle  distribution  per  unit  area  of  the 
internal  system  surface. 

(2)  Fiber  - particle  having  a length  of  100  microns  or  greater  with  a length  to  width 
ratio  of  10:1  or  greater.  Fibers  are  classed  according  to  length  in  microns  and  reported 
as  a population  number  per  square  foot  of  internal  surface  area.  (The  internal  surface 
which  is  exposed  to  the  service  media  is  often  referred  to  in  the  literature  as  the  ”crit- 
ical  surface  area.  *’) 

(3)  Condensable  hydrocarbons  - usually  refers  to  hydrocarbons  capable  of  going 
from  a gaseous  to  a liquid  or  solid  state  at  system  temperature  and  pressure.  They 
are  measured  and  reported  as  parts  per  million  by  weight  of  system  fluid.  In  chemical 
use  it  usually  refers  to  1 microgram  per  gram. 

(4)  Solvent  soluble  organic  residue  - usuallv  refers  to  hydrocarbons  remaining  on  a 
surf:  .e  after  cleaning.  It  is  measured  in  milligrams  per  milliliter  of  rinse  solvent  and 
reported  in  milligrams  per  square  foot  of  critical  surface  area. 

(5)  Total  solids  - constitute  the  sum  total  of  solid  material  obtained  by  filtering  and 
evaporating  a unit  volume  of  the  cleaning  solvent.  Total  solids  are  reported  in  units  of 
weight  per  unit  area  of  the  system  or  component. 


Cleanliness  Requirements  for  Particulate  Matter  Contaminants 

In  the  reviewed  cleanliness  requirements  particulate  matter  is  given  the  greatest 
emphasis.  The  cleanliness  requirements  listed  in  table  I (pp.  63  to  66)  show  consider- 
able variation  in  the  specification  for  particulate  cleanliness.  In  some  cases  acceptable 
particle  sizes  and  population  are  small  and  carefully  defined;  in  other  cases  only  the  ' 
population  of  the  largest  acceptable  sizes  are  specified.  The  differences  are  suspected 
to  relate  to  the  clearance  dimensions  of  the  moving  parts  of  the  system  of  concern  when 
the  specifications  were  first  prepared.  Permissible  particlr  sizes  are  kept  well  below 
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these  clearance  dimensions.  Also,  it  is  desirable  to  point  out  that  generally  the  smallest 
particles  have  the  tendency  to  group  and  form  larger  particles.  However,  if  they  do  not 
agglomerate  and  become  suspended  in  the  wash  fluid,  they  are  most  easily  washed  from 
the  system  since  the  smallest  particles  are  more  readily  maintamed  suspended  in  the 
wash  fluid.  Removal  of  the  smallest  particles  from  the  surface  becomes  increasingly 
less  effective  as  particle  size  decreases  because  of  their  ability  to  tenaciously  adhere  to 
the  surface.  This  adherence  is  further  enhanced  by  the  wetting  action  of  the  wash  fluid 
through  the  formation  of  residual  film  and  corresponding  surface  tension.  Any  attempt 
to  remove  the  particle  must  overcome  this  surface  tension.  By  placing  an  upper  limit 
on  the  permissible  size  and  population  of  the  larger  particles,  one  is  reasonably  assured 
that  the  population  of  smaller  particles  will  not  be  troublesome.  The  designer  must 
judge  the  range  of  permissible  particle  sizes  remaining  in  his  system  after  cleaning  on 
the  basis  of  the  sensitivity  of  the  system  components  to  interference  by  particles 
(ref.  23).  It  might  be  noted  that  past  experience  (described  in  the  proposed  Lewis  Re- 
search Center  design  criteria  monograph  on  liquid  rocket  valve  assemblies)  indicates 
that  the  particle  size  should  be  restricted  to  one-eighth  of  the  clearances  available. 
Furthermore,  a John  F.  Kennedy  ^ace  Center  (KSC)  study  of  cleanliness  specification 
(ref.  24,  p.  26)  states  that  for  a given  cleanliness  level  a standard  particle  distribution 
can  be  calculated  per  MIL-STD-1246A  to  obtain  the  total  particle  volume.  This  calcu- 
lated volume  used  in  conjunction  with  the  available  clearance  can  then  be  related  to  the 
allowable  particulate  contamination  level  and  thus  the  degree  of  cleanliness  required  for 
the  system.  The  pore  size  of  the  filters  that  can  be  used  to  protect  these  components 
and  the  ignition  hazard  posed  bjf  cavities  in  the  system  where  particles  may  drop  out 
of  suspension  in  the  process  fluid  and  form  dangerous  accumulations  must  also  be  taken 
into  consideration.  The  particulate  specifications  given  in  table  I have  served  success- 
fully for  the  systems  indicated.  The  designer  may  use  the  one  which  comes  closest  to 
matching  his  system. 

Overall  cleanliness  requirements  for  manned  and  unmanned  space  flight  hai’dware 
systems  (tanks,  pipes,  propulsion  units,  etc. ) are  presented  in  figure  2.  The  particle 
cleanliness  requirements  for  manned  space  flight  hardware  are  inconclusive  for  particles 
smaller  than  175  microns.  For  unmanned  ballistic  flight  systems  these  requirements 
are  inconclusive  for  particles  smaller  than  300  microns.  However,  the  limits  of  the 
largest  allowable  size  of  contaminants  are  very  specific:  lOOC  microns  for  unmanned 
ballistic  flight  systems,  and  2500  microns  for  systems  used  in  manned  space  flight  ap- 
plications. According  to  KSC  personnel,  the  largest  allowable  size  of  contaminant  ac- 
ceptable for  manned  space  flight  applications  derived  from  actual  * ’field  tests"  at  the 
KSC  complexes  represents  the  maximum  cleanliness  results  obtainable  in  the  field  dur- 
ing the  i960  to  1964  time  period. 
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Figure  2.  - Particulate  matter  - cleanliness  requirements  for  space 
hardware. 
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Figure  3.  - Particulate  matter  - cleanliness  requirements  for  ground 
based  components  and  systems  that  may  interface  with  flight  systems. 


Figure  3 shows  the  particulate  cleanliness  requirements  for  systems  in  the  fabrica- 
tion phase  or  test  apparatus  operations.  Some  of  the  systems  in  fabrication  may  be  in- 
terfaced with  space  flight  hardware  or  may  be  ground  support  equipment  for  space  flight 
hardware.  In  the  latter  case  the  contaminant  control  is  a very  significant  part  of  opera- 
tions because  of  the  extensive  reuse  of  the  equipment  and  the  associated  hazard  of  con- 
taminant accumulation.  In  comparison  to  space  flight  systems  cleanliness  requirements, 
the  requirements  for  ground  service  equipment  illustrated  in  figure  3 allow  fewer  larger 
size  particulate  matter  contaminants.  Reasons  for  this  are  not  readily  obvious  from  the 
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available  literature.  A comparison  of  the  KSC-C-123D  (ref.  10)  cleanliness  require- 
ments with  the  KSC  proposed  cleanliness  requirements  (ref.  11)  indicates  that  the  clean- 
liness requirements  may  be  relaxed  somewhat. 

Figure  4 shows  the  particulate  cleanliness  requirements  for  environmental  cham- 
bers, space  cabins,  and  breathing  oxygen  components.  The  wide  spread  in  allowable 
population  of  particulate  matter  is  emphasized.  However,  this  may  be  understandable 
because  more  contaminants  must  be  accommodated  by  the  design  because  man  is  a 
source  of  contamination  in  these  cases.  Rationale  for  abrupt  changes  in  permitted  size 
of  population  of  particulate  matter  could  not  be  established  from  the  available  literature. 
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Figure  4.  - Particulate  matter  - cleanliness  requirements  for  space  cabins, 
environmental  chambers,  breathing  oxygen  components. 
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Figure  5.  - Particulate  matter  - cleanliness  requirements  as  function  of  material  and  inspec- 
tion technique  (spec,  075192B  GDA-ConvaIr,  Dec.  13,  19671. 
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Figure  5 presents  particulate  cleanliness  requirements  specified  by  General 
Dynamics  - Convair  Division  (ref.  19).  The  outstanding  feature  of  these  requirements 
is  the  classification  of  cleanliness  requirements  according  to  cleanliness  verification 
techniques  and  the  nature  of  the  contaminant.  The  cleanliness  requirements  are  more 
stringent  for  metallic  particles  than  for  nonmetallic  regardless  of  verification  techniques 
used. 

Figure  6 is  an  example  of  the  particulate  cleanliness  requirements  established  by 
commercial  industry  engaged  in  oxygen  production.  Three  distinct  classes  of  cleaning 
requirements  are  defined; 


□ Class  A requirement 
^ Class  AA  requirement 


Number  of  particles  per  square  foot  of  critical  surface  area 

Figure  6.  - Pariculafe  matter  - air  products  and  chemicais  clean- 
liness requiremei-ts. 


(1)  Class  AAA  is  the  r.ioBt  demanding  class  of  cleanliness  requirements;  it  is  ap- 
plicable to  equipment  or  apparatus  with  moving  surfaces  which  contact  liquid  or  gaseous 
oxygen.  In  relation  to  the  government  and  aerospace  industry  cleanliness  requirements, 
this  class  is  within  the  general  space  flight  hardware  limits. 

(2)  Class  AA  is  the  more  general  cleanliness  requirements;  it  is  applicable  to  shop 
fabricated  or  purchased  equipment  where  fixed  surfaces  contact  liquid  or  gaseous  pure 
oxygen. 

(3)  Class  A is  the  least  strigent  class  of  cleanliness  requirements;  it  is  applicable 
to  surfaces  which  through  use  will  contact  fluids  Other  than  pure  oxygen,  for  example, 
liquid  air  or  crude  oxygen. 
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Cleanliness  Requirements  for  Fiber  Contaminants 


The  cleanliness  requirements  for  fiber  contaminants  are  not  as  extensive  as  for  the 
particulate  matter.  The  information  listed  in  table  I clearly  indicates  that  stated  re- 
quirements vary  from  disallowing  presence  of  any  fiber  contaminants  at  all  (White  Sands 
Test  Facility,  sec.  49)  (ref.  6)  to  the  very  ejtplicit  requirements  exemplified  by  Plum 
Brook  (Lewis  Research  Center,  LeRC)  RDLj^OOS  (ref.  3).  In  this  realm  of  variations  the 
following  are  noteworthy: 

(1)  Nine  sets  of  cleanliness  requiremenljs  do  not  state  allowable  fiber  contaminant 

|| 

limits. 

(2)  Eight  sets  of  cleanliness  requirements  state  one  point  limits  above  which  fiber 

contaminants  cannot  be  tolerated,  namely,  n|o  fibers  greater  than  2000,  4000,  or  6000 
microns  in  length.  j 

(3)  The  KSC  (proposed,  ref.  11)  cleanliniess  requirements  permit  the  fiber  contam- 
inants to  be  classed  and  counted  as  particulate  matter  contaminant. 

(4)  The  GDA  0-75192B  (ref.  19)  cleanliness  requirements,  consistent  with  particu- 
late matter  contaminant  treatment,  explicitly  differentiate  between  metallic  and  non- 
metallic  fiber  allowable  limits.  These  limits  are  also  adjusted  on  the  basis  of  verifica- 
tion techniqi»es  used.  Metallic  fiber  contaminants  are  totally  disallowed,  while 
nonmetallic  fiber  contaminant  limits  vary  from  none  greater  than  2000  microns  in  length 

E!3  i AFT.O.  42C-H1 
® GCAO-75192B 
EK  P'  mBrtiokRDL-003 


Number  of  fibers  per  square  foot  of  critical  surface  area 
Figure  7.  - Fiber-cleanliness  requirements. 
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I to  none  greater  than  6000  microns  in  length  depending  on  the  systems  involved, 
j The  more  explicit  fiber  contaminant  requirements  are  illustrated  in  figure  7.  The 

I allowable  fiber  length  limits  are  plotted  as  functions  of  the  allowable  population  per 
I square  foot  of  critical  surface  area.  Maximum  allowable  limits  are  indicated  by  the 

I solid  lines.  Plum  Brook  (LeRC)  cleanliness  requirement  limits  for  fiber  type  contam- 

! inants  are  the  most  explicit  (ref.  3).  These  requirements  limit  fiber  contaminant  to 
I 20  fibers  of  0 to  500  microns  in  length,  three  fibers  of  501  to  1000  microns  in  length, 

^ and  one  fiber  to  1001  to  1875  microns  in  length.  Thus,  these  specifications  leave  no 

doubt  about  the  cleanliness  level  to  be  attained.  Other  requirements  illustrated  in  the 
i figure  are  less  explicit. 


Cleanliness  Requirements  for  Condensable  Hydrocarbons 

Most  of  the  cleanliness  requirements  do  not  indicate  the  condensable  hydrocarbon 
type  contaminant  limits.  In  the  few  instances  where  the  allowable  contaminant  limits 
are  specified  they  vary  from  very  explicit  to  extremely  vague  requirements.  For  ex- 
ample, from  the  data  presented  in  table  I the  statements  are  as  follows; 

(1)  Very  explicit. 

(a)  2. 0 ppm  by  weight  of  test  gas^  (KSC-C-123D,  ref.  10). 

(b)  1.0  ppm  by  weight  of  test  gas  (KSC  proposed,  ref.  11). 

(c)  0 ppm  by  weight  of  test  gas^  (Plum  Brook  RDL-003,  ref.  3). 

(2)  Explicit  - no  fluorescence  on  the  cleaned  surface  using  ultraviolet  light  (USAF 
T.O.  42C-1-11,  (ref.  12);  GDA  0-75192B  (ref.  19);  QCL  107F  Air  Products  (ref.  4)). 

(3)  Vague. 

(a)  Low  intensity  fluorescence  on  the  cleaned  surface  is  acceptable  (QCL  105F 

Air  Products,  ref.  4). 

(b)  No  fluorescence  (QCL  106F  Air  Products,  ref.  4).  (However,  the  specifi- 
cation allows  isolated  particles  of  lint  on  the  cleaned  surfaces. ) 

Cleanliness  Requirements  for  the  Remaining  Types  of  Contaminants 

Cleanliness  requirements  for  solvent  soluble  organic  residue,  total  solids,  and 
other  contaminants  are  either  totally  not  stated  or  specified  in  the  1 to  5 milligram  per 
square  foot  range  of  critical  surface  area.  An  exception  is  the  Linde  cleanliness  re- 
quirement (ref.  8).  It  specifically  limits  nonvolatile  residue  to  500  milligrams  per 
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A sample  of  purge  gas  used  to  dry  the  system  as  part  of  the  cleaning  procedure. 
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square  foot  of  critical  surface  area  and  solvent  soluble  organic  residue  to  10  milligrams 
per  square  fool  of  critical  surface  area.  (The  techniques  used  for  measuring  are  dis- 
cussed in  the  VERIFICATION  OP  CLEANLINESS  section. ) 

For  all  the  previously  described  contaminant  limits  the  relation  between  the  real- 
istic cleanliness  level  and  the  specified  cleanliness  level  is  not  defined  in  any  of  the  re- 
quirements reviewed.  There  is  no  record  in  the  documents  reviewed  of  the  basis  for 
the  selection  of  the  cleanliness  requirements  generated  by  the  separate  groups  within 
government  and  industry. 


CLEANING  PROCEDURES 

Twenty-three  cleaning  procedures  have  been  reviewed  (refs,  2 to  22  and  25)  to  com- 
pare their  approach  to  cleanii^  problems  and  highlight  similarities  or  differences.  A 
complete  set  of  summaries  of  the  procedures  is  given  in  the  appendix  and  a complete  set 
of  detailed  procedures  is  included  in  the  attached  microfiche  supplement.  Several  gen- 
eral comments  can  be  made  regarding  these  cleaning  procedures; 

(1)  All  cleaning  procedures  except  USAF  T.O.  42C-1-11  (ref.  12)  are  written  as 
guidelines  and  not  as  explicit  specifications. 

(2)  Cleaning  procedures  vary  according  to  the  cleanliness  requirements,  the  system 
components  being  cleaning,  and  the  system  materials. 

(3)  Cleaning  procedures  may  be  classified  as  aerospace  clean  or  commercial  clean. 

(4)  Cleaning  procedures  are  most  involved  and  costly  for  aerospace  clean  and  least 
involved  and  costly  for  commercial  clean. 

A precautionary  remark  regarding  cleaning  agents  and  equipment  used  m these  pro- 
cedures is  appropriate  at  this  point.  The  toxicity  of  the  cleaning  solvents  and  the  bodily 
harm  associated  with  ultrasonically  activated  equipment  or  solutions  present  personnel 
health  hazards  which  require  protective  measures. 

There  are  five  distinct  steps  that  may  be  repeated  several  times  in  a given  cleaning 
procedure.  These  steps  are  listed  in  table  H (p.  66)  with  the  associated  information  re- 
garding cleaning  agents,  mechanical  methods  used  with  each  step,  and  the  purpose  of 
each  step.  The  particular  sequence  or  number  of  these  steps  in  a given  procedure  is  a 
direct  function  of  the  cleanliness  requirements  and  intended  application  or  prior  cleaning 
history  of  the  item  being  cleaned. 

The  chemicals,  cleaning  agents,  and  mechanical  aides  used  from  table  II  vary  as 
functions  of  materials  of  the  components  or  systems  being  cleaned.  In  some  instances 
cleanir^  procedures  are  specified  according  to  the  material  used  in  the  construction  of 
the  component,  whereas  in  other  instances  the  procedures  are  specified  according  to  the 
components.  The  latter  approach  is  most  often  used  where  two  or  more  dissimilar  ma- 
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terials  (such  as  a metal  and  a nonmetal)  or  two  different  metals  are  used  in  fabricating 
the  component.  Not  all  cleaning  agents  can  be  used  with  such  combinations  of  materials. 
For  example,  a highly  acidic  or  alkaline  cleaning  agent  may  be  suitable  for  one  metal 
but  not  for  the  other,  whereas  some  organic  solvents  may  cause  nonmetallic  materials 
to  swell  and  possibly  degrade  the  physical  or  chemical  properties  due  to  solvent  absorp- 
tion or  leaching  action.  Table  El  (ref.  26,  pp.  68  to  71)  illustrates  some  of  the  effects 
the  common  cleaning  agents  have  on  system  materials.  When  all  parts  of  a systt'm  can- 
not tolerate  the  same  cleaning  agent,  they  are  cleaned  separately  before  assembly.  Sub- 
sequent assembly  under  clean  conditions  (clean  room,  etc. ) avoids  the  need  for  further 
cleaning  with  stroi^  agents. 

An  example  of  the  cleaning  procedures  specified  according  to  material  as  given  in 
the  appendix  is  presented  in  tables  IV  and  V.  Table  IV  (pp.  72  and  73)  presents  proce- 
dures for  components  made  from  various  steel  alloys,  while  table  V (pp.  74  and  75)  pre- 
sents procedures  for  aluminum  and  its  alloys.  The  procedures  range  from  highly  com- 
plex (i.  e. , numerous  repetitions  of  basic  steps)  to  very  simple.  The  difference  in 
metals  to  be  cleaned  affects  the  choice  of  cleaning  agents,  their  concentrations,  and 
metal  exposure  times  and  temperature  ranges  at  which  exposure  to  cleaning  chemicals  is 
made.  This  is  evident,  for  example,  by  an  examination  of  step  10  in  table  IV  and  step  8 
in  table  V.  For  the  steel  alloys  (step  10,  table  IV),  cleaning  agent  formulation  contains 
a quantity  of  phosphoric  acid  (exposure  times  range  from  15  to  20  min)  at  temperatures 
between  80°  and  175°  F.  For  the  aluminum  and  its  alloys  (step  8,  table  V),  the  cleaning 
formulation  is  mildly  alkaline  and  exposure  times  are  30  to  120  minutes  at  80°  to  95°  F 
or  as  short  as  1 to  3 minutes  at  140°  to  180°  F.  Comparing  the  aforementioned  individ- 
ual cleaning  steps  for  the  given  material,  one  becomes  aware  of  the  variations  in  clean- 
ing agent  concentrations,  temperatures,  and  ejqposure  times  from  one  procedure  to  an- 
other. On  the  basis  of  the  documents  available  at  this  time,  technical  justification  for 
these  differences  cannot  be  established. 

The  information  presented  in  tables  IV  and  V must  mirror  the  cleanliness  require- 
ments previously  established.  Thus,  the  cleaning  procedures  fall  into  the  same  general 
classes  as  the  cleanliness  requirements.  The  following  are  some  examples: 

(1)  Aerospace  clean.  This  category  of  cleaning  procedures  must  meet  the  most  de- 
manding cleanliness  requirements  to  ensure  system  reliability  and  safety.  Gleaning 
procedures  in  this  category  can  be  further  grouped  into  four  distinct  groups: 

(a)  Manned  space  flight.  Preparation  for  such  flights  involves  the  greatest 
number  of  cleaning  steps  and  related  inspections  to  meet  the  most  stringent  cleanli- 
ness requirements  for  both  space  flight  hardware  and  ground  support  equipment. 

(b)  Short  duration  space  flight.  For  these  flights  the  cleaning  procedures  are 
simplified  somewhat  by  using  fewer  repetitive  steps  and  inspections. 
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(c)  Environmental  chambers.  These  chambers  could  be  environmental  simu- 
lators on  the  ground  or  spacecraft  cabins.  A new  factor,  the  human  body,  be- 
comes an  additional  source  of  contamination.  It  is  a living  source,  of  contamination 
which  cannot  be  eliminated  by  cleaning.  Therefore,  the  problems  it  presents  must 
be  accommodated  by  a very  careful  choice  of  materials,  detailed  design  considera- 
tions, and  corresponding  operating  procedures.  The  floors  and  walls,  where  feasi- 
ble, are  thoroughly  scrubbed  to  remove  visible  soils  (ref.  26).  People  are  required 
to  wear  lintless  protective  clothing,  booties,  and  head  gear  in  the  environmental 
chambers  and  the  spacecraft  prior  to  launch.  This  protective  equipment  is  cleaned 
to  oxygen  service  requirements. 

(d)  Research  test  apparatus.  Relatively  simple  procedures  are  used  if  the  ap- 
paratus is  small  and  the  consequences  of  fire  or  system  failure  are  limited  to  tol- 
erable levels. 

(2)  Commercial  clean.  This  cleaning  category  generally  involves  the  simplest 
cleaning  procedures  since  the  consequences  of  failure  are  designed  to  be  small  in 
ground-base  commercial  equipment  built  to  large  safety  factors.  Commercial  oxygen 
processors  do  achieve  aerospace  clean  conditions  when  required. 

Cleaning  is  expensive.  Cleaning  requirements  which  are  more  exacting  than  the 
risk  involved  in  system  failure  would  justify  are  not  cost  effective. 


VERFICATION  OF  CLEANLINESS 

The  verification  methods  for  determining  the  cleanliness  achieved  are  reviewed  iii 
references  2 to  22  and  25.  A list  of  the  more  common  verification  tests  are  presented 
in  table  VI  (pp.  76  to  78)  along  with  a general  description  of  the  procedures  used  in  each 
test,  the  results  that  should  be  expected,  and  the  limitations  of  the  test  method.  Verifi- 
cation of  cleanliness  usually  involves  a sequence  of  tests;  these  tests  are  presented  sep- 
arately in  table  VI.  The  types  and  sequence  of  verification  methods  to  be  used  are 
usually  specified  along  with  the  cleanliness  requirements  by  the  originating  agency. 

The  tests  described  in  the  table  are  of  two  categories: 

(1)  Direct  determination.  The  verification  techniques  are  based  on  direct  determin- 
ation of  the  cleanliness  condition  of  the  critical  surface: 

(a)  pH  paper  - to  determine  the  acidity  or  alkalinity  of  the  surface 

(b)  Wipe  - to  detect  particulate  matter 

(c)  Visual 

(i)  Ultraviolet  light  or  black  light  - to  detect  hydrocarbons  by  means  of 
fluorescence 
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(ii)  Water  break  - to  determine  the  presence  of  contaminant  film  by  the 
water's  inability  to  wet  the  surface 

(iu)  Flood  light  - to  detect  particulates 

These  are  all  qualitative  in  nature  and  are  effective  only  in  situations  where  the  critical 
surface  areas  are  easily  accessible  to  sight  or  touch. 

(2)  Indirect  determination.  The  verification  techniques  are  based  on  die  analysis  of 
a sample  of  the  final  rinse  fluid  (gas  or  liquid)  to  indirectly  determine  the  cleanliness 
condition  of  the  critical  surface.  The  test  methods  in  this  category  are  the  following: 

(a)  Gas  blowdown  - to  determine  by  filtering  and  counting  the  particulate  con- 

taminants collected  on  the  filter  paper 

(b)  Solvent  flush  - to  determine  by  filtering  and  counting  the  particulate  con- 

taminants collected  on  the  filter  paper 

(c)  Solvent  soluble  organic  residue  - to  detect  and  determine  organic  contami- 

nants such  as  oils,  hydrocarbons,  protective  film  coatings,  etc. 

(d)  Condensable  hydrocarbons  - to  determine  presence  and  quantity  of  hydro- 

carbons 

(e)  Nonvolatile  residue  - to  determine  the  quantity  of  solid  matter  contaminants 

Sampling  and  analysis  of  the  final  rinse  fluid  using  the  aforementioned  tests  consti- 
tute the  entire  basis  for  determining  the  cleanliness  condition  of  the  critical  surface 
area.  The  fluid  used  in  the  final  rinse  operations  has  to  be  of  exceptional  purity  to  fa- 
cilitate a reasonably  accurate  determination  of  the  quantity  of  contaminants  entrained  by 
the  fluid.  Also,  the  sampling  technique  must  be  properly  executed  to  obtain  a highly 
representative  sample  of  the  rinse  fluid.  A properly  executed  sampling  technique  means 
the  following: 

(1)  The  quantity  and  number  of  samples  taken  must  be  commensurate  with  the  sen- 
sitivity and  precision  of  the  cleanliness  verification  method  used. 

(2)  The  samples  taken  must  be  representative  of  the  entire  fluid  used  in  flushing  the 
critical  surface  area.  Also,  the  sampling  should  be  done  at  normal  operating  conditions 
of  the  system  or  component,  and  the  sampling  points  must  be  properly  located. 

(3)  The  samples  must  be  clear  of  extraneous  contamination  such  as  unclean  sampling 
equipment. 

Otherwise,  the  results  achieved  may  be  erroneous  and  an  acceptably  clean  part  may  be 
rejected  or  unacceptably  clean  part  may  be  accepted. 

The  gas  blowdown  and  solvent  flush  tests  are  qualitative  in  nature,  because  the 
particle  count  is  an  estimate  of  an  average  count.  The  remaining  three  tests  in  this 
category  are  quantitative  in  nature  because  the  infrared  spectrophotometric  or  gravime- 
tric determinations  are  used  in  establishing  the  quantity  of  the  contaminants  in  the  rep- 
resentative sample.  The  condensable  hydrocarbon  test,  however,  is  probably  the  least 
accurate  of  the  three.  This  is  because  of  the  Intricate  manipulations  required  to  isolate 
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the  condensable  hydrocarbons  and  because  an  arbitrary  factor  called  ** compensating 
evaporation  factor**  must  be  used  in  the  computation  to  determine  the  concentration  of 
the  contaminants.  These  combine  to  severely  degrade  the  test  results. 

In  general,  the  reproducibility  and  accuracy  of  all  the  test  results  described  in  ta- 
ble VI  vary  widely  and  are  functions  of  sampling  procedures,  the  test  methodology  it- 
self, and  the  ability  and  attitude  of  the  technician  performing  the  test. 

A limited  amount  of  verification  methodology  evaluation  was  performed  by  Hayes 
International  under  contract  from  Marshall  Space  Flight  Center  (ref.  27).  This  evalua- 
tion showed  that  evaporation  of  the  solvent  for  nonvolatile  residue  content  was  erratic 
because  of  the  effects  of  partial  vapor  pressures  of  the  organic  constituents,  whereas 
infrared  differential  absorption  spectroscopy  yielded  reproducible  and  accurate  data. 

The  evaluation  also  showed  that  the  basic  theoretical  parameters  required  to  provide  for 
accurate  and  reproducible  verifications  have  not  been  adequately  defined. 

The  summary  of  a paper  by  J.  P.  McDonald  of  Martin  Marietta  Corporation  (ref.  28) 
very  aptly  describes  the  current  state-of-the-art: 

...  It  is  not  a well  understood  fact  (outside  of  contamination  control  circles)  that  the 
sole  quantitative  content  of  all  vehicle  fluid  system  cleanliness  criteria  specifica- 
tions for  components  lies  in  the  content  of  the  final  rinse,  the  parameters  for  which 
have  never  been  quantitatively  defined.  All  effort  expended  on  this  activity  in  the 
vehicle  aerospace  field  has  relied  on  criteria  that  have  not  been  dimensionally  de- 
fined by  determinative  parameters,  at  least  with  regard  to  force  of  impingement, 
velocity  (or  ** volume**  of  flow),  orientation  of  surface  being  sampled,  accessory 
sampling  energy  (e.  g. , insonation),  or  other  characteristics  that  vitally  affect  the 
validity  of  results.  The  effort  has  depended  almost  totally  on  operator  interpreta- 
tion. 


CONCLUDING  REMARKS 

The  review  of  the  cleanliness  requirements,  cleaning  procedures,  and  verification 
techniques  indicates  the  following: 

1.  Existing  cleaning  requirements  generally  allow  the  quantity  of  particulate  con- 
taminants to  increase  with  a corresponding  decrease  in  size  of  the  particle  whether 
metallic  or  nonmetallic. 

2.  Cleanliness  requirements  for  manned  space  flight  are  the  most  stringent  as  re- 
gards allowable  maximum  particle  size  and  quantity  of  particles,  while  general  indus- 
trial requirements  are  the  least  demanding. 

3.  The  quantitative  justification  for  most  of  the  requirements  was  not  presented  in 
the  documents  reviewed.  Whether  such  justification  exists  or  testing  is  required  to  es- 
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tablish  the  requirements  cannot  be  stated  from  this  review. 

4.  Large  areas  of  uncertainty  or  areas  subject  to  interpretation  exist  in  some  of 
the  cleanliness  requirements  reviewed.  For  example,  at  a given  particle  size  the  per- 
missible quantity  is  not  specified  in  some  cases. 

5.  The  various  cleaning  procedures  are  all  based  on  five  steps;  degrease,  clean, 
rinse,  inspect,  and  dry.  The  sequence  and  repetition  of  these  steps  in  a given  cleaning 
procedure  depends  on  the  stringency  of  the  cleaning  requirements. 

6.  The  tests  used  to  verify  a required  level  of  cleanliness  are,  in  general,  unsup- 
ported by  adequate  quantitative  test  data  and  are  subject  to  the  introduction  of  errors  by 
the  test  technician. 

7.  Although  very  difficult  to  achieve,  the  proper  balance  between  cleaning  require- 
ments, procedures,  and  verification  techniques  is  quite  necessary.  Without  it  one  may 
expend  an  unwarranted  amount  of  time  and  effort  unnecessarily  recleaning  an  item  or 
may  damage  the  system  by  introducing  an  inadequately  cleaned  item. 

8.  Consideration  should  be  given  to  establishing  joint  National  Aeronautics  and 
Space  Administration  - Department  of  Defense  - American  Medical  Association  - 
Environmental  Protection  Agency  - industry  effort  to  develop  a series  of  uniform  proce- 
dures. These  should  be  based  on  actual  test  and  experimental  data  and  would  establish 
the  level  of  cleanliness  required,  methods  of  accomplishment,  and  verification  as  a 
function  of  the  final  application. 
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CLEANING  METHODS  AND  PROCESSES,  NASA  FRC  PROCESS 
SPECIFICATION  20-1,  NOVEMBER  1,  1970  (REF.  22) 


Specific  Cleaning  Processes  for  Breathing  Oxygen  Components  - Metallic 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

Op 

Remarks 

Reference 

paragraph 

1 

Preclean 

By  hand  wiping,  brush- 
ing, and  scraping. 

6.3. 1. 1 
(5. 1. 1) 

2 

Clean 

Trichloroethylene 

5 

Ultrasonic  or  vapor  de- 
grease or  flush  with 
5p  filtered  solvent  at 
circulation  rate  of 
20  component  volumes 
per  minute.  When 
flush  procedure  is 
used,  heated  solvent 
of  120°  - 140°  F is 
desired,  but  in  no 
case  shall  tempera- 
ture be  less  than 
60°  F. 

6.3. 1. 1 
(5.1.2) 

3 

Rinse 

Trichloroethylene 

Solvent  shall  be  fresh 
filtered  (S/i  nominal). 
Step  omitted  if  flush 
procedure  used  in 
step  2. 

6.3. 1. 1 
(5.1.3) 

4 

Dry 

Dry  nitrogen  and/or 
heating  to 

180  (max) 

Nitrogen  filtered  to  5 p 
nominal. 

6.3. 1.1 
(5. 1.4) 

5 

Flush 

Ethyl  alcohol 

Filtered  5p  nominal. 

6.  3.  1.  2 

6 

Rinse 

Demineralized  or  dis- 
tilled water 

6.  3.  1.  3 

7 

Dry 

Dry  nitrogen  or  by 
heating  to 

180  (max) 

6.  3. 1.  4 

8 

Check 

Halogen  detector 

Sniff  check  or  equiv- 
alent to  ensure  that 
all  traces  of  tri- 
chloroethylene or 
other  halogen  va- 
pors are  removed. 

6.3.  1.5 
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CLEANING  METHODS  AND  PROCESSES,  NASA  PRC  PROCESS 
SPECIFICATION  20-1,  NOVEMBER  1,  1970  (REF.  22) 


Basic  Cleaning  Process  for  Metallic  Articles 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°P 

Remarks 

Reference 

paragraph 

■ 

Preclean 

By  wiping,  brushing, 
and  scraping. 

B 

2 

Clean 

Trichloroethylene 

5 

Ultrasonic  or  vapor  de- 
grease or  flush  with 
5p  filtered  trichloro- 
ethylene at  circula- 
tion rate  of  20  com- 
ponent volumes  per 
minute.  When  flush 
procedure  is  used 
heated  trichloro- 
ethylene of  120°  - 
140°  F is  desired,  but 
in  no  case  shall  tem- 
perature be  less  than 
60°  F. 

5.  1.2 

3 

Rinse 

Trichloroethylene 

Solvent  shall  be  fresh, 
filtered  (5p  nominal). 
Step  omitted  if  flush 
procedure  used  in 
step  2. 

5. 1.3 

4 

Dry 

Dry  nitrogen  and/or 
heat  to 

180  (max) 

Nitrogen  filtered  to  5/u 
nominal. 
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CLEANING  METHODS  AND  PROCESSES,  NASA  FRC  PROCESS 
SPECIFICATION  20-1,  NOVEMBER  1,  1970  (REF.  22) 


Specific  Cleaning  Processes  for  Breathing  Oxygen  Components  - Nonmetallic 


Process 

Agent 

Preclean 

Paper 

Clean 

1%  nonionic  detergent  and 
water  solution 

Dry- 

Dry,  oil-free  nitrogen 
gas  or  air 

Rinse 

Demineralized  or  dis- 
tilled water 

Dry 

(a)  Dry,  oil-free  nitro- 
gen gas 

(b)  Heat  in  oven 

(c)  Vacuum 

Check 

Halogen  detector 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

Hand  wipe  clean  of  any 
visible  grease,  oil, 
or  contaminants. 

6. 3.2 
(5. 2. 1) 

140  (max) 

Either  scrub  with  non- 
metallic brush, 
flush  with  detergent 
solution  at  flow  rate 
of  20  component 
volumes  per  minute 
for  3 minutes,  or 
ultrasonic  clean  in 
detergent  solution. 

6.3.2 
(5. 2.  2) 

6.3.2 
(5. 2.  3) 

140  (max) 

6.3.2 

(5.2.4) 

120  - 140 

Filtered  through  5/i 
filter. 

Nonmetallic  gaskets  or 
parts,  such  as  O- 
rings,  shall  not  be 
subjected  to  tempera- 
ture above  140°  F. 

6.3.2 
(5.  2.  5) 

Sniff  check  of  equiva- 
lent to  ensure  that  all 
traces  of  trichloro- 
ethylene or  other 
halogen  vapors  are 
removed. 

6.  3.2 
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CLEANING  METHODS  AND  PROCESSES,  NASA  FRC  PROCESS 
SPECIFICATION  20-1,  NOVEMBER  1,  1970  (REF.  22) 


Step 

Process 

Agent 

1 

Preclean 

Paper 

2 

Clean 

1%  nonionic  detergent 
and  water  solution 

3 

Dry 

Dry,  oil-free  nitrogen 
gas  or  air 

4 

Rinse 

Demineralized  or  dis- 
tilled water 

5 

Dry 

(a)  Dry,  oil-free  nitro- 
gen gas 

(b)  Heat  in  oven 

Basic  Cleaning  Process  for  Nonmetallic  Articles 


Time, 

min 


140  (max) 


120  - 140 


Remarks 

Reference 

paragraph 

Hand  wipe  clean  of  any 
visible  grease,  oil, 
or  contaminants. 

5.  2.  1 

Either  scrub  with  non- 
metallic brush,  flush 
with  detergent  solu- 
tion at  flow  rate  of 
20  component  volumes 
per  minute  for  3 min- 
utes, or  ultrasonic 
clean  in  detergent  so- 
lution. 

5.  2.2 

5.  2.3 

5.  2.  4 

Filtered  through  5/1 
filter. 

Nonmetallic  gaskets  or 
parts,  such  as  O- 
rings,  shall  not  be 
subjected  to  tempera- 
tures above  140°  F. 

5.  2.  5 

KSC  (PROPOSED) 

NONMETALLIC  MATERIALS  (REF.  11) 


[Ref.  par.  3. 10. 2. 1. 2 and  others  as  noted.  Removable  nonmetallic  parts  may  be  cleaned  as  separate  items. 
When  nonmetallic  parts  cannot  be  removed  it  shall  be  cause  to  clean  the  item  as  a nonmetallic.] 


step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Clean 

0. 5%  solution  of  deter- 
gent per  MIL;  D- 16791 
and  deionized  water 

5 - 15 

no  - 130 

Clean  by  flushing,  soak- 
ing, spraying,  or 
sonic  energy. 

3.  9.  3.  3 

2 

Rinse 

Water 

F 

90  - no 

3 

Rinse 

Deionized  water 

5 

If  ultrasonic  cleaning 
used,  rinse  for  addi- 
tional 10  minutes  in 
ultrasonic  cleaner. 

4 

Inspect 

Narrow  range  pH  paper 

pH  must  be  betweer 
6 and  8,  otherwise 
repeat  steps  1-3. 

4.3 

5 

Dry 

Gaseous  nitrogen  or 
vacuum  drying  oven 

100  - 120 

Type  I,  class  1, 
grade  B of  spec. 
BB-N-411. 

3.10.2.4 

6 

Clean 

Trichlorotrifluoroethane 
or  isopropyl  alcohol 

1 

Use  only  compatible 
solvent-material 
combinations. 

7 

Inspect 

Particle  count  of  fluid 
from  step  6,  in  ac- 
cordance with  4.  3. 

8 

Dry 

Gaseous  nitrogen  or 
vacuum  oven 

100  - 120 

Remove  all  traces  of 
solvent  (see  spec. 
BB-N-411). 

22 


SYSTEMS  AND  EQUIPMENT  CLEANING,  CPIA  PUBLICATION  194 
ROCKET  PROPELLANTS(B)  OXYGEN  (REF.  21) 


Plastic  Parts 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Disassemble 

To  separate  aluminum 
steel  and  plastic 
parts. 

10,  a.  1 

B 

Clean 

4%  detergent  solution 

30 

120 

lO.b.  1 

B 

Rinse 

Distilled  water 

Several  times. 

10.  b.  2 

B 

Dry 

Nitrogen  gas 

10.  b.  3 

CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 
SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REP.  12) 

Electroplated  Parts  and  Components  Containing  Dissimilar  Metals 


step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Degrease 

Trichloroethylene  or  tri- 
chlorotrifluoroethane 

As  re- 
quired 

Ambient 

3-15 

3-75 

2 

Vapor  degrease 

Trichloroethylene  or  tri- 
chlorotrifluoroethane 

Boiling 

Immerse  parts  in  vapor 
until  condensation 
ceases.  Flush  with 
freshly  condensed  de- 
greaser solvent. 

3-15 

3-64 

3 

Alkaline  clean 

Alkaline  cleaner:  5-10 
oz/gal  tap  water 

15  - 25 

150  - 175 

Parts  shall  be  com- 
pletely free  of  step  2 
solution  because  of 
explosion  hazard. 

3-77 

4 

Rinse 

Tap  water 

5-10 

150 

3-84 

5 

Rinse 

Demineralized  water 

5 - 10 

150 

3-84 

6 

Dry 

Oven,  nitrogen  gas,  or 
vacuum 

180  - ,100 
140 

3-87 

7 

Rinse 

Detergent  solution:  1/2  -• 
1 oz/gal  tap  water,  de- 
mineralized water,  or 
trichloroethylene 

15  - 25 
As  re- 
quired 

120  - 140 

mL-D- 16791  type  I. 

3-86 

3-85 

8 

Flush 

Demineralized  water 

As  re- 
quired 

150 

Do  not  flush  of  solvent 
used  in  step  7. 

9 

Inspect 

10 

Dry 

Oven,  nitrogen  gas,  or 
vacuum 

180  - 200 
140 

3-87 
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CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 
SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REP.  12) 


Nonmetallic  Parts  and  Components  Containing  NonmetalUc  Parts 


Step 


Process 


Agent 


Time, 

min 


Tempera- 

ture, 


Remarks 


Reference 

paragraph 


2 

3 

4 


Detergent 

clean 

Rinse 

Rinse 

Dry 

Detergent 

rinse 

Inspect 

Dry 


Detergent  solution:  1/2  - 
1 oz/gal  of  tap  or  de- 
mineralized water 

Tap  water 

Demineralized  water 

Oven,  nitrogen  gas,  or 
vacuum 

Detergent  solution:  1/2  - 
1 oz/gal  of  tap  or  de- 
mineralized water 


Oven,  nitrogen  gas,  or 
vacuum 


5 - 10 


10 

10 


15  - 20 


120  - 140 

150 

150 

180  - 200 
140 

120  - 140 


180  - 200 
140 


MIL-D-16791  type  I. 


3-86 

3-84 

3-84 

3-87 

3-86 

3-89 

3-86 


{ CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 

I SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REF.  12) 


Metal  Filter  Elements 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

Op 

Remarks 

Reference 

paragraph 

1 

Vapor  de- 
grease 

Trichloroethylene  or  tri- 
chlorotrifluoroethane 

As  re- 
quired 

Boiling 

MIL-T-27602 
(FSN  6850-681-5688). 

3-64 

2 

Dry 

Oven,  nitrogen  gas, 
or  vacuum 

3-87 

3 

Ultrasonic 

clean 

Trichloroethylene  or  tri- 
chlorOtrifluoroethane 

3 - 5 

10°  below 
boiling 
point 

3-15 

3-79 

4 

Rinse 

Trichloroethylene 

5-7 

Ambient 

Solvent  filtered  through 
10 11  filter. 

3-85 

5 

Inspect 

6 

Dry 

Oven,  nitrogen  gas,  or 
vacuum 

180  - 200 
140 

3-87 

CLEANING,  TESTING,  AND  HANDLING  OF  OXYGEN,  FUEL,  AND  PNEUMATIC  COMPONENTS 
D5-12855,  BOEING  CO. , MAY  15,  1968  (REF.  9) 

Dead-End  Components  (Pressure  Gages,  Transducers,  etc. ) 

[|Ref.  par.  3. 0 and  others  as  noted.  Components  hot  to  be  immersed  in  cleaning  media,  and,  also,  com- 
ponents not  to  be  exposed  to  acid  (ref.  par.  3. 1).] 


Time,  Tempera-  Remarks 

min  ture, 


Inspect  exterior  and  vi- 
sible interior. 

Alternating  vacuum  sol- 
vent flush  (28  in.  of 
H^min.  vacuum). 

Fill  and  drain  com- 
ponent a minimum  of 
20  times.  Fresh 
solvent  for  each  fill. 
Two  other  methods 
are  also  stated. 

Rinse  significant  sur- 
faces usir.g  one  of  the 
methods  in  3. 2.  Must 
be  in  controlled  en- 
vironment per  6. 3, 2. 

Temperature  dependent 
on  parts  (see  6, 2. 6). 
Yacuum  oven  drying  is 
preferred. 


Process 

Agent 

Inspection 

Prior  to  precleaning 

Precleaning 

Trichloroethylene  preci- 
sion cleaning  agent, 
Dowclene  WR 

Final  cleaning 

Trichloroethylene  preci- 
sion cleaning  agent, 
Dowclene  WR,  use 
minimum  quantity  of 
solvent  per  7. 3. 1 

Drying 

Nitrogen  gas  per  BB- 
N-411;  air  Or  other  gas 
to  be  spectfically  ap- 
proved by  engineering 

2i 


CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 
SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REF.  12) 


Transducers,  Pressure  Gages,  and  Other  Dead-End  Cavity  Parts 


step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Fill 

Tx  ichloroethylene 

3/4  full  and  rotate  com- 
ponent gently  to  cir- 
culate fluid.  Repeat 
till  and  rotate  proce- 
dure two  times. 

3-15 

2 

Rinse 

Petroleum  ether 

3 

Inspect 

3-89 

4 

Dry 

Oven,  nitrogen  gas, 
or  vacuum 

180  - 200 
140 

3-87 

CLEANING  OF  OXYGEN  PRESSURE  GAGE  COMPONENTS, 

NAVAL  BOILER,  AND  TURBINE  LABORATORY,  MARCH  26,  1965  (REF.  18) 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Disassemble 

Disconnect  from  piping 
system,  remove  back 
of  gage,  elongate  coll 
of  capillary  tubing, 
and  open  capillary 
tubing  filing  off  tip. 

1-6 

2 

Clean 

Freon  PCA 

Forced  by  air  pressure 
(5  psig)  flow  150  ml  of 
Freon  PCA  at  approx- 
imately 50  ml/m  in. 

7-10 

Repeat  with  two  addi- 
tional 124  ml  portions 
and  reverse  flush  with 
100  ml  of  solvent. 

3 

Rinse 

Freon  PCA 

Introduce  50  ml  of  sol- 
vent through  connec- 
tion end  of  gage,  col- 
lect effluent  in  white 
porcelain  dish,  and 
evaporate  to  dryness. 

11 

4 

Inspect 

Ultraviolet  light  (3600  - 
3900  A) 

White  dish  from  step  3 
checked  for  fluores- 
cence. If  fluores- 
cence observed,  con- 
tinue flushing. 

11-12 

5 

Assemble 

13-15 
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CLEANING  AND  TESTING  OF  OXYGEN  AND  NITROGEN  GAS  PIPING  SYSTEMS 
MIL-STD-1330  (SHIPS),  MAY  10,  1968  (REF.  20) 


Bourdon  C Tube  Pressure  Gages 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Disassemble 

4.  5.  1.  1 

Clean 

Trichlorotrifluoroethane 

MIL -C -8 1302  type  I 
ultra-clean  at  flow 
rate  of  50  mil/min. 

4.  5.  1.  8 

Check 

Ultraviolet  light  (3600  - 
3900  A) 

Continue  flushing  if 
fluorescence  is 
evident. 

4.  5. 1. 10 

4 

Dry 

Dry,  oil -free  nitrogen 

4.5. 1.11 

CLEANING  METHODS  AND  PROCESSES,  NASA  FRC  PROCESS 
SPECIFICATION  20-1,  NOVEMBER  1,  1970  (REF.  22) 


Specific  Cleaning  Process  for  Pressure  Transducers  and  Bourdon  Tubes 


Step 

Process 

Agent 

Time, 

Tempera- 

Remarks 

Reference 

min 

hire, 

°F 

paragraph 

B 

Preclean 

Trichloroethylene 

Hot  solvent. 

6. 5. 1. 1 

2 

Clean 

Trichloroethylene 

1 

180±5 

Soak  in  hot  solvent. 

6.  5.  1.  2 

1 

Ambient 

Place  in  ambient  sol- 

6.  5.  1. 3 

vent.  Repeat  cycle 
10  times.  Ambient 
solvent  not  to  ex- 
ceed 85°  F. 

3 

Dry 

Oven 

150 

250±10 

For  Bourdon  tubes. 

6.  5.  1. 4 

150 

180±10 

For  pressure  trans- 

ducers. 

B.  Material 

1.  Aluminum 

2.  Brass,  bronze,  copper 

3.  Carbon  steel  and  carbon  steel  alloys 


CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSELE 
SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REF.  12) 


Aluminum 


step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Mechanical  de- 
scaling 

As  re- 
quired 

3-39 

2 

Degrease 

Trichloroethylene 

As  re- 
quired 

Ambient 

MIL-T-27602. 

3-15 

3-75 

3 

Vapor  de- 
grease 

Trichloroethylene  or  tri- 
chlorotrifluoroethane 

MIL-T-27602 
(FSN  6850-681-5688). 

4 

Alkaline 

clean 

Sodium  carbonate 
(3  oz/gal),  trisodium 
phosphate  (3  oz/gal), 
remainder  tap  water 

1-3 

140  - 180 

5 

Rinse 

Tap  v/ater 

150 

6 

Pickle 

HNOg  (12%  by  volume), 
HF  (!*?■  by  volume), 
remainder  tap  water 

Ambient 

7 

Rinse 

Demineralized  water 

150 

8 

Dry 

Oven  heated  nitrogen 
or  vacuum 

180  - 200 
140 

MIL-P-27401;  filtered 
through  10 fi  filter. 

9 

Rinse 

Detergent  solution:  1/2  - 
1 oz  of  sol/gal  tap  or 
demineralized  water 
or  trichloroethylene 

15  - 25 

120  - 140 

MIL-D- 16791  type  I. 
MIL-T-27602. 

10 

Plush 

Demineralized  water 

As  re- 
quired 

150 

Do  not  flush  if  solvent 
used  in  step  9. 

,11 

Inspect 

12 

Dry 

See  step  8 
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CLEANING  PROCEDURES  - METALS  CLEANING  SPI-49.  Ill 
LINDE  COMPANY,  DIV.  OF  UNION  CARBIDE,  DECEMBER  28,  1965  (REF.  8) 


Aluminum 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Preclean 

Diversey  1319 
(1)  3 oz/gal 

Ambient 

(1)  Code  3008-2825: 
step  1,  preclean  with 
solution  gun  only  if 
aluminum  is  contam- 
inated with  oil  or  other 
heavy  soil. 

02.  1 

2 

Rinse 

Cold  water  (2)  or  hot 
water  (2) 

(2)  Water  shall  be 
potable. 

(3)  Code  3008-3000. 

.02.2 

3 

Clean/etch 

Aluminux: 

Diversey  aluminum 
(6  oz/gal) 
Diversey  202(4) 

(2  oz/gal  of  water) 

(5) 

1 - 2 

160 

(4)  Code  3008-2775. 

(5)  For  light  gage  ma- 
terial; heavy  gage  ma- 
terial not  to  be  soaked 
longer  than  necessary. 

.02.3 

4 

Rinse 

Hot  water 

.02.4 

5 

Deoxidize  or 
desmut 

Diversey  596(6) 

(7  oz/gal  water), 
HgSO^  (7%  by  volume), 
remainder  water 

(6)  Code  3002-1300. 

.02.5 

6 

Rinse 

Hot  water 

.02.6 

7 

Dry 

Air  (7) 

(7)  Clean,  dry,  oil 
free. 

SYSTEMS  AND  EQUIPMENT  CLEANING,  CPIA  PUBLICATION  194 
ROCKET  PROPELLANTS(B)  OXYGEN  (REF.  21) 

Aluminum,  Aluminum  Alloys 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

DisassemMy 

To  separate  aluminum 
plastic  and  steel 
parts. 

10.  a.  1 

2 

Degrease 

Per  chloroethylene 

30 

10,  a.  2 

3 

Rinse 

Alcohol 

10.  a.  2 

4 

Rinse 

Water 

10.  a.  2 

5 

Clean 

4%  solution  of  aluminum 
cleaner 

30 

10.  a.  3 

6 

Rinse 

Water 

10.  a.  3 

7 

Final  clean 

Steam 

10.  a.  5a 

8 

Dry 

Nitrogen 

10.  a.  5b 
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ALUMINUM  CLEANED  BY  SOLUTION  SPRAYING 
KSC  (PROPOSED)  (REF.  11) 

[Ref,  Par.  3. 10.  3.  5 and  others  as  noted.] 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

Precleaning 

Trichloroethylene  type  H 
trichlorotr  if  i uoro- 
ethane,  or  0. 5%  solu- 
tion of  a detergent  in 
deionized  water 

5 - *15 

o 

CO 

* 

1 

o 

Conform  to  MSFC- 
SPEC-217. 

Conform  to  MSFC- 
SPEC-237, 

*For  detergent  solution 
only. 

3,10.3,5.1a 

(3. 9. 3 & 
3,10.3,1) 

2 

Clean 

Formula  IV: 

% by  wt  Material 

9 ±0.4  2-butoxy- 

ethanol 
solvent 
1.  5±0. 1 Na2HP04 
0.  5±0. 05  Surfactant 

(alkyl  aryl 
polyethylene 
glycol  ether) 
Remainder  deionized 
water 

60  - 120 

80  - 95 

Spray  minimum  flow  of 
6 gal/min/ft  at  item; 
maximum  i.  d,  at  a 
spray  head  delivery; 
P = 150  - 200  psig. 

3.10.3.5.1b 
(3.10,  3.3.3) 

3 

Rinse 

Deionized  water 

30 

Ambient 

Delivery  rate  same  as 
step  2.  Continue 
rinse  until  evidence 
of  surfactant  disap- 
pears. 

4 

Brighten 

Formula  V: 

% by  vol  Material 

23±0.  5 61%  HNOg 

Remainder  deionized 
water 

20  - 40 

Ambient 

Spray  delivery  rate 
same  as  step  2. 

3.10.3.5.1c 

(3.10.3.3) 

5 

Rinse 

Steps  1 and  3 

Steps  4 and  5 to  be  ac- 
complished if  smut 
has  developed  on  the 
part  during  steps 
1 - 3. 

3.10.5.1d 
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Continued.  ALUMINUM  CLEANED  BY  SOLUTION  SPRAYING 
KSC  (PROPOSED)  (REF.  11) 


Remarks 


(1)  For  rotating  head 
spray  machine  - 

(a)  Lower  spray 
head  to  lowest  point 
of  item  cleaned. 

(b)  Spray  at  rate 
2. 2 gal/m  in/ft. 

(c)  Delivery 

P = 150-200  pslg. 

(d)  Rinse  spray 
head  vertically  at 
rate  of  1 ft/min. 

(e)  Take  test 
samples  from  lowest 
point. 

(f)  2500  ml  sample 
to  be  obtained  in  58  - 
62  sec. 

(g)  Steps  (a)  - (e) 
must  be  correlated  so 
that  2500  ml  test  sam- 
ple will  represent 

1 ft^  of  critical  sur- 
face area. 

(h)  Collect  first 
2500  mil  sample  at 
start  of  spray;  sec- 
ond when  spray  head 
traversed  50%  of  ver- 
tical distance;  col- 
lect third  sample  as 
spray  head  approaches 
highest  point. 

(2)  For  rotating  spray 
wand  - same  as  step  6 
except  2500  ml  samples 
will  be  taken  at  first, 
third,  and  fifth  minutes 
of  spray. 


.10.3.5.  Id 
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Concluded.  ALUMINUM  CLEANED  BY  SOLUTION  SPRAYING 
KSC  (PROPOSED)  (REF,  11) 


Step 

Process 

^igent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

7 

pH  test 

Narrow  range  pH  paper 

All  samples  analyzed  to 
to  4. 3. 

pH  sensitive  to  0. 1 pH 
unit.  pH  range, 

6.  0 - 8.  0.  If  non- 
conformance flush 
15  minutes  and  test, 
on  second  failure  re- 
clean steps  1-6. 

3.10.3.5.1e 

(3.10.3.31) 

8 

Dry 

Gaseous  nitrogen 

To  a dew  point  of  -65°  F 
at  all  critical  parts 
per  4. 3.  Final 
5 minutes  gaseous 
nitrogen  at  system 
operating  pressure; 
if  unattainable,  purge 
velocity  at  farthest 
downstream  exit  port, 
shall  be  35  SCFM. 

(3.10.3.3j) 

(3.10.3.3k) 

9 

Repeat  rinse 

Trichloroethylene;  tri- 
chlorotrifluoroethane 

15 

Flow  rate  of  6 gal/min/ 
ft.  Spray  head  pres- 
sure 80  - 100  psig. 

10 

Drain 

11 

Repeat  rinse 

Step  6 (1)  or  6 (2) 

Delivery  pressure,  20  - 
100  psig. 

Test  solvent  - if  unac- 
ceptable, repeat 
steps  1-11. 

12 

Test 

13 

Dry 

Same  as  step  8 
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KSC  (PROPOSED)  (REF,  11) 
Aluminum 


[Ref.  par.  3. 10. 2. 3 and  others  as  noted.3 


step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Mechanical  de- 
scale 

Brushing,  shot  peening, 
etc. 

As  required. 

3.9.2 

2 

Degrease 

Trichloroethylene  or  tri- 
chlorotrifluoroethane 

Solvent  or  vapor 
MSFC-SPEC-217  or 
MSFC -SPEC -237, 

3.  9.  3.  1 

3 

Dry 

Gaseous  nitrogen 

Type  I,  class  1, 
grade  B of  spec. 
BB-N-411. 

3. 10.2.4 

4 

Remove  cor- 
rosion 

23±5%  by  volume  of  61% 
nitric  acid,  remainder 
is  deionized  water 

10  - 60 

Ambient 

Formula  V. 

3. 10 

5 

Rinse 

Water 

5 

90  - no 

6 

Rinse 

Deionized  water 

3 

•t 

Dry 

Gaseous  nitrogen 

120  - 140 

Clean 

By  weight: 

9%  2-Butoxyethanol 

solvent 

1. 5%  Sodium  phos- 
phate, dibasic, 
anhydrous 
0. 5%  Surfactant 
Remainder  is  deionized 
water 

30  - 120 

80  - 95 

Flush,  soak,  brush,  or 
sonic  clean. 

3. 10 

9 

Rinse 

Water 

5 

90  - no 

10 

Rinse 

Deionized  water 

3 

If  ultrasonic  cleaning 
used,  rinse  additional 
10  minutes  in  ultra- 
sonic cleaner. 

11 

Brighten  and 
passivate 

Same  as  step  4 

10  - 30 

Ambient 

Step  8,  cleaning  is 
usually  adequate. 

12 

Rinse 

Water 

5 

90  - no 

Only  if  step  11  used. 

^All  fluids  used  in  steps  8 to  18  shall  be  prefiltered  prior  to  use  to  meet  the  cleanliness  level  specified  for 
the  item  when  tested  according  to  4,  5. 2. 
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Concluded.  KSC  (PROPOSED)  (REF.  11) 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

13 

Rinse 

Deionized  water 

5 

Only  if  step  11  used. 

14 

pH  test 

Narrow  range  pH  paper 

Repeat  steps  2 - 13  if 
pH  not  between  6. 0 
and  8. 0. 

15 

Dry 

Gaseous  nitrogen 

120  - 140 

Vacuum  drying  oven 
also  acceptable. 

16  . 

Flush 

Trichlorotrifluoroethane 

1 

MSFC-SPEC-237. 

17 

Inspect 

By  analysis  of  fluid 
from  16. 

18 

Dry 

Gaseous  nitrogen 

120  - 140 

Vacuum  drying  oven 
also  acceptable. 

37 


CLEANING,  TESTING,  AND  HANDLING  OF  OXYGEN,  FUEL,  AND  PNEUMATIC  COMPONENTS 
DS- 12855,  BOEING  CO. , MAY  15,  1968  (REF.  9) 

Coated  Aluminum 

[Not  to  be  subjected  to  temperatures  exceeding  130°  F.] 


Process 


Rough  cleaning 

Solvent  flush  Trichloroethylene,  pre- 
cision cleaning  agent, 
or  Dowclene  WR 

Ultrasonic  de-  Detergent-water  solu- 
tergent  tion(l) 


Ultrasonic 
water  rinse 


5 Dry 


Distilled  or  deionized 
water  (3) 


Nitrogen  gas,  air,  or 
other  gas  specifically 
approved  by  engineer- 


130  (max) 

(2) 


Remarks 


Clean  per  BAC5765.  7.5.2a 


(1)  Water  distilled  or  6. 2. 4 
deionized  having  min- 
imum specific  resist- 
ance of  50  000  S7.  De- 
tergents conform  to 
MIL-D-16791  type  I. 

Detergent  concentra- 
tion, 0. 1 - 0. 6 oz/gal 

of  water. 

(2)  Solution  may  be 
heated  to  130°  F (max), 
provided  it  is  followed 
by  a heated  (max, 

130°  F)  water  rinse. 

(3)  Must  have  mini-  6. 2. 5 
mum  specific  resist- 
ance of  50  000  n and 

pH  6.0  - 8.0. 

(4)  Gas  shall  meet  re- 
quirements of  6. 2. 1. 1: 
shall  not  contain  con- 
siderable hydrocarbons 
in  excess  of  3 ppm  by 
weight,  shall  not  exceed 
60%  relative  humidity  at 
ambient  temperature. 

(5)  Drying  gas  may  be  6. 2. 6 or 
heated  providing  parts  6. 2. 7 
do  not  exceed  130°  F 

for  MIL-C-5541  coated 
parts. 


Concluded.  CLEANING,  TESTING,  AND  HANDLING  OF  OXYGEN,  FUEL,  PNEUMATIC  COMPONENTS 

DS- 12855,  BOEING  CO.,  MAY  15,  1968  (REF.  9) 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

6 

Visual  accept- 
ance inspec- 
tion 

4.9 

7 

Final  flush 

Step  2 

3 

6.2.2 

8 

Dry 

Step  5 
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CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 
SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOV'EMBER  15,  1967  (REF.  12) 

Brass,  Copper,  and  Bronze 


1 

1 

Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

B 

Mechanical  de- 

As  re- 

3-39 

1 

fs 

scaling 

quired 

1 

2 

Degrease 

Trichloroethylene 

As  re- 

Ambient 

MIL-T-27602. 

3-15 

1 

f 

quired 

3-75 

? 

3 

Vapor  de- 

Trichloroethylene  or  tri- 

MIL-T-27602 

3-15 

5 

grease 

chlorotrifluoroethane 

(FSN  6850-681-5688). 

3-16 

3-64 

1 

4 

Alkaline 

Alkaline  cleaner:  5-10 

150  - 175 

Fed.  spec.  P-C-436. 

3-59 

clean 

oz/gal  tap  water 

1 

5 

Rinse 

Tap  water 

5-10 

150 

i 

6 

Pickle 

H2SO4,  8. 6%  by  volume; 

120  - ‘ 0 

Solution  temperature 

3.61 

1 

HNOg,  1.4%byvol- 

and  immersion  time 

ume;  demineralized 

to  be  determined  from 

1 

water,  90%  by  volume; 

test  coupons. 

f 

or  HF,  10  - 15%  by 

1 

volume;  demineralized 

f 

water  for  remainder 

7 

Rinse 

Demineralized  water 

5-10 

150 

8 

Dry 

Oven,  nitrogen  gas, 

180  - 200 

3-87 

• 

or  vacuum 

140 

9 

Rinse 

Detergent  solution;  1/2  - 

15  - 25 

120  - 140 

MIL-n-16791  type  I. 

3-86 

i 

1 oz/gal  of  tap  water. 

3-85 

: 

demineralized  water. 

or  trichloroethylene 

10 

Flush 

Demineralized  water 

As  re- 

150 

Do  not  flush  if  solvent 

1 

quired 

used  in  step  9. 

■f 

11 

Inspect 

3-89 

1 

12 

Dry 

Same  as  step  8 

3-87 
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KSe  (PROPOSED)  (REF.  11) 
Copper  and  Copper  Alloys  (3. 10, 2. 4) 


Step 

Process 

Agent 

Time, 

Tempera 

Remarks 

Reference 

min 

ture, 

°F 

paragraph 

1 

Mechanical  de- 

Brushing,  shot  peening, 

As  required. 

3.9.2 

scale 

etc. 

2 

Degrease 

Trichloroethylene  or  tri- 

MSFC-SPEC-217. 

3. 9. 3.1 

chlorotrifluoroethane 

MSFC-SPEC-237. 

3 

Dry 

Gaseous  nitrogen 

Type  I,  class  1, 

3. 10. 2. 4 

grade  B of  spec. 
BB-N-411. 

4 

Corrosion  re- 

6. 5 - 93%  Sulfuric  acid 

10  - 30 

Ambient 

For  heavy  corrosion. 

3. 10. 1. 7 

moval 

17  - 61%  Nitric  acid 

Remainder  is  deionized 

water 

5 

Rinse 

Water 

5 

90  - llO'' 

6 

Rinse 

Deionized  water 

3 

> 

One  if  step  4 is  used. 

7 

Dry 

Gaseous  nitrogen 

120  - 140.- 

8 

Clean 

30  - 85%  Orthophos- 

60  -90 

80  - 105 

Will  remove  light  cor- 

3. 10.2.4 

phoric  acid 

rosion  and  oxidation 

20-2%  2-Butoxy- 

so  that  step  4 may  not 

ethanol  sol- 

be  required. 

vent 

1%  Surfactant 

Remainder  is  deionized 

water 

9 

Rinse 

Water 

5 

90  - 110 

10 

Rinse 

Deionized  water 

3 

If  ultrasonic  cleaner 

3. 10. 2. 4 

used,  rinse  additional 
10  minutes  in  ultra- 
sonic cleaner. 

11 

Brighten 

Same  as  4 

10  - 30 

Ambient 

For  cupro-nickel  alloys 

3. 10. 2.  4 

and  silicon  bronzes 

12 

13 

Rinse 

Rinse 

Water 

Deionized  water 

5 

5 

90  - 110] 

J 

Only  if  step  11  is  used. 

3. 10. 2. 4 

14 

pH  test 

pH  paper  (narrow 

Repeat  steps  2 - 13  if 

3. 10.  2. 4 

range) 

pH  not  between  6. 0 
and  8. 0. 
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Concluded.  KSC  (PROPOSED)  (REF.  li) 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F  ■ 

Remarks 

Reference 

paragraph 

15 

Dry 

Gaseous  nitrogen  or 
vacuum  drying  oven 

120  - 140 

16 

Flush 

Trichlorofluoroethane 

1 

MSFC-SPEC-237. 

3. 10.  2.  4 

17 

Inspect 

By  analysis  of  fluid 
from  16  in  accord- 
ance with  4. 3. 

18 

Dry 

Gaseous  nitrogen  (same 
as  step  15) 

CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 
SYSTEMS  T.  O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REF.  12) 

Carbon  Steel  and  Carbon  Steel  Alloys 


Step 

Process 

Agent 

1 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

1 

Mechanical  de- 
grease 

As  re- 
quired 

2 

Degrease 

Trichloroethylene 

MIL-T-27602. 

3 

Vapor  de- 
grease 

Trichloroethylene  or  tri- 
chlorotrifluoroethane 

As  re- 
quired 

Degreaser 
operat- 
ing tem- 
perature 

MIL-T-27602 
(FSN  6850-681-5688). 

4 

Alkaline  clean 

Alkaline  cleaner  5-10 
oz/gal  of  tap  or  de- 
mineralized water 

15  - 20 

150 

Fed.  5jpec.  P-C-436. 
Parts  shall  be  com- 
pletely free  of  step  3 
solvents  because  of 
possible  explosion 
hazard. 

5 

Rinse 

Tap  water 

5-10 

150 

6 

Pickle 

HF,  15  - 20%  by  volume; 
Rodine  50  or  equiva- 
lent inhibitor,  0. 25  - 
0. 50%  by  volume;  tap 
water,  balance. 

15  - 30 

Ambient 

7 

Rinse 

Tap  water 

5-7 

150 

Omit  if  step  6 omitted. 

8 

Rinse 

Demineralized  water 

3-5 

150 

9 

Bake 

180 

375±25 

Required  only  for  steels 
harder  than  Rockwell 
C32  to  prevent  hydro- 
gen embrittlement. 

10 

Protective 

coat 

Corrosion  preventative 

As  re- 
quired 

Ambient 

11 

Dry 

i 

Oven,  nitrogen  gas, 
or  vacuum 

As  re- 
quired 

180  - 200 
140  . 

12 

1 

Rinse 

Detergent  solution,  1/2  - 
1 oz/gal  tap  water, 
demineralized  water, 
or  trichloroethylene 

15  - 25 

120  - 140 

MIL-D- 16791  type  I. 

3-39 

3-15 

3-75 

3-15 


3-77 


3-84 

3-51 


3-84 

3-84 

3-55 

3-87 

3-86 


Concluded.  CLEANING  AND  INSPECTION  PROCEDURES  FOR  BALLISTIC  MISSILE 
SYSTEMS  T.O.  42C-1-11  CHANGE  2,  NOVEMBER  15,  1967  (REF.  12) 


I 

I 

i 

) 

i 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

Op 

Remarks 

Reference 

paragraph 

13 

Flush 

Demineralized  water 

As  re- 

150 

Do  not  flush  if  solvent 

quired 

used  in  step  12. 

14 

Inspect 

15 

Dry 

Same  as  step  10. 

3-87 

PLUM  BROOK  RDL-003  (REP.  3) 


Carbon/Steel 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Degrease 

Trichloroethylene  (Fed. 
spec.  0-T-634b) 
or  detergent-water 
solution 

140  - 160 

As  required. 
As  required. 

3. 1. 1 

2 

Rinse 

Distilled  or  deionized 
water 

Until  detergent  is  no 
longer  evident. 

3. 1.2 

3 

Clean 

20%  by  volume  of  in- 
hibited hydrochloric 
acid  (Fed.  spec. 
O-A-86) 

Until  area  is  clean  and 
free  of  rust  and  scale. 

3. 1.3 

4 

Rinse 

0. 02%  by  weight  of  citric 
acid  solution 

Continue  rinse  until  ef- 
fluent pH  = influent 
pH. 

3. 1.4 

5 

Flush 

By  weight  a solution  of 
0. 5%  sodium  hydro- 
oxide, 0. 5%  sodium  ni- 
trate, 0. 25%  mono- 
sodium phosphate  with 
distilled  or  deionized 
water. 

30 

3.1.5 

6 

Inspect 

4.0 

7 

Dry 

Dry,  hydrocarbon-free, 
gaseous  nitrogen 

2 

As  required. 

3. 1.6 

8 

Package 

C.  Tanks 

1.  Aluminum  and  aluminum  alloy  tanks 

2.  Cryogenic  tanks 
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SYSTEMS  AND  EQUIPMENT  CLEANING,  CPIA  PUBLICATION  194 
ROCKET  PROPELLANTS(B)  OXYGEN  (REF.  21) 

Aluminum  and  Aluminum  Alloy  Tanks 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Preclean 

Remove  burns,  grease, 
dirt,  scale. 

10.  d.  1 

2 

Degrease 

Solvent 

30 

10.  d.  2 

3 

Rinse 

Alcohol 

10.  d.  3 

4 

Wash 

Water 

10.  d.  4 

5 

Clean 

4^  aluminum  cleaning  so- 
lution 

20 

Room 

10.  d.  5 

6 

Wash 

Water  or  steam  clean 

10.  d.  7 

7 

Dry 

Dry  nitrogen 

10.  d.  7 

CLEANING  PROCEDURES  - METALS  CLEANING  SPI-49.  Ill 
LINDE  COMPANY,  DIV.  OF  UNION  CARBIDE,  DECEMBER  28,  1965  (REF.  8) 


Aluminum  Shells 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Etch 

Diversey  aluminux, 

(1)  6 oz/1  gal  water; 
Diversey  202 

(2)  2 oz/gal  water 

160 

Swab  with  solution: 

(1)  Code  3008-3000 

(2)  Code  3008-2775 

.08. 1 

2 

Rinse 

Cold  water  (3) 

(3)  Water  shall  be  pot- 
able. 

.08.2 

3 

Deoxidize/ 

desmut 

Diversey  596,  7 oz/gal 
water;  H2SO4  1%  by 
volume;  remainder 
water 

Ambient 

Swab  with  solution  in- 
side and  outside  of 
the  shell. 

.08.3 

4 

Rinse 

Cold  water 

.08.4 
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CLEANING  OF  CRYOGENIC  TANKS  FOR  LOg,  LNg,  AND  LHg  SERVICE, 

AIR  FORCE  ROCKET  PROPULSION  LABORATORY  TECHNICAL  INSTRUCTION, 
AFRPL  TI  5-4-3,  NOVEMBER  1967  (REF.  25) 


Process 


Time,  Tempera- 
min  ture. 


Remarks 


Reference 

paragraph 


1 (!Hean 


Solvent 


2 Dry 


Nitrogen  gas 


Hot  vapors  of  unspec- 
ified solvent  until 
inlet  and  outlet 
temperatures  are 
within  5°  F. 

Purge  with  warm  gas 
filtered  through  10  p 
filter  until  escaping 
gas  smells  sweet 
(no  evidence  of 
characteristic  sol- 
vert  lumes)  and  reg- 
isters a dew  point  of 
-63°  F or.  less. 


CLEANING  OF  CRYOGENIC  TANKS  FOR  LOg,  LNg,  and  LHg  SERVICE, 

AIR  FORCE  ROCKET  PROPULSION  LABORATORY  TECHNICAL  INSTRUCTION, 
AFRPL  TI  5-4-3,  NOVEMBER  1967  (REF.  25) 


Detergent  or  Alkaline  Solution  Cleaning 


step- 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Preclean 

Vacuum 

NO  SWEEPING,  dust 
cannot  be  removed 
from  the  vessel. 

6.  a.  1 

2 

Clean^ 

Hot  solution 

30 

175  - 180 

Unspecified. 

6.b.  1 

3 

Rinse 

Demineralized  water 

Ambient 

Filtered  through  10 /u 
filter. 

(a)  For  alkaline  so- 
lutions, use  pH  meter 
or  transmitted  light 
examination  to  deter- 
mine when  the  alkalin- 
ity of  outlet  equals 
inlet. 

(b)  For  neutral  solu- 
tions, flow  a volume  at 
least  6 times  the  capac- 
ity of  the  vessel. 

6.b.5 

4 

Dry 

Warm  dry  nitrogen  gas 

Purge  until  escaping  gas 
registers  a dew  point 
of  -63°  F or  less. 

6.b.6 

^0  not  clean  aluminum  alloy  vessels  with  caustic  or  alkaline  solutions  unless  specifically  approved. 
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CLEANING  OF  CRYOGENIC  TANKS  FOR  LO£,  LNg,  AND  LHg  SERVICE, 

AIR  FORCE  ROCKET  PROPULSION  LABORATORY  TECHNICAL  INSTRUCTION, 
AFRPL  TI  5-4-3,  NOVEMBER  1967  (REF.  25) 


Manual  Cleaning 


Process 

Agent 

Preclean 

Vacuum 

Clean 

Unspecified  solvent 

Rinse 

Potable  or  demineralized 
water 

Pressure 

check 

Dry  nitrogen 

Purge 

Gaseous  nitrogen 

Time,  Tempera- 
min  ture. 


Remarks 


NO  SWEEPING,  dust 
cannot  be  removed 
from  the  vessel. 

Solvent  if  not  certified 
must  pass  through 
10  p filter;  in  all 
cases  surfaces  shall 
be  thoroughly  wiped 
or  scrubbed  with  rags 
or  brushes. 


Pressurize  to  operating 
pressure;  hold 
24  hours  within  3 psig 
corrected  for  temper- 
ature. Closure  shall 
not  leak. 

Repeatedly  pressurize 
and  dump  until  efflu- 
ent gas  smells  sweet 
(no  evidence  of  char- 
acteristic odors  of 
cleaning  solution  used 
and  dew  point  = -63°  F 
or  less). 


D.  Tubing 

1.  Aluminum  alloy  tubing 

2.  Nonferrous  pipe  assemblies,  tubing 

3.  Steel  pipe,  pipe  assemblies,  tubing 
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MSFC  SPEC-164A  (REF.  5) 
Aluminum  Alloy  Tubing 


t 


Step 

Process 

Agent 

Time, 

Tempera- 

Remarks 

Reference 



min 

ture, 

°F 

paragraph 

1 

Cleaning 

■1 

160±10 

Circulation  rate  at  least 

3.  5. 2. 6 

■ 

20  tubing  or  hose 
volumes  per  min. 

3.5. 1.6 

2 

Flushing 

Tap  water 

mi 

Room 

3 

Cleaning 

3. 0 - 5. 0%  nitric  acid 

85  - 95 

Spec.  O-N-350: 

3.  5.2.6 

■ 

Phosphoric  acid  solu- 
tion 0. 5'^  by  wt  to  re- 
move heavy  soils. 

4 

Flushing 

Df  i>’i  riUzed  water 

10 

Room 

No  particle  over 

3. 2. 10 

175  microns,  etc. 

3.  5.  1.  6 
3.5.  2.6 

4.  4.  3. 1 

5 

Dry 

CLEANING  PROCEDURES  - METALS  CLEANING  SPI-49.  Ill 
LINDE  COMPANY,  DIV.  OF  UNION  CARBIDE,  DECEMBER  28,  1965  (REF.  8) 


Nonferrous  Pipe  Assemblies  and  Parts 


Step 

Process 

Agent 

Time, 

min 

Temper! 
ture,  1 

°lii  li 

ll, 

[ 

Remarks 

Reference 

paragraph 

1 

Preclean 

Diversey  1319  (ij  3 oz/gal 
water 

Ambient' 

1; 

(1)  Code  3008-2825; 
step  1 optional. 

.03 

2 

Rinse 

Hot  water  (2) 

■i 

1 

Remove  flux;  (2)  water 
shall  be  potable 

.03.  1 

3 

Pickle 

NagCrgO,^,  9 oz/gal 
water;  HgSO^,  16%  by 
volume  water 

Ambient 

1 

Soak  until  uniformly 
pickled. 

.03.2 

4 

Rinse 

Cold  or  hot  water 

i 

1 

( 

.03.3 

5 

Clean 

Step  1 

5'i 

.03.4 

6 

Rinse 

Step  4 

! . A. 

' 'f 

- E 

.03.5 

7 

Dry 

CLEANING  PROCEDURES  - METALS  CLEANING  SPI-49.  Ill 
LINDE  COMPANY,  DIV.  OF  UNION  CARBIDE,  DECEMBER  28,  1965  (REF.  8) 


Nonferrous  Pipe  and  Tubing  - Straight  Lengths 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

■ 

Preclean 

Diversey  1319:  (1)  3 oz/ 
gal  water 

Ambient 

(1)  Code  3008-2825. 

.04.1 

2 

Rinse 

Cold  water  (2) 

(2)  Water  shall  be 
potable. 

.04.2 

3 

Pickle 

NagCrgOg,  9 oz/gal 
water;  HgSO^,  16%  by 
volume  in  water 

Ambient 

Soak  until  uniformly 
pickled. 

.04.3 

4 

Rinse 

Step  2 

5 

Clean 

Step  1 

.04.5 

6 

Dry 

.04.6 

CLEANING  AND  TESTING  OF  OXYGEN  AND  NITROGEN  GAS  PIPING  SYSTEMS 
MIL-STD-1330  (SHIPS)  MAY  10,  1968  (REF.  20) 


Oxygen  System  Flush 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Disassemble 

5. 2.3 

Flush 

Trichlorotrifluoroethane 

30 

MIL-C-81302  type  I, 
ultraclean.  Repeat 
flushing  if  more  than 
5 ppm  total  contami- 
nation is  found. 

5.  2.4.1 

Drain 

Dry 

Dry,  oil-free  nitrogen, 
air,  or  vacuum 

n 
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MSFC-SPEC-164A  (REF.  5) 


Corrosion-Resistant  Steel  Tubing 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

1 

Cleaning 

Nonetch  alkaline.:  e.  g. , 
Turco  4215  - concen- 
tration, 10±2  oz/gal 

160±10 

Circulation  rate  at  least 
20  tubing  or  hose 
volumes  of  liquid  per 
min. 

■ 

2 

Flushing 

Tap  water 

Room 

3 

Cleaning 

Nitric  acid  solution, 
10±2<?.  by  wt 

170  - 190 

See  spec.  D-N-250. 

3.  5. 1.6 

4 

Flushing 

Demineralized  water 

10 

Room 

No  particle  over 

175  microns;  no  more 
than  5 particles  from 
100  - 175  micron 
size;  specific  resist- 
ance, 50  000  n;  pH 
rating  between 
6 and  8. 

3.  2. 10 

5 

Dry 
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CLEANING  OF  PIPING  AND  EQinPMENT  - SECTION  49 
WHITE  SANDS  (REF.  6) 


Piping  St  eel 


Step 

Process 

Agent 

Tim.e, 
‘ min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Mechanical 

Grinding,  brushing, 
sandblasting  (AlgOg 
sand),  vacuum  clean, 
flushing  with  clean 
water. 

49 -07a 

2 

Degreasing^ 

Trichloroethylene  or 
mild  commercial 
alkaline  cleaner 

140  - 160 

MIL-T-27602: 

5-7  oz/gal  water 
solvent  reused  until 
contaminant  con- 
centration reaches 
0. 1%  by  wt. 

49 -07b 

3 

Rinsing 

Clean  water  until  clean- 
ing solvent  not  evident 

For  alkaline  cleaner 
only. 

49- 07c 

4 

First  inspec- 
tion 

Visual 

Presence  of  rust,  scale 
etc.  Proceed  to 
step  5. 

49-07d 

5 

Chemical  de- 
scaling 

Solution  of  fluorides  and 
HNOg 

Steel  surfaces  - condi- 
tions to  be  determined 
by  tests  on  represen- 
tative specimens. 

49-07e 

Method  A: 

20%  NaOH  in  water 

140  - 160 

Remove  varnish  from 
surfaces.  Flush  until 
effluent  pH  stabilizes 
between  3.  0 to  4.0. 

49-074 

^Valves  and  accessories  are  to  be  disassembled  and  cleaned  in  accordance  with  this  specification  (49-07i). 
Parts,  such  as  gaskets  and  seals,  that  might  be  harmed  by  cleaning  chemicals  shall  be  cleaned  by 
dipping  in  isopropyl  alcohol. 


54 


Concluded,  CLEANING  OF  PIPING  EQUIPMENT  - SECTION  49 
WHITE  SANDS  (REP.  6) 


step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

Op 

R^jmarks 

Reference 

paragraph 

6 

Passivation 

(1)  0. 0. 1%  citric  acid 

(2)  0. 25  - 0.  50%  NaOH 
solution 

(3)  Rinse  with  demin- 
eralized water 

(4)  0. 25%  monosodium 
phosphate,  0.  25%  di- 
sodium  phosniiate; 

0.  50%  sodium  niirite; 
99. 0%  demineralized 
water 

60 

Rinse  with  alkaline. 
Surface  treat. 

Method  B: 

(1)  0. 10%  NagCrO^  so- 
lution 

(2)  Rinse  with  demin- 
ei  alized  water 

(3)  Dry 

15  - 20 

Surface  treat. 

49-07f 

7 

Final  rinse 

Demineralized  water 

Until  pH  effluent  = pH 
influent. 

49-07g 

8 

Dry 

(1)  Air  or 

(2)  Vacuum  evacuation 

140  - 250 

49-07h 

Final  dry 

Purge  gas 

140 

Until  a dew  point  of 
-60°  F is  reached. 

49-07h 
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CLEANING,  TESTING,  AND  HANDLING  OF  OXYGEN,  FUEL,  AND  PNEUMATIC  COMPONENTS 
D5-12855,  THE  BOEING  CO. , MAY  15,  1968  (REF.  9) 

Small  Tubing  (1  in.  i.d.  max)  Length  to  Inside  Diameter  Ratio  Greater  Than  10 


([Tubing  over  1 in.  i.  d.  and  with  length  i.  d,  ratio  less  than  10  will  be  processed  as  parts.] 


Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

Rough  clean 

5.2 

Solvent  flush 

Trichloroethylene  preci- 
sion cleaning  agent  or 
Dowclene  WR 

5 

Processing  times  given 
are  minimum;  flush- 
ing solution  flow 
rates  shall  be  10  ft/ 
sec  minimum. 

6.  2.2 

Alkaline  flush 

Turco  4215,  4215S,  4142, 
or  4142S  or  comparable 
nonsilicated  alkaline 
cleaner,  1.0  - 2.0 
oz/gal  in  water 

10 

150  - 170 

Water  distilled  or  de- 
ionized; minimum 
spec,  resistance, 

50  000  0. 

6.2.3 

Dry 

Nitrogen,  air,  or  other 
gas  specifically  ap- 
proved by  engineering 

Shall  meet  6. 2. 1. 1; 
shall  not  contain  con- 
densable hydrocar- 
bons in  excess  of 
3 ppm  by  weight; 
shall  not  exceed  60% 
RH  at  ambient  tem- 
perature. 

6. 2. 6 or 
6.2.7 

Visual  accept- 
ance in- 
spection 

4.9 

Final  flush 
Dry 


Step  2 
Step  4 


3 


6.  2.2 

6.  2. 6 or 
6.2.7 


CLKANING  PROCEDURE  - METALS  CLEANING  SPI-49.  Ill 
LINDE  CO.,  DI\'.  OF  UNION  CARBIDE,  DECEMBER  28,  1965  (REF.  8) 


Steel  Pipve  and  Steel  Pipe  Assemblies  and  Steel  Parts 


Step 

Process 

Agent 

Time, 

min 

Tempera- 

ture, 

°F 

Remarks 

Reference 

paragraph 

1 

Strip  paint 

Diversey  aluminum: 

(1)  12  oz/gal  of  water 
Diversey  G-60: 

(2)  4 oz/ga!  of  water 

165 

(1)  Code  3008-3000. 

(2)  Code  3008-2770. 
Soak  until  all  paint  is 

removed  or  loosened. 

.06. 1 

2 

Preclean 

Diversey  1319: 

(3)  3 oz/gal  water 

Ambient 

(3)  Code  3008-2825. 

.06.2 

3 

Rinse 

Cold  or  hot  water  (4) 

(4)  Water  shall  be  pot- 
able. 

.06.3 

4 

Pickle 

• 

Diversey  Everite: 

20%  by  volume  in  water 

120 

Ambient 

(5)  If  solution  is  at 
140°  F soak  for 
60  minutes.  Sheet 
steel  parts  should  not 
be  soaked  any  longer 
than  is  necessary  to 
remove  rust  and 
scale. 

.06.4 

5 

Rinse 

Step  3 

.06.5 

6 

Rust  proof 

Oakite  87,  6 oz/gal 
of  water 

5 

170 

.06.6 

7 

Rinse 

Step  3 

.06.7 

8 

Rust  proof 

H2Cr04,  0. 1 oz/gal 
water 

2 

DO  NOT  RINSE 

.06.8 

9 

Dry 

.06.9 
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ABSTRACT  : 

When  nickel  or  chr.cfSiiuni  is  added  to  binary  iron-molybdenum  alloys,  catastrophic 
oxidation  occurs  in  certain  concentration  regions.  Chromium  is  more  effective  than  , 

nickel  in  inducing  this  rapid  type  of  o.xidation.  ? 

Catastrophic  oxidation  occurs  because  of  the  formation  of  liquid  MoOa  along  the  I 

metal-oxide  interface.  This  is  preceded  by  the  cracking  of  the  chromium  or  nickel-con-  | 

taining  oxide.  I 


Catastrophic  o.xidation  does  not  occur  \vi 
Introduction 

Catastrophic  oxidation  of  certain  alloys  containing 
appreciable  amounts  of  molybdenum  has  been  re- 
ported. It  is  postulated  that  this  rapid  type  of  attack 
is  due  to  the  formation  of  M0O3.  The  presence  of 
other  volatile  and  low  melting  oxides  such  as  Y2O5 
(670°C),  BiaOa  (820°C),  PbO  (888‘’C),  WO3  (1473°C), 
and  mixtures  of  these  oxides  can  also  induce  this 
type  of  attack  in  the  absence  of  molybdenum  (1-4). 

While  several  workers  (2-4)  are  of  the  opinion 
that  catastrophic  oxidation  stems  from  the  presence 
of  a liquid  oxide  layer,  none  of  these  postulates  how 
the  liqiud  film  is  formed  and  what  the  oxidation 
process  is,  in  the  case  where  the  liquid  oxide  is  formed 
by  the  alloying  element. 

This  paper  presents  results  on  the  oxidation  of 
some  molybdenum-containing  materials  and  pro- 
poses a mechanism  of  catastrophic  oxidation.  A pre- 
vious paper  (5)  showed  that  binary  nickel-molyb- 
denum alloys  up  to  30  % (weight)  molybdenum  and 
binary  iron-molybdenum  alloys  up  to  20  % molyb- 
denum do  not  oxidize  catastrophically  at  1000°C. 
In  both  cases,  M0O2  and  molybdate,  in  addition 
to  nickel  oxide  or  iron  oxide,  are  formed  during 
oxidation.  To  induce  catastrophic  oxidation,  addi- 
tions of  nickel  )r  chromium  or  both  were  made  to 
binary  iron-molybdenum  alloys. 

Experimental 

Spedmm  preparation. — ^All  alloys  were  prepared 
by  arc  melting  in  a multiple  hearth  arc  furnace. 
Their  nominal  compositions  are  given  in  Table  I. 
In  most  cases,  nominal  compositions  deviate  less 
than  5%  from  analyzed  compositions.  Nominal 
weight  percentages  are  used  throughout  this  paper. 

The  100  g aUoy  buttons  were  ground  on  two  faces, 
hot  rolled,  sand  blasted,  cold  rolled  if  possible,  and 

^ Manuscript  received  March  22,  1954. 


alloys  containing  large  amounts  of  mckel. 

finally  annealed.  Specimens  0.020  in.-0.040  in.  were  f 
cut  from  the  rolled  strips.  ' 

Procedure. — 0.\idation  of  the  alloys  was  de- ' 
termined  by  measuring  the  weight  loss  of  the  metal,  i 
Weighed  specimens  were  placed  in  covered  alundum  i 
filtering  crucibles  which  were  seated  in  a 4-in.  diam-  - 
eter  crucible  furnace.  The  purpose  of  the  alundum  . 
crucible  was  to  minimize  contamination  from  the' 
neighboring  samples  and  from  the  fire  brick  plug. 
Oxygen  was  passed  through  the  crucible  furnace  at 
a rate  of  about  2 1/min  to  insure  against  o.xygen  de- 
pletion. The  temperature  was  constant  to  better  than 
±o“C. 

The  amount  of  metal  oxidized  was  determined  as ; 
follows.  After  the  bulk  oxide  was  removed,  the  weight* 
of  the  metal  core  with  the  residual  oxide  remaining' 
on  it  was  determined.  The  residual  oxide  was  then  > 
reduced  in  hydrogen  and  its  original  weight  was^ 
calculated  by  assuming  that  the  oxide  contained? 
25  % o.xygen.  ; 

Results  .f 

When  nickel  was  substituted  for  iron  in  thef 
20MoS0Fe  alloy,  the  striking  and  unexpected  result# 
shown  in  Fig.  1 occurred.  Up  to  10  % nickel  there  isl 
only  a small  change  in  the  oxidation  rate;  beyond# 
15  % there  is  a sudden  increase  with  a maximum  at| 
about  25Ni.  At  this  composition  the  oxidation  isi 
about  15  times  as  fast  as  with  the  20Mo70Fel0Ni| 
alloy.  Beyond  25Ni,  the  oxidation  rate  again  de^ 
creases  rapidly,  approaching  that  of  the  20Mo70Fe4 
lONi  alloy  at  40Ni.  An  increase  to  GONi  gives  only! 
a small  change  in  the  oxidation  rate.  f 

Additions  of  chromium  to  the  iron-molybdenum| 
alloys  initiated  rapid  oxidation  even  more  readily^ 
Only  small  amounts  of  chromium  in  the  order  oi| 
5%  are  sufficient  to  accelerate  attack.  Some  alloy| 
samples  oxidized  completely  in  the  2-hr  testing 

& 
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' J ; '^-taBLE  I.  Loss  of  metal  by  oxidation  during  3 hr  at  1000°C 


Alloy 

^vi/A  (mg/cm®) 

; 20Mo80Fe 

1(5.1 

i*  20Mo75Fe5Xi 

0.4 

J 20Mo70Fel0Ni 

9.9 

K-  20MoG5Fel5Xi 

27.9 

;C  20MoG0Fe20Ni 

93.8 

■:r  20Mo55Fe25Xi 

152.5 

« 20Mo50Fe30Ni 

4G.2 

¥,:•  20Mo40F&10Xi 

11.2 

20Mo20FeG0Ni 

3.7 

25Xi75Fe 

18.2 

( 25Xi70Fe5Mo 

14.1 

25XiG5FelOMo 

23.9  (uneven  attack) 

■ 25Xi45Fe30Mo 

122.5 

50Xi20Fe30Mo 

4.8 

lOMoSCrSSFe 

128.5  (uneven  attack) 

5Mol5Cr80Fe 

112.0  (uneven  attack) 

15Mol0Cr73Fe 

>365.0  (completely  oxidized) 

23Cr75Fe 

1.0 

20Mo5Cr75Fe 

31.3 

15Mol5Cr70Fe 

>361 .0  (completely  oxidized) 

20Mol0Cr70Fe 

>198.0  (completely  oxidized) 

5Mo25Cr70Fe 

1.0 

10Mo25CrG5Fe 

58.4  (uneven  attack) 

30Mo5Cr65Fe 

34.3 

40Xi20Mo35Fe5Cr 

10.3 

4OXi20.Mo30Fel0Cr 

10.5 

40Xi20Mo20Fe20Cr 

5.7 

period.  The  effect  of  chromium  additions  in  e.\cess 
of  25%  could  not  be  evaluated  because  of  the  dif- 
I ficulty  of  fabrication  of  the  alloys. 

The  three  quaternary  alloys  contaming  40  % nickel 
* did  not  exhibit  catastrophic  oxidation  even  though 
the  chromium  and  molybdenum  content  were  as 
high  as  20  % each. 

’ Table  I lists  for  every  alloy  the  amount  of  metal 
. oxidized  during  2 hr  of  oxidation  at  1000°C.  These 
values  are  plotted  as  a function  of  composition  in 
Fig.  2,  the  shaded  areas  indicating  the  regions  of 
- catastrophic  oxidation. 

The  amounts  of  metal  oxidized  as  given  in  Table 
I are  suigle  values,  not  averages.  Several  duplicate 
determinations  were  made  on  most  of  the  alloy 
samples,  generally  giving  a reproducibility  of  within 
30%  of  the  reported  values.  Where  oxidation  was 
' not  uniform,  the  reproducibility  was  less  satisfactory ; 
however,  the  relative  degree  of  attack  wasnotaltered. 
Several  of  the  duplicate  determinations  were  made 
■ in  the  absence  of  other  specimens  and  in  different 
furnaces.  In  all  cases  the  amount  of  oxidation  was 
within  the  normal  reproducibility,  indicating  that 
contamination  of  one  sample  by  another  was  kept  to 
a minimum. 


Fig.  1.  O.'ddation  of  20MoFeNi  alloys,  1000°C.  (Nickel 
is  substituted  for  iron  in  the  original  20Mo80Fe  alloy.) 

Mechanism  op  Catastrophic  Oxidation 

The  results  on  oxidation  of  iron-molybdenum 
alloys  and  on  nickel-molybdenum  alloys,  as  reported 
previously  (5),  show  that,  due  to  the  enrichment  of 
molybdenum,  M0O2  is  formed  immediately  ad- 
jacent to  the  alloy  surface.  As  long  as  the  M0O2  is 
prevented  from  oxidizing  to  M0O3,  normal  oxidation 


Fig.  2.  Oxidation  of  FeMoNiCr  alloys.  Numbers 
indicate  weight  loss  per  unit  area  after  2 hr  at  1000'’C. 
Shaded  areas  indicate  regions  of  rapid  oxidation. 
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CRACK 


Fio  3.  Crack  formation  in  oxide  on  l.>M«75FeI0Cr 
Alloy  at  lOOO’C.  Top,  crack  growth  as  a function  of  time. 
(2X  before  reduction  for  publication);  bottom,  oxidation 
after  8 min.  (lOX  before  reduction  for  publication.) 

occurs.  However,  us  soon  as  the  Mo(3j  has  access 
to  a large  supply  of  oxygen,  the  low  molting  atid 
highly  volatile  MoO,  is  formed. 

The  simplest  method  of  .supplying  the  MoOj  layer 
with  oxygen  is  by  means  of  a crack  or  iwre  in  the 
main  oxide.  Pore  formatioti  does  occur  with  the 
MoFeCr  alloys  as  shown  in  Fig.  3.  After  the  ii.itially 
very  rapid  formation  of  the  chromium-rich  oxide,  a 
crack  appears  exposing  the  molybdenum-enriched 
surface.  Molten  MoOi  is  formed  which  petietrates 
along  the  metal-o.\ide  interface.  Being  less  noble,  the 
chromium  and  iron  in  contact  with  the  M0O3  con- 
stantly reduces  the  MoOi  according  to 

MoOi  + 2Fe  — ♦ + FejOi 

MoOj  + 2Cr  — » Mo  4-  CrjOj 

Being  an  excellent  flux,  liquid  MoO,  probably  di.s- 
solves  the  chromium  and  iron  oxide  at  the  MoO,,!,- 
metal  interface.  Fluxing  is  further  facilitated  by  the 


releaiied  heat  of  foruation  of  chromitim  and  ironi 
oxide  which  tends  to  increa.se  the  temperature  at  thw 
metal-Mo()a,i,  interface.  The  dissolved  iron  aiidi 
< hrumium  (ixide  nucU'ute  and  precipitate  again  in^ 


Mo  Ft  Cr  ALLOY 


Time  (MIN.1 

Fni.  ft.  OxitLktion  of  loMoToKeMK^.V  allov 


Fig.  4.  Merhanisni  of  cataistrophir  oxidation 


Fic.  10.  Oxidation  of  20Mo.MFe25Xi  allov 


64  MIN 


Fio.  9.  Xnnunifonn  oxidation  of  20.\in.4Fe25Xi  allov 
1 hr  at  1000‘C.  f 


Fig.  0 shows  the  weight  loss  of  1 '>>Ll0Cr75Fe 
alloy  as  a function  of  time  at  1000°  and  ?\o°C.  The 
two  cun’es  show  clearlj'  the  abrupt  iiVrease  of 
oxidation  after  about  lo  min  at  1000°C  ail^l  3t  > hr 
at  910°C. 

lhat  the  crack  should  appear  at  the  edges  n quite 
rea.sonalile.  Pre.sumably  the  crack  formation  >omes 
by  the  stress  relieving  of  the  compres.sed  oxide,  .^ince 
a sharp  edg-  offers  little  constraint,  the  oxide  Unds 
to  pull  away  from  it. 

X-ray  analysis  of  the  oxide  formed  on  the  MoFet> 
alloys  showed  it  to  consist  of  a mixture  of  FeA  am' 
CrjOj.  Xo  Cr^j  FeO  could  be  detected  even  before 
the  cracking  of  the  oxide  occurred. 

At  first  it  appeared  that  the  mechanism  of  the 
rapid  oxidation  of  the  MoFeXi  alloys  was  different 
from  that  of  the  MoFeCr  alloys.  Oxidation  is  less 
violent  and  more  uniform.  This  behavior  is  shown 


Fio.  8.  Surface  rouRhening  of  the  2nMo55Fe25Xi  allov 
during  oxidation  at  OlO'C.  Top.  aurfuce  roughening  .■«  a 
function  of  tiinc  (Ix  liefore  reduction  for  publication)- 
lK.|toin.  surface  after  224  min.  (5X  liefore  reduction  for 
publlcatluii.) 


METAL 

CORE 


OXIDE 


Fio.  7.  Oxidation  of  20.Moo5Fe25Xi  alloy.  2 hr  at  1000®C. 
(IJjX  liefore  reiluction  for  publication.) 


the  emiler  region  near  the  MoO,(„-bulk  oxide  inter- 
face. This  process  is  shown  schematically  in  Fig.  4. 

Thus,  the  original  crack  or  pore  is  never  healed 
and  both  MoO^  and  Mo  have  continual  access  to 
the  oxygen.  As  the  metal  is  oxidized  along  the  edges, 
the  oxide  curls  up  until,  after  complete  oxidation,’ 
it  appears  as  shown  in  Fig.  5. 

The  cracking  of  the  Cr-rich  oxide  is  in  agreement 
with  the  findings  of  McCullough,  Fontana,  and 
Beck  (ti).  In  their  investigation  on  the  oxidation  of 
some  stainless  steels,  they  found  that  at  980°C  there 
was  an  abrupt  increase  in  the  oxygen  pickup  after 
an  initial  period  ranging  from  10  to  4.j  min.  .At  92o°C 
the  time  to  rup'ure  increa.sed  to  about  4 hr. 


132  MIN.  224  MIN. 
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oxygon  afTinitynf  chromiimi  is  much  larger  than  tiuib 
of  iron,  it  can  roa'hly  lie  s*'cn  that  the  oxidation  og 
the  chromium  allins  should  Ik*  much  more  violoiitl 
An  effort  was  made  to  indicute  more  clearly  thei 
cracking  or  ])on>  formation  of  the  oxide  on  the^ 
20Mo55Fe25Xi  alloy.  Oxidation  measurements  as  » 
function  of  time  were  made  at  both  910®  and  lOOO’Gf 
(Fig.  10).  Neither  of  the  two  measurements  definitely* 
shows  that  cracking  occurs,  although  there  is  gnot 
indication  of  it  at  lOOO^C^  .Vt  both  temperatuicsjj 
o.xidation  is  linear  with  time. 

Returning  to  Fig.  1,  it  can  now  l>e  said  in  view  ofr| 
the  foregoing  discussion,  that  in  the  range  of  15-3.5  °3| 
nickel,  a liquid  film  of  MoOj  is  formed,  while  withlj 
the  other  compositions  molyMenum  is  preventiMlj, 
from  oxidizing  to  the  higher  oxide.  The  differencssj 
between  the  oxide  structure  of  the  45Fe30Mo25N^| 
alloy  exhibiting  rapid  oxidation  and  the  5Mo70F<‘4l 
2.5Ni  alloy  exhibiting  normal  oxidation  is  pointi‘<hi 
out  in  Fig.  1 1.  The  normally  oxidized  .stimple  exlubit.4 
the  MoOj  rich  oxide  laj’er  adjacent  to  the  alloy  sur-|( 
face,  while  the  rapidly  oxidized  sample  .shows  onlyf 
one  homogeneous  layer. 

The  (luestion  remains  why  there  is  a critical  nic'ke^ 
composition  range  in  which  rapid  oxidation  occurs, 
It  was  hoped  that  x-ray  diffraction  analysis  of  the*' 
oxides  formed  on  the  alloys  would  give  .some  cluej; 
However,  the  main  oxide  on  all  the  MoFeNi  alloys- 
Ijeyond  109c  nickel  consisted  primarily  of  a Fc*j04 
.spinell-type  phase.  The  oxide  is  undoubtedly  (Fe, 
NijO-FoaOj  with  nickel  ions  rt>placing  the  ferrous  ionss 
as  the  nickel  content  is  increased.  * 

.\n  analysis  of  the  oxide  formerl  on  the  20Mo55Fe-j 
2.)Ni  alli>y  (maximum  rate  of  oxi«lation)  gave  thei 
following  compasition:  • 


Oxide 


Alluv 


Fjo.  11.  Top,  rapid  o.xidation,  oxide  on  3UMo45Fe2.sNi 
alloy,  2 hr  at  1000°C;  bottom,  retarded  oxidation,  oxide  on 
5Mo70Fe25Xi  alloy,  5 hr  at  lOdOT.  (250X  l>eforp  redurlinn 
for  publication.) 

in  Fig.  7 which  shows  the  metal  core  and  the  two 
oxidt'  plates  removed  from  the  20Mo55Fe2.5Ni 
alloy  sample  after  2-hr  oxidation  at  1000°C.  How- 
ever, it  was  noticed  that  in  many  cases  the  oxide 
had  pulled  away  slightly  from  the  edges.  .An  in- 
vestigation of  the  surface  of  the  20Mo55Fe25Ni  alloy 
after  oxidation  for  varying  periods  at  910®C  re- 
vealed the  development  of  a rough  and  ridged  surface 
(Fig.  3)  suggesting  the  presence  of  a liquid  phase.  It 
was  also  obserx’ed  that  at  the  higher  temperature 
(1000"C)  some  areas  of  the  speidmen  were  somctime-'i 
attacked  more  severely  than  others,  as  shown  in 
Fig  9 

In  view  of  these  facts,  it  is  belie\ed  that  the  oxida- 
tion mechanism  is  similar  to  that  of  the  MoFeCr 
alloys.  After  the  metal  surface  is  enriched  by  molyb- 
denum, oxygen  obtains  access  to  the  surface  and 
forms  li«iuid  MoO>.  The  MoOj  penetrates  along  the 
metal-oxide  interface,  constantly  lieing  mducetl  by 
the  less  noble  iron  and  oxidized  by  the  ambient  o.xy- 
gen.  Iron  oxide  is  dissolved  in  the  molten  Moth  and 
re-precipitated  along  the  Imttom  .surface  of  the  bulk 
oxide  (see  Fig.  4).  Since  nickel  is  considerably  more 
noble  than  molylxlenum,  nickel-rich  ridges  form  on 
the  surf'ai-e.  This  process  can,  therefore.  I>e  de.s«  ril>ed 
as  a selwtive  oxidation  !>>•  a liquid  phase.  Siiu-e  the 


ttfT. 

Fe 

.51). 0 

Xi 

22.0 

Mo 

0.7 

O 

balance 

This  indicates  that  the  ratio  of  nickel  to  iron 
practically  the  same  in  the  oxide  us  in  the  alloy.; 
Furthermore,  with  this  amcNint  of  nickel  in  thet 
oxide,  ferrous  ions  are  almost  completely  replaced* 
by  nickelous  ions  and  NiO-FejOj  is  formed  ex-i 
ciusively.  It  is,  therefore,  hypothesized  that  (FeNi)-i 
O Fej04  is  more  prone  to  cracking  than  is  the  pure* 
Fe()  Feafh.  The  oxide  on  the  alloys  with  more  than! 
3-5%  nickel  may  .still  crack.  Imt  now  the  alloy  s»irface» 
Ih'Iow  the  oxide  is  sufficiently  dilute<l  with  nickel  tO’ 
pievent  the  foimation  of  Mo()».  This  reasoning  isj 
in  agreement  with  re.s*ilts  mportwl  pn-viou.sly  (.5)1 
that  nickel-molyiNlenum  alloys  containing  :Wl97t 
molylxlenum  do  not  e.xhibit  cutu.stri>phic  oxidation. | 
Similar  analysis  is  e.xtendetl  to  the  thns*  MoFeNiCrj 
alloys.  If  the  oxide  does  crack,  there  is  enough  nickeU 
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on  the  alloy  surface  to  prevent  tiie  formation  of 
liquid  AloOa,  and  healing  of  the  crack  c-an  occur. 

SrMMARY.  .\XD  COXCLCSIOXS 

When  chromium  or  nickel  is  added  to  binary  iron- 
molybdenum  alloys  which  oxidize  normally,  catas- 
trophic oxidation  can  occur  within  certain  compo.si- 
tion  regions.  Chromium  induces  catastrophic  oxida- 
tion more  readily  than  nickel. 

It  is  postulated  that  immediately  after  the  initial 
oxidation,  the  metal  surface  becomes  enriched  in 
molybdenum.  The  oxide  on  the  alloy  cracks,  allow- 
ing the  formation  of  liquid  M0O3  along  the  alloy 
oxide  interface.  iloOso)  constantly  oxidizes  the 
iron  and  chromium  in  the  alloy  to  FeaOa  and  CraOs. 
FeaOa  and  CroOs  dissolve  in  the  AI0O3  and  re-pre- 
cipitate  along  the  AloOa-bulk  oxide  interface.  Heal- 
ing of  the  crack  cannot,  therefore,  occur. 

AVhen  the  alloy  contains  a' sufficient  amount  of 
nickel,  formation  of  M0O3  is  prevented  in  a similar 
manner  as  in  the  nickel-rich  nickel-molj'bdenum 


alIoy.s.  Thu.s,  AIoFeXiCr  alloys  with  40%  nickel 
and  20%  molybdenum  do  not  oxidize  catastrophi- 
callj'.  Ihese  alloys  may  be  of  industrial  use. 

AcKXOWLKDGM  EXT 

The  author  is  grateful  to  Dr.  David  Turnbull  for 
his  valuable  sugge.stions  and  criticisms. 

.\ny  discussion  of  tliis  p.-iper  will  appear  in  a Discu.ssion 
Section  to  be  publi.shed  in  the  December  1955  Jour.nal. 
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MIL-STD-889A 

MILITARY  STANDARD 
DISSIMILAR  METALS 


1.  SCOPE 

1.1  Purpose.  This  standard  establishes  requirements  for  the  definition 
of  dissimilar  metals  and  selection  of  anti-corrosion,  protective  systems 
for  dissimilar  metals  couples. 

1.1.1  Supersession.  This  standard  shall  supersede  MS33586  and  shall  be 
construed  to  replace  it  wherever  called  out  in  specifications  and  other 
documents . 

1.1.2  Applicability.  This  military  standard  does  not  apply  to  standard 
attaching  parts  such  as  rivets,  bolts,  nuts,  and  washers  which  are 
component  parts  of  assemblies  which  will  be  painted  prior  to  being  placed 
in  service. 

Classification 

1.2.1  Type  I.  Applicable  to  components  and  systems  conforming  to 
MIL-F-7179  requirements. 

1 . 2 . 1 . 1 Grouping  of  type  I metals  and  their  alloys. 

1.2. 1.1.1  Metals  listed  in  the  same  group  in  table  I are  similar  and 
shall  be  considered  compatible  when  in  contact  and  when  protected  in 
accordance  with  MIL-F-7179.  Metals  not  in  the  same  group  are 
dissimilar  and  incompatible. 

1.2.2  Type  II.  Applicable  to  all  other  equipment,  parts  and  systems. 

1.2. 2.1  Table  II  shall  be  used  to  determine  the  compatibility  of  two 
metals  in  intimate  contact. 

1.2. 2. 2 The  environmental  conditions  to  which  surfaces  are  exposed  are 
classified  as  follows  in  order  of  generally  decreasing  severity. 

Class  1 - Surfaces  of  equipment  in  direct  contact  with  seawater,  such 
as  the  exterior  surfaces  of  dipped  sonar  equipment,  and 
equipment  including  aircraft  weapon  systems  used  on  ships. 

Class  2 - Surfaces  of  equipment  exposed  or  subject  to  the  direct  action 

of  climatic  conditions.  Such  climatic  conditions  include  but 
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are  not  limited  to  rain,  snow,  salt-laden  air,  direct  solar 
radiation,  industrial  atmospheres,  dust,  and  wind-blown  sand. 
For  example,  both  the  exterior  and  interior  surfaces  of  the 
frame  of  an  open-frame  motor  directly  exposed  to  climatic 
conditions  would  be  classified  as  class  2. 

Class  3 -•  Sheltered  surfaces  of  equipment  not  exposed  or  subject  to 

the  direct  action  of  climatic  conditions  as  described  for 
class  2. 

Class  4 - Surfaces  of  equipment  exposed  only  to  an  unusually  mild 

environment  such  as  might  exist  in  a temperature  and  humi- 
dity controlled  room. 

Class  5 - Surfaces  of  equipment  subject  to  unusual  chemical  or 

temperature  environments. 


Table  I.  Grouping  of  Metals,  Type  I, 


Group  I 


Aluminum  alloys 
5052,  5056, 
5356,  6061, 
and  6063 


Group  II 


Magnesium  alloys  Aluminum 


Aluminum  alloys 
(ail) 


Cadmium 

Tin 

Stainless  steel 
(active) 


Group  III 


Cadmium 


Steel 


Tin  lead  (solder)  Hickel  and  its 

alloys 


Group  IV 


Copper  and  its 
alloys 

Nickel  and  its 
alloys 

Chromium 

Stainless  steel 
(passive) 

Gold 


Stainless  steel  Silver 
(active) 


Titanium 


Tin  lead  (solder) 

Titaniim  Titanium 


NOTE:  1.  Caution  is  required  on  use  of  zinc  in  contact  with  aluminum 

alloys  in  class  1 and  2 environments.  Alkaline  corrosion 
products  of  zinc  are  particularly  deterimental  to  aluminum 
alloys.  An  alkali  resistant  coating  for  the  aluminum  fay- 
ing surface  is  required. 

2.  Caution  is  required  on  use  of  cadmium  or  cadmium  plate  in 

aontact  with  titanium  in  .clLass  1 and  2 environments.  Alkaline 
corrosion  products  of  cadmium  are  particularly  detrimental  to 
titanium.  An  alkali  resistant  coating  for  titanium  faying 
surface  is  required. 
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TABLE  II.  Dissimilar  Metals  Compatibility  in  Seawater  at  Ambient  Temperature.  T3rpe  II 


m 

B 

B 

B 

Bi 

5 

B 

B 

B 

a 

B 

B 

B 

B 

B 

B 

B 

17 

18 

19 

20 

Gold»  Platinum,  Gold 
Platinum  Alloys 

1 

C 

c 

B 

H 

No 

No 

No 

No 

No 

No 

No 

c 

No 

No 

No 

Pr 

Pr 

No 

No 

Pr 

Hodium.  Graphite,  Palladium 

i 

B 

H 

H 

H 

B 

B 

B 

■ 

nm 

g 

a 

g 

mi 

■ 

a 

Pr 

No 

No 

Pr 

Silver.  Silver  Base  Alloys 

B 

B 

H 

B 

c 

i 

B 

B 

B 

g 

g 

B 

B 

B 

Pr 

Pr 

No 

No 

Pr 

Titanium 

B 

a 

B 

D 

O 

c 

B 

a 

B 

B 

B 

B 

a 

B 

m 

09 

EB 

Pr 

C 

C 

Pr 

Nickel.  Nickel  Base  Alloys. 
Cobalt  Alloys 

B 

c 

B 

i 

c 

B 

B 

B 

c 

B 

B 

B 

n 

m 

Pr 

Pr 

V 

/jvlo 

No 

Pr 

Nickel  Copper  (OQ-N>2Bl  & 
00-N*286).  Monel 

B 

Q 

B 

C 

c 

C 

■ 

B 

B 

B 

B 

C 

B 

No 

No 

1 

9 

Pr 

No 

No 

Pr 

Steel  AISI  200  Series.  A-286. 
Nickel  Chrome  Steeli  ni6Al*4V) 

B 

H 

B 

B 

c 

B 

B 

B 

B 

B 

B 

B 

B 

m 

g 

9 

Pr 

Pr 

Copper.  Bronae.  Brass 
Copper  Alloys.  Silver  Solder 

B 

Q 

B 

B 

c 

c 

B 

B 

B 

■ 

B 

B 

B 

B 

g 

Q| 

B 

Pr 

No 

No 

Pr 

Commerelal  Yellow  Braes  & Bronze 

B 

Q 

B 

c 

B 

B 

s 

B 

B 

B 

B 

B 

B 

B 

B 

Pr 

No 

No 

Pr 

High  Alloy.  Leaded.  Naval  Brass. 
Leaded  Bronze 

B 

No 

No 

c 

c 

c 

B 

y 

I 

B 

B 

B 

B 

■ 

Pr 

Pr 

No 

No 

Pr 

Cres  Steel  (431.  440).*  AISI  400 
Series.  P-H  Steels 

B 

g 

H 

B 

B 

B 

B 

B 

i 

B 

B 

B 

B 

B 

Pr 

Z 

No 

Pr 

Chromium  Plate,  w.  Mo. 

B 

H 

B 

B 

H 

H 

B 

B 

1 

B 

B 

c 

B 

B 

C 

C 

Pr 

Pr 

C 

Pr 

Cres  Steel.  . 

AISI  410.  416  420 

B 

Qj 

Q 

■ 

M 

B 

B 

B 

B 

B 

B 

B 

B 

B 

M 

Pr 

No 

No 

Pr 

Tin.  Tin  Plate.  Indium. 
Tin-Lead  Alloys 

14 

No 

No 

No 

C 

M 

No 

M 

No 

B 

B 

B 

B 

B 

C 

C 

Pr 

Pr 

C 

yfja 

Pr 

Lead  Lead  Base  Alloys 

B 

H 

B 

No 

No 

Q 

IQI 

g 

B 

B 

B 

B 

B 

B 

fl 

B 

Pr 

C 

C 

Pr 

Aluminum  2024.  2014.  7075 

D 

D 

m 

s 

m 

m 

El 

m 

B 

la 

a 

a 

m 

a 

IQ 

a 

Pr 

Pr 

Pr 

Pr 

All  Steels  Except  Cres 

m 

m 

m 

B 

m 

B 

B 

B 

on 

g 

m 

m 

m 

a 

a 

D 

m 

Pr 

Pr 

Pr 

Pr 

Aluminum  I too.  3003.  5052,  6063, 
6061  , 356 

B 

B 

10^ 

B 

m 

g 

E 

IQI 

i 

g 

M 

B 

B 

B 

B 

B 

Pr 

c 

c 

Pr 

Cadmium,  Zinc  Plate  Galvanize. 
Clad  Al.  Be 

B 

B 

B 

B 

B 

No 

g 

B 

g 

g| 

IQI 

1 

g 

B 

B 

Pr 

c 

c 

Pr 

1 Magnesium 

Q| 

Q 

Q 

la 

El 

D 

B 

B 

B 

B 

B 

a 

8 

IQH 

a 

a 

Pr 

Pr 

Pr 

Pr 

LEGEND:  C * Compatible  (no  barrier  needed)  S ' Compatible  2 m:!cs  away  from  seawater 

No  - Incompatible  Tr  = Musi  have  primer  ci*a»  and  special  treatment  due  to  inherent  chemical  corrosion 

susceptibility  of  tht  metals. 


* Identification  of  horizontal  groups  are  identical  with  numbered 
vertical  group. 
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2 . REFERENCED  DOCUMENTS 

2.1  The  issues  of  the  following  documents  in  effect  on  the  date  of 
invitation  for  bids  form  a part  of  this  standard  to  the  extent  specified 
herein. 


SPECIFICATION 


Nickel-Copper-Alloy  Bar,  Plate,  Rod,  Sheet,  Strip,  Wire, 
Forgings  and  Structural  and  Special  Shaped  Sections 
Nickel-Copper-Aluminum  Alloy,  Wrought 


Surface  Treatments  and  Metallic  Coatings  for  Metal 
Surfaces  of  Weapons  Systems 
Finishes  and  Coatings:  General  Specification  for  Pro- 
tection of  Aerospace  Weapon  Systems,  Structures  and  Parts 
Sealing  Compound,  Temperature-Resistant,  Integral  Fuel 
Tanks  and  Fuel  Cell  Cavities,  High-Adhesion 
Sealing  Compound,  Electrical,  Silicon  Rubber,  Accelerator 
Required 

Sealing  Compound,  Corrosion  Preventive 


General  Specification  for  Design  and  Construction  of 
Aircraft  Weapon  Systems 

(Copies  of  specifications,  standards,  drawings,  and  publications  required 
by  suppliers  in  connection  with  specific  procurement  functions  should  be 
obtained  from  the  procuring  activity  or  as  directed  by  the  contracting 
officer.) 

3 . DEFINITIONS 

3.1  Dissimilar  metals.  Materials  classified  in  different  groups  are 
considered  dissimilar  or  incompatible  with  one  another.  The  tendency 
toward  galvanic  corrosion  is  greater  between  widely  separated  groups  than 
between  adjacent  groups.  Metals  from  different  groups  may  be  placed  in 
contact  where  suitable  protection  aga'inst  galvanic  action  is  provided. 

The  method  of  protection  required  will  be  largely  dependent  on  design 
and  usage  environments.  The  surface  composition  of  a part  should  be 
considered  when  determining  dissimilarity;  a cadmium-plated  copper  part 
is  considered  similar  to  aluminum. 


Federal 

QQ-N-281 

QQ-N-286 

Military 

MIL-S-5002 

MIL-F-7179 

MIL-S-8802 

MIL-S-23586 

MIL-S-81 733 

Other 

SD-24 
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3.2  Galvanic  (two  or  more  metals)  (electrolytic  corrosion).  Accelerated 
corrosion  of  a metal  because  of  an  electrical  contact  with  a more  noble 
metal  or  a nonmetallic  conductor  in  an  electrolyte. 

3.3  Galvanic  series.  A list  of  metals  and  alloys  arranged  according  to 
their  relative  corrosion  potentials  in  a given  environment. 

3.4  Anode.  The  electrode  of  an  electrolytic  cell  at  which  oxidation  is 
the  principal  reaction.  It  is  usually  the  electrode  where  corrosion 
occurs  and  metal  ions  enter  solution. 

3.5  Cathode.  The  electrode  of  an  electrolytic  cell  at;  which  reduction 
is  the  principal  reaction.  It  is  usually  the  electrode-  where  metal  ions 
do  not  enter  solution. 

4.  GENER^tt  STATEMENTS 

4.1  The  classification  of  types  I and  II  metals  not  listed  herein  shall 
be  as  released  by  the  Naval  Air  Systems  Command  (Code  AIR-52031C)  or  the 
Air  Force  Systems  Command  (Code  11)*  as  applicable. 

4.2  All  nonmetals  in  contact  with  metals  shall  be  considered  dissimilar 
unless  there  is  technical  data  supporting  compatibility.  This  includes 
both  plastic  and  metal  matrix  composites. 

5.  DETAILED  REQUIREMENTS 

5.1  Type  I requirements,  dissimilar  metals. 

5.1.1  Metals  in  the  same  group  are  considered  compatible.  Metals  in 
different  groups  are  considered  incompatible. 

5.2  Type  II  requirements 

5.2.1  Class  1.  Metals  exposed  to  a seawater  environment  shall  be 
corrosion  and  stress-corrosion  resistant  or  shall  be  processed  to  resist 
corrosion  and  stress-corrosion  cracking. 

5. 2.1.1  Where  incompatible  metals  as -defined  in  table  II  are  used,  an 
interposing  material  compatible  with  each  shall  be  used.  In  addition, 
irrespective  of  the  metals  involved,  all  exposed  edges  shall  be  sealed 
with  a suitable  (e.g. , temperature  compatible)  sealant  material,  such  as 
material  conforming  to  MIL-S-8802,  MIL-S-23586  or  MIL-S-81733,  provided 
design  integrity  of  the  assembly  is  not,  thereby,  compromised. 
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5. 2. 1.2  Characteristics  to  satisfy  performance  requirements  for  the 
Naval  Air  Systems  Command  shall  be  in  accordance  with  SD-24. 

5.2.2  Class  2.  Metals  exposed  to  the  environment  described  for  class  2 
shall  be  corrosion  and  stress-corrosion  resistant  or  shall  be  processed 
to  resist  corrosion  and  stress-corrosion  cracking. 

5.2.2. 1 Where  incompatible  metals  are  defined  in  table  II  are  used,  an 
interposing  material  compatible  with  each  shall  be  used.  In  addition, 
where  magnesium  is  one  of  the  metals  involved  in  a dissimilar  metal 
combination,  all  exposed  edges  shall  be  sealed  with  a suitable  sealant 
such  as  material  conforming  to  MIL-S-8802  or  MIL-S-81733. 

5.2.3  Class  3.  Metals  exposed  to  the  environment  described  for  class  3 
shall  be  corrosion  and  stress-corrosion  resistant  or  shall  be  processed 
to  resist  corrosion  and  stress-corrosion  cracking. 

5. 2. 3.1  Wliere  incompatible  metals  as  defined  in  table  II  are  used,  an 
interposing  material  compatible  with  each  shall  be  used. 

5.2.4  Class  4.  For  class  4,  some  relaxation  of  the  requirements  of 
class  3 may  be  applicable.  Plans  for  the  use  of  metals  and  metal 
combinations  in  class  4 applications  shall  be  submitted  to  the  procuring 
activity  for  approval,  if  relaxation  of  the  requirements  of  C1-.SS  3 is 
requested.  The  request  for  approval  shall  include  all  necessary  techni- 
cal information  concerning  the  application  with  data  supporting  adequate 
resistance  to  deterioration. 

5.2.5  Class  5.  Metals  and  metal  combinations  proposed  for  use  in 
unusual  temperature  or  chemical  environments  shall  be  submitted  to  the 
procuring  activity  for  approval.  The  request  for  approval  shall  include 
all  necessary  technical  information  concerning  the  application  with  data 
supporting  adequate  resistance  to  deterioration. 

5.3  Protection  against  electrolytic  corrosion. 

5.3.1  Dissimilar  metals  shall  not  be  used  in  intimate  contact  unless 
suitably  protected  against  electrolytic  corrosion.  Because  of  the 
seriousness  cc  galvanic  corrosion,  every  effort  shall  be  made  to  avoid 
the  use  of  dissimilar  metals,  to  exclude  moisture  or  other  electrolyte 
from  the  system,  and  to  protect  metal  surfaces  in  the  contact  area. 

5. 3. 1.1  Table  II  lists  metals  in  seawater  at  ambient  temperature; 
relative  positions  may  vary  in  other  environments;  where  it  is  necessary 
that  metals  not  shown  as  compatible  in  table  II  be  assembled,  the 
following  measures,  as  applicable,  shall  be  used  to  prevent  corrosion. 
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5. 3. 1.1.1  Interposition  of  a material  compatible  with  each  to  decrease 
electrolytic  potential  differences,  such  as  cadmium  plate  on  steel  in 
contact  with  aluminum. 

5. 3. 1.1. 2 Interposition  of  an  inert  material  between  the  dissimilar 
metals  to  act  as  a mechanical  and  insulating  barrier,  including  potting 
or  lubricating  material. 

5. 3.1. 1.3  Application  of  organic  coatings  to  the  contact  faces  of  each 
of  the  dissimilar  metals,  such  as  paint  coats  on  steel  and  aluminum 
surfaces  in  contact. 

5. 3. 1.1. 4 Application  of  corrosion  inhibitors  to  the  faces  of  the 
dissimilar  metals,  such  as  zinc-chromate  paste  on  nickel-plated  brass 
screws  in  contact  with  aluminum. 

5. 3. 1.1. 5 Design  of  dissimilar  metal  contacts  so  that  the  area  of  the 
cathodic  metal  is  relatively  smaller  than  the  area  of  the  anodic  metal, 
such  as  screws  of  stainless  steel  or  nickel-plated  brass  in  contact  with 
alumintim  but  not  the  reverse.  NOTE;  Only  applicable  for  immersed 
conditions . 


5. 3.1.1. 6 Limitation  of  amount  of  aeration  and  of  electrolyte  reaching 
the  dissimilar  metal  faces,  such  as  steel  bolts  in  aluminum  with  all 
surfaces  of  contact  sealed  with  zinc-chromate  primer,  vinyl  films,  seal- 
ing in  dry  gas  or  air,  or  equivalent. 

5. 3. 1.1. 7 For  welded  and  brazed  assemblies,  overcoating  to  at  least 
1/3  inch  beyond  the  heat-affected  zone  with  a metal  compatible  with  both 
the  parent  metal  and  the  weld  or  braze,  as  applicable. 

5. 3. 1.1. 8 Application  of  inorganic  coatings  such  as  phosphate  and  zinc- 
rich  coatings  on  steel. 

5.3.2  Any  other  systems  of  protection  which  are  designed  to  al.le/iate 
electrolytic  corrosion  shall  be  subject  to  the  approval  of  the  procuring 
activity.  If  other  environments  are  concerned,  it  shall  be  the 
responsibility  of  the  contractor  to  establish  the  actual  compatibility 
(reference  to  MIL-S-5002  is  suggested). 

5.3.3  Insulate  dissimilar  metals  from  each  other  in  accordance  with 
MIL-F-7179. 
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6.  NOTES 

6.1  For  further  background  information,  reference  is  made  to  the  follow- 
ing publications: 

Behavior  of  Coupled  Dissimilar  Metals 

Corrosion  Handbook,  Edited  by  H.  H.  Uhlig  (Wiley  1948) 

Corrosion  and  Corrosion  Control,  Edited  by  H,  H.  Uhling  (Wiley  1963) 
Corrosion  by  L.  L.  Shrier  (Wiley  1963) 

Corrosion  and  Oxidation  of  Metals  by  U.  R.  Evans 
(St.  Martins  Press  1960) 

Corrosion  Control  and  Surface  Treatment 

Air  Force  T.O.  1-1-2  Corrosion  Control  and  Treatment  for 

Aerospace  Equipment 

NAVAIR  Ol-lA-509  Corrosion  Control  for  Aircraft 


CUSTODIANS:  PREPARING  ACTIVITY; 

Army  - EL  Air  Force  - 11 

Navy  - AS 

Air  Force  - 11 

REVIEW  ACTIVITIES;  PROJECT  NUMBER:  MISC-0697 

Army  - MU 
Navy  - EC,  OS 
Air  Force  - 13,  17,  84 

USER  ACTIVITIES: 

Army  - MR 
Navy  - None 
Air  Force  - Nona 
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NOTICES 

When  Government  drawings,  specihcations,  or  other  data  are  used  for  any  purpose  other 
than  in  connection  with  a definitely  related  Government  procurement  operation,  the  United  Sta;tes 
Government  thereby  incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the  fact  that 
the  Government  may  have  formulated,  furnished,  or  in  any  way  supplied  the  said  drawings, 
specifications,  or  other  data,  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any  manner 
licensing  the  holder  or  any  other  person  or  corporation,  or  conveying  any  rights  or  permission 
to  manufacture,  use,  or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 


Qualified  requesters  may  obtain  copies  of  this  report  from  the  Armed  Services  Technical 
Information  Agency,  (ASTIA),  Arlington  Hall  Station,  Arlington  12,  Virginia. 


This  report  has  been  released  to  the  Office  of  Technical  Services,  U.  S.  Department  of  Com- 
merce, Washington  25,  D.  C.,  for  sale  to  the  general  public. 


Copies  of  WADC  Technical  Reports  and  Technical  Notes  should  not  be  returned  to  the  Wright 
Air  Development  Center  unless  return  is  required  by  security  considerations,  contractual  obliga- 
tions, or  notice  on  a specific  document. 
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ABSTRACT 


A study  was  made  of  the  o'-ddation  resistance  of  ten  high- temperature 
alloys;  l)  aluminum-modified  Nichrolne  V,  2)  Nichrome  V,  3)  niobium-modified 
Nichrome  V,  4)  an  iron-chromium-aluminum  alloy,  5)  Inconel  702,  6)  Hastelloy 
R235,  7)  Hastelloy  W,  8)  type  3l6  stainless  steel,  9)  Inconel  X and  10) 
Inconel,  Tests  included  the  measurement  of  the  average  depth  of  external 
oxidation  and  maximum  depth  of  oxide  penetration  on  specimens  that  had  been 
subjected  to  stress  in  air  at  high  temperature  for  100  hours,  and  on  speci- 
mens that  had  been  subjected  to  stress  in  air  under  fluctuating-temperature 
conditions  for  an  equivalent  length  of  time,  plus  continuous  recording  of 
the  weight  change  of  specimens  oxidized  in  air  at  high  temperatures. 

The  depth  of  oxidation  was  found  to  increase  with  temperature  and  with 
stress.  There  was  little  effect  of  stress  at  stresses  below  that  required 
to  produce  1%  extension  in  100  hours.  All  of  the  alloys  conformed  reason- 
ably well  to  the  parabolic  rate  law  in  the  weight-gain  oxidation  tests. 
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This  report  has  been  reviewed  and  is  approved. 
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E.  Microscopic  Evaluation.  The  depth  of  oxide  penetration  on  specimens  that 
had  been  subjected  to  the  load-extension  test  or  to  the  fluctuating- temperature 
load  test  was  determined  by  microscopic  evaluation  of  metal lographic  sections  pre- 
pared -Prom  treated  and  untreated  portions  of  each  specimen. 

A sample  about  3/8  x 1/4  inch  in  size  was  sheared  from  near  the  center  of  the 
reduced  section  of  each  tested  specimen,  one  edge  of  the  sample  corresponding  to  an 
edge  of  the  tested  specimen.  A similar  sample  was  cut  from  the  untested  portion 
of  the  same  specimen  that  was  removed  in  shearing  it  to  the  contour  shown  in  figure 
1,  for  those  alloys  for  which  such  samples  were  available.  The  edge  of  the  un- 
treated sample  that  was  next  to  the  specimen  in  the  original  sheet  was  marked  for 
identification.  These  two  samples,  with  those  of  other  specimens  of  the  same  alloy, 
were  mounted  side  by  side  in  plastic,  with  the  marked  edge  of  the  untreated  sample 
and  the  edge  of  the  treated  sample  that  was-  an  edge  of  the  treated  specimen,  nearest 
the  surface  of  the  mount.  The  mounted  specimens  were  ground  and  polished  -bo  pro- 
duce the  metal lographic  sections  for  examination.  About  l/l6  inch  of  material  was 
removed  in  the  grinding  process.  The  metal lographic  sections  were  made  parallel  to 
the  direction  of  loading,  and  the  two  sections  of  any  one  specimen  were  parallel  to 
each  other  and  were  about  1/8  inch  apart  in  the  original  sheet. 

The  overall  thickness  of  the  untreated  metal  was  measured  at  three  locations, 
and  the  average  of  these  three  measurements  was  taken  as  the  original  thickness,  D, 
(see  figure  5)  of  the  specimen  before  treatment.  There  was  some  variation  in  -fche 
•thickness  of  -the  original  specimens,  hence  a small  error  in  the  determination  was 
introduced  because  of  the  difference  in  thickness  of  the  specimen  at  -the  locations 
of  the  two  sections.  It  was  not  possible  to  make  microscopic  measurements  of  the 
thickness  of  the  untreated  specimen  before  test,  because  preparation  of  metallo- 
graphic  sections  involves  cutting  the  specimen. 

There  was  no  untreated  sample  for  each  specimen  of  Hastelloy  R235  having  the 
same  thickness  as  the  treated  portion  of  the  specimen.  For  this  alloy  the  over- 
all thickness  of  the  untreated  sample,  D,  was  taken  as  the  average  of  four  measure- 
ments of  the  thickness  of  the  untreated  specimen  made  with  a micrometer  caliper 
before  test.  For  this  alloy  the  error  in  the  measurement  D is  on  the  order  of 
±0.1  mil. 


D 

1 

METAL 

i 

i 

i 

UNTREATED  TREATED 

Figure  5.  Sketches  illustrating  the  measurement  of  D,  D*  and 
d on  metallographic  sections  of  tested  and  untested 
portions  of  specimens. 
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There  was  no  sheared-out  portion  of  the  niobium-modified  80  nickel-20  chromium 
alloy,  since  these  specimens  were  milled  to  the  contour  indicated  in  figure  1.  For 
these  specimens  the  untreated  sample  was  cut  from  a portion  of  the  specimen  that  was 
outside  of  the  furnace  during  test,  hence  for  this  alloy  the  metallographic  sections 
of  treated  and  untreated  metal  were  located  about  eight  inches  apart  in  the  original 
sheet. 

Two  measurements  were  made  on  the  treated  sample,  D'  and  d.  These  measurements 
are  illustrated  in  figure  5. 

t 

The  average  thickness  of  metal  remaining  after  treatment,  D , was  measured  as 
the  distance  between  two  lines  on  the  respective  sides  of  the  section,  each  parallel 
to  the  original  surface  of  the  metal  and  each  located  at  the  metal-oxide  interface. 
Each  line  was  positioned  so  that  there  was  an  area  of  metal  on  the  side  toward  the 
oxide  as  large  as  the  area  of  oxide  on  the  side  toward  the  metal.  Measiurements 
were  made  at  five  different  locations  picked  at  random  along  each  section,  and  the 
average  was  computed.  The  average  depth  of  oxide  penetration  was  computed  as 
(D-D')/2. 

The  thickness  of  the  oxide-free-  sound  metal  remaining  after  treatment,  d,  was 
measured  as  the  distance  between  two  lines  on  the  respective  sides  of  the  sec-tion, 
each  parallel  to  the  original  surface  of  the  metal  and  each  located  on  the  metal 
side  of  the  oxide-metal  interface  on  the  respective  sides  of  the  specimen.  Each 
line  was  positioned  so  that  it  just  touched  the  deepest  point  of  oxide  penetration 
on  that  side  of  the  specimen  in  that  field  of  view.  Measurements  were  made  at 
five  different  locations  picked  at  random  along  the  section,  and  the  average  v/as 
computed.  The  maximum  depth  of  oxide  penetration  was  computed  as  (D-d)/2, 

Oxide  inclusions  in  the  metal  were  not  considered  as  oxide  penetration  from 
the  surface  unless  -there  appeared  to  be  a direct  connection  to  the  surface  layer  of 
oxide. 


The  magnification  of  the  microscope  was  such  that  the  length  of  each  section 
in  one  field  of  view  was  approximately  twice  the  width  of  the  section.  The  filar 
eyepiece  used  for  these  measurements  had  a calibration  factor  of  0.027  mils  per 
division. 

In  addition  to  the  measurements  of  D,  D*  and  d,  counts  were  made  of  the  number 
of  stringers  per  inch  over  one  mil  in  dep-th.  In  this  case,  the  depth  was  measured 
from  the  oxide-metal  interface  on  the  treated  specimen,  and  not  from  the  original 
surface  of  the  specimen.  In  addition,  the  presence  of  fissures  and  voids  was  noted. 

Voids,  fissures  and  stringers  were  comoletely  different  in  apperance.  Voids 
were  spherical,  or  at  least  rounded  in  shape.  Fissures  appeared  to  have  been 
formed  mechanically,  by  pulling  apart  the  grains  of  the  metal,  and  were  usually 
relatively  wide,  with  straight  angular  sides  that  match.  Stringers  were  narrow, 
and  appeared  to  have  been  formed  without  disturbing  the  crystal  structure  of  the 
metal.  Stringers  Were  usually  connected  to  the  surface,  while  fissures  frequently 
were  not,  and  voids  never  were.  Voids  and  fissures  were  usually  hollow,  with  a 
very  thin  layer  of  oxide  on  the  interior  surface,  . Stringers  were  not  hollow,  but 
Consisted  of  a separate  crystalline  phase,  usually  an  oxide,  and  occurred  at  grain 
boundaries.  Stringers  appeared  to  be  in-fcergranular  oxidation. 
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A statistical  study  was  made  of  the  various  measurements  in  order  to  determine 
the  error  of  measurement  and  to  select  a reliable  parameter  to  indicate  the  statis- 
tical scatter  of  the  measured  quantities. 

Three  sets  of  measurements  of  D,  D’  and  d were  made,  each  set  consisting  of 
10  measurements  made  on  the  same  field  of  the  same  specimen.  The  reproducibility 
of  the  measurements,  expressed  as  the  standard  deviation  of  the  10  values,  varied 
from  0.6  to  1.6  divisions,  the  average  for  the  9 sets  being  1.03  divisions,  or 
0.023  mils.  There  was  no  significant  difference  in  the  error  of  measurement  of 
D,  D’  and  d. 

The  standard  deviations  of  30  sets  of  3 values  each  of  D were  computed,  the  3 
values  in  each  set  being  from  different  locations  on  the  same  section.  These 
standard  deviations  varied  from  0 to  4.18  divisions,  the  average  for  the  30  sets 
being  1.36  divisions,  or  0.037  mils. 

The  standard  deviations  of  10  sets  of  five  values  each  of  D’  were  computed, 
the  five  values  in  each  case  being  from  different  locations  on  the  same  section. 
These  standard  deviations  varied  from  0.98  to  3.61  divisions,  the  average  of  the 
ten  sets  being  1,76  divisions,  or  0.047  mils. 

The  standard  deviations  of  40  sets  of  five  values  each  of  d were  computed,  the 
five  values  in  each  set  being  from  different  locations  on  the  same  section.  These 
standard  deviations  varied  from  1,68  to  22.1  divisions,  the  average  for  the  40  sets 
being  5.73  divisions,  or  0.115  mils. 

The  total  variance  (the  square  of  the  standard  deviation)  of  a quantity  such 
as  (D  - D*)»  in  which  both  D and  D*  are  averages,  will  be  the  sum  of  the  variances 
of  D and  D*  taken  separately.  Each  of  these  two  variances,  in  turn,  will  be  made 
up  of  two  components,  one  due  to  the  error  of  measurement  and  the  other  due  to  the 
true  variation  in  the  quantity  being  measured. 

The  expected  value  for  the  true  average  standard  deviation  of  D - D'  corrected 
for  the  error  of  measurement,  would  be  1,71  divisions,  compared  to  the  observed 
value  of  1.76  divisions  for  the  standard  deviation  of  D’.  In  a like  manner,  the 
expected  value  of  the  true  average  standard  deviation  of  D - d would  be  5.71 
divisions,  compared  to  the  observed  value  of  5.73  divisions  for  the  standard  devia- 
tion of  d. 

The  net  effect  is  that  the  contribution  to  the  variance  of  (D  - D*)  or  (D  - d) 
made  by  the  variance  of  D is  almost  exactly  equal  to  the  correction  that  must  be 
made  for  the  known  error  of  measurement,  and  the  two  corrections  nearly  cancel  each 
other. 


On  the  basis  of  this  analysis,  it  was  decided  to  use  the  observed  values  of  the 
standard  deviation  of  D*  as  the  standard  deviation  of  (D  - D*)»  and  that  of  d as  the 
standard  deviation  of  (D  - d)  in  computing  95^  confidence  errors. 

The  values  for  depth  of  oxide  penetration,  either  (D  - D')/2  or  (D  - d)/2,  are 
in  error  by  an  amount  equal  to  the  difference  in  the  original  thicknesses  of  the 
treated  and  untreated  portions  of  the  specimen  at  the  lo'^ations  where  metallographic 
sections  were  made.  This  error  is  due  to  the  natural  variation  in  the  thickness  of 
the  original  sheet  of  metal,  and  is  inherent  in  the  method  of  evaluation*  There  is 
no  direct  method  for  evaluating  the  size  of  this  error,  but  a statistical  analysis 
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based  on  comparison  of  pairs  of  specimens  receiving  identical  treatment  indicates 
that  the  average  value  of  this  error  is  on  the  order  of  ±0.1  mil.  This  error  is 
in  addition  to  the  error  e based  oh  the  statistical  scatter  in  the  individual  values 
of  D'  or  d for  each  specimen.  Because  this  error  will  be  nearly  constant  for  all 
of  the  measurements  made  on  a single  specimen,  it  probably  does  not  have  any  appre- 
ciable effect  on  the  size  of  e. 


V PRESENTATION  AND  DISCUSSION  OF  DATA 

A.  Load-Extension  Tests.  Results  of  the  load  extension  tests  are  given  in 
Table  II,  The  data  show  increasing  depth  of  oxide  penetration  with  increasing 
temperature,  and  with  increasing  stress  at  any  one  temperature.  However,  the  re- 
ported values  include  the  reduction  in  thickness  that  occurred  on  specimens  that 
underwent  high  extension,  and  this  reduction  in  thickness  undoubtedly  accounts  for 
at  least  a portion  of  the  observed  increase  in  apparent  depth  of  oxide  penetration 
with  an  increase  in  initial  stress. 

When  depth  of  oxide  penetration,  either  average  depth  of  external  oxidation  or 
maximum  depth  of  oxide  penetration,  is  plotted  as  a function  of  the  initial  stress 
on  the  specimen  as  in  figures  6 and  7 for  Hastelloy  R235,  the  effects  of  stress  and 
temperature  are  brought  out  more  clearly.  While  the  scatter  in  individual  points 
is  rather  large  there  was  a definite  trend  in  each  case  for  an  increase  in  stress 
above  a certain  minimum  value  to  cause  an  increase  in  the  depth  of  oxide  penetration. 
The  critical  stress  value  for  each  alloy  at  each  temperature  is  given  in  Table  III. 

It  can  be  seen  in  the  table  that  in  general  there  is  excellent  agreement  between  the 
critical  stress  for  average  depth  of  external  oxidation  and  that  for  maximum  depth 
of  oxide  penetration.  The  critical  stress,  above  which  depth  of  oxide  penetration 
increases  with  an  increase  in  stress,  corresponds  generally  to  the  stress  required 
to  produce  approximately  1%  extension  in  100  hours.  There  was  a definite  trend  for 
the  observed  depth  of  oxide  penetration,  either  average  depth  of  external  oxidation 
or  maximum  depth  of  oxide  penetration,  to  be  greater  under  no-load  conditions  than 
under  moderate  stress.  A protective  oxide  film  usually  forms  under  compression. 

It  may  be  that  a moderate  tensile  stress  in  the  metal  relieved  part  of  the  compres- 
sive stress  in  the  oxide,  and  permitted  a thicker  layer  of  protective  oxide  to  form 
before  it  ruptured  due  to  build  up  of  compressive  stress  as  the  oxide  increased  in 
thickness. 

Siebert,  Sinnott,  De  Smyter  and  Keith  (Reference  2)  also  found  that  for  the 
alloys  Chromel  ASM,  ARM  and  D and  type  310  stainless  steel  there  was  a minimum  stress 
level  for  each  material,  above  which  a noticeable  increase  in  intergranular  oxidation 
was  observed.  Their  measurements  were  made  under  conditions  such  that  the  effect  of 
the  reduction  in  area  of  the  specimen  dCie  to  extension  was  not  a part  of  the  measure- 
ment. 


The  metallographic  sections  were  examined  for  stringers,  and  those  over  1 mil 
in  depth  were  counted.  Only  on  the  specimens  of  the  niobium-modified  Nichrome  V, 
Hastelloy  R235,  type  316  stainless  steel,  Inconel  and  Inconel  X were  any  stringers 
noted,  and  even  on  these  alloys  the  number  of  stringers  per  inch  of  oxide-metal  inter- 
face was  low.  After  completion  of  the  microscopic  evaluation,  the  metallographic 
sections  were  etched  and  again  examined  to  determine  whether  the  stringers  were  inter- 
crystalline or  transcrystalline.  There  was  no  evidence  of  any  transcry stalline 
stringers. 
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TABLE  II 


RESULTS  OF  LOAD-EXTENSia^I  TESTS 

Depth  of  Oxide  Penetration 


Alloy 

Spec 

No. 

. Test 
Teffip. 

Stress 

Extension 
in  100  hrs*. 

Avg. 

1/ 

e 

ftfax. 

.i/ 

Stringersp/ 
per  inch-' 

op 

psi 

i 

mils 

mils 

mils 

mils 

Al,  Modified 

21 

1800 

0 

0.15 

0,00 

0.03 

0.12 

0.12 

0 

Nichrome  V 

22 

1800 

0 

0.05 

0.09 

0.04 

0.36 

0.09 

0 

23 

1800 

500 

0.90 

0.02 

0.03 

0.35 

0.11 

0 

24 

1800 

500 

1.00 

0,19 

0.02 

0.56 

0.18 

0 

25 

1800 

575 

1.05 

0.27 

0.03 

0.56 

0.09 

0 

26 

1800 

575 

1.20 

0.07 

0.07 

0.38 

0.16 

0 

27 

1800 

675 

1.55 

0.06 

0.04 

0.30 

0.16 

0 

28 

1800 

675 

1.10 

0.40 

0.02 

0.69 

0.08 

0 

29 

1800 

850 

1.95 

0.24 

0.02 

0.58 

0.14 

0 

30 

1800 

850 

2.45 

0,64 

0.04 

0.89 

0.18 

0 

67 

1800 

900 

4*40 

0.87 

0.06 

1.12 

0.07 

0 

68 

1800 

900 

3.90 

0.70 

0.03 

1.00 

0.19 

0 

69 

1800 

1000 

5.75 

0.39 

0.09 

0.67 

0.14 

0 

70 

1800 

1000 

5.60 

0.00 

0,09 

0.09 

0.11 

0 

31 

2000 

350 

1.45 

0.30 

0.05 

0.51 

0.10 

0 

32 

2000 

350 

1.60 

0.21 

0.07 

0.41 

0.09 

0 

33 

2000 

450 

2.15 

0.42 

0.06 

0.67 

0.05 

0 

34 

2000 

450 

1.85 

0.32 

0.31 

0.59 

0.08 

0 

35 

2000 

500 

2.00 

0.59 

0.05 

0.73 

0.10 

0 

36 

2000 

500 

2.20 

0.32 

0.05 

0.99 

0.05 

0 

37 

2000 

550 

2.50 

0.61 

0.04 

0.72 

0.41 

0 

38 

2000 

550 

2.50 

0.67 

0.05 

0.90 

0.09 

0 

39 

2000 

0 

0,35 

0.41 

0.08 

0.56 

0.07 

0 

40 

2000 

0 

0.35 

0.82 

0.30 

1.00 

0.12 

0 

61 

2000 

600 

3.85 

0.19 

0.01 

0.40 

0.05 

0 

62 

2000 

600 

4.10 

0.70 

0.06 

0.89 

0.09 

0 

63 

2000 

650 

4.75 

0.00 

0.09 

0.30 

0.11 

0 

64 

2000 

650 

4.30 

0.00 

0.00 

0.12 

0.07 

0 

65 

2000 

700 

5.35 

0.76 

0.04 

1.02 

0.04 

0 

66 

2000 

700 

5.57 

0.57 

0.09 

0.74 

0.08 

0 

41 

2100 

525 

12.15 

0.90 

0.09 

1.22 

0.15 

0 

42 

2100 

525 

5.45 

0.90 

0.04 

1.08 

0.06 

0 

43 

2100 

460 

5.60 

0.61 

0.07 

0.96 

0.07 

0 

44 

2100 

460 

5.25 

0.30 

0.02 

0.58 

0.06 

0 

45 

2100 

300 

2.25 

0.27 

0.03 

0.46 

0.14 

0 

46 

2100 

300 

2.35 

0.47 

0.07 

0.67 

0.09 

0 

47 

2100 

100 

0.70 

0.54 

0.02 

0.74 

0.06 

0 

48 

2100 

100 

0.65 

0.65 

0.03 

0.75 

0.03 

0 

49 

2100 

0 

0.15 

0.01 

0.02 

0.18 

0.06 

0 

1/  and  2/ 

50 

See 

2100  0 
end  of  Table  II 

0.00 

0.58 

0.03 

0.75 

0.06 

0 
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TABLE  II  (continued) 

Depth  of  Oxide  Penetration 


Alloy 

Spec, 

No. 

Test 

Temp. 

Stress 

Extension 
in  100  hrs. 

Avg. 

ei/ 

Max. 

ei/ 

Stringer  s„. 
per  inclR 

op 

psi 

i 

mils 

mils 

mils 

Al. Modified 

51 

2200 

375 

3.75 

0.54 

0.07 

0.78 

0.06 

0 

Ni  chrome  V 

52 

2200 

375 

3.85 

0.62 

0.13 

0.86 

0.11 

0 

53 

2200 

325 

3.85 

0.23 

0.11 

0,40 

0.16 

0 

54 

2200 

325 

3.35 

0.61 

0.02 

0.79 

0.06 

0 

55 

2200 

225 

2.00 

0.27 

0.08 

0.52 

0.06 

. 0 

56 

2200 

225 

1.85 

0.31 

0.08 

0.45 

0.13 

0 

57 

2200 

100 

0.90 

0.49 

0.09 

0.79 

0.13 

0 

58 

2200 

100 

0.75 

0.31 

0.07 

0.56 

0.13 

0 

59 

2200 

0 

0.15 

0.14 

0.08 

0.29 

0.10 

0 

60 

2200 

0 

0.30 

0.27 

0.06 

0.43 

0.07 

0 

Ni chrome  V 

21 

1800 

0 

0.00 

0.02 

0.02 

0.35 

0.13 

0 

22 

1800 

0 

0.10 

0.00 

0.03 

0.27 

0.12 

0 

23 

1800 

900 

0.80 

0.12 

0.01 

0.42 

0.09 

0 

24 

1800 

900 

0.30 

0.06 

0.08 

0.45 

0.09 

0 

25 

1800 

1025 

0.40 

0.02 

0.05 

0.41 

0.21 

0 

26 

1800 

1025 

1.50 

0.09 

0.02 

0.67 

0.36 

0 

27 

1800 

1200 

2.60 

0.26 

0.06 

1.80 

0.83 

0 

28 

1800 

1200 

2.80 

0.14 

0.03 

3.42 

1.01 

0 

29 

1800 

1240 

3.50 

0.28 

0.03 

Fiss 

ures 

0 

30 

1800 

1240 

5.50 

0.18 

0.02 

Fissures 

0 

31 

2000 

425 

1.40 

0.17 

0.03 

0.77 

0.52 

0 

32 

2000 

425 

1.40 

0.17 

0.03 

0.55 

0.21 

0 

33 

2000 

575 

3.40 

0.21 

0.09 

Fissures 

0 

34 

2000 

575 

2.80 

0.10 

0.05 

Fissures 

0 

35 

2000 

610 

3.00 

0.19 

0.07 

Fissures 

0 

36 

2000 

610 

4.50 

0.15 

0.04 

Fissures 

0 

37 

2000 

640 

3.90 

0.25 

0.06 

Fissures 

0 

38 

2000 

640 

6.30 

0.56 

0.03 

Fissures 

0 

39 

2000 

0 

0.00 

0.09 

0.03 

0.40 

0.11 

0 

40 

2000 

0 

0.00 

0.00 

0,05 

0,24 

0.09 

0 

41 

2100 

225 

0.80 

0.23 

0.02 

0.52 

0.10 

0 

42 

2100 

225 

0.80 

0.17 

0.07 

0,48 

0,10 

0 

43 

2100 

310 

1.30 

0.26 

0.06 

0.61 

0.19 

0 

44 

2100 

310 

1.30 

0,28 

0.06 

0,67 

0.05 

0 

45 

2100 

415 

3.00 

0.46 

0.09 

0.76 

0.12 

0 

46 

2100 

415 

3.00 

0.37 

0.11 

0.78 

0.17 

0 

47 

2100 

455 

3.60 

0.47 

0.06 

1.13 

0.24 

0 

48 

2100 

455 

3.30 

0.35 

0.05 

0.88 

0.26 

0 

49 

2100 

0 

0.00 

0.25 

0.06 

0.51 

0.10 

0 

50 

2100 

0 

0.10 

0.26 

0.06 

0.74 

0.35 

0 

1/and  2j  See  end  of  Table  II 
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Alloy 


Nichrome  V 


Nb. Modified 
Nichrome  V 


TABLE  II  (continued) 


Spec. 

No. 

Test 

Temp. 

Stress 

Extension 
in  100  hrs. 

Depth  of  Oxide 
Avg.  ei/ 

Penetration 

Max. 

Stringersp/ 
per  inch"- 

°F 

psi 

i 

mils 

mils 

mils 

mils 

51 

2200 

120 

0.80 

0.38 

0.07 

0.70 

0.11 

0 

52 

2200 

120 

0.90 

0.37 

0.05 

0.80 

0,16 

0 

53 

2200 

205 

1.50 

0.59 

0.06 

0.92 

0.09 

0 

54 

2200 

205 

1.80 

0.34 

0.06 

0.74 

0.11 

0 

55 

2200 

285 

3.10 

0.55 

0.02 

1.68 

0.84 

0 

56 

2200 

285 

3.70 

0.55 

0.12 

1.59 

0,91 

0 

57 

2200 

315 

4.60 

0o52 

0.12 

1.80 

1.03 

0 

58 

2200 

315 

4.30 

0.54 

0.12 

1.63 

0.93 

0 

59 

2200 

0 

0.30 

0.38 

0.07 

0.76 

0.23 

0 

60 

2200 

0 

0.20 

0.22 

0.12 

0.68 

0.11 

0 

21 

1800 

0 

0.00 

0.00 

0.04 

0.01 

0.08 

0 

22 

1800 

0 

0.00 

0.00 

0.03 

0.15 

0.06 

3 

23 

1800 

650 

0.10 

0.00 

0.06 

0.09 

0.07 

0 

24 

1800 

650 

0.20 

0.00 

0.04 

0.13 

0.06 

3 

25 

1800 

725 

0.70 

0.00 

0.03 

0.06 

0.03 

5 

26 

1800 

725 

0.30  • 

0.01 

0.03 

0.16 

0.02 

1 

27 

1800 

840 

0.80 

0.08 

0.04 

0.27 

0.04 

2 

28 

1800 

SAO 

0.70 

0.08 

0.05 

0.23 

0.06 

4 

29 

1800 

925 

0.80 

0.13 

0.02 

0.28 

0.05 

1 

30 

1800 

925 

4.70 

0.22 

0.07 

0.46 

0.07 

5 

31 

2000 

550 

2.70 

0.20 

0.04 

1.02 

0.24 

13 

32 

2000 

550 

2.50 

0.20 

0.04 

0.99 

0.10 

3 

33 

2000 

500 

1.80 

0.26 

0.04 

0.91 

0.26 

10 

34 

2000 

500 

2.00 

0.19 

0.06 

1.08 

0.25 

11 

35 

2000 

450 

1.70 

0.23 

0.02 

1.34 

0.29 

7 

36 

2000 

450 

1.60 

0.30 

0.09 

0.89  ' 

0.12 

3 

37 

2000 

350 

1.00 

0.04 

0.05 

0.87 

0.10 

8 

38 

2000 

350 

0.90 

0.08 

0.07 

0.65 

0.34 

8 

39 

2000 

0 

0.10 

0.03 

0.03 

0.83 

0.12 

2 

40 

2000 

0 

0.10 

0.17 

0.04 

0.98 

0.17 

3 

41 

2100 

525 

5.90 

0.45 

0.03 

1.28 

0.14 

5 

42 

2100 

525 

6.10 

0.45 

0.05 

1.32 

0.17 

2 

43 

2100 

475 

4.10 

0.40 

0.03 

1.26 

0.33 

6 

44 

2100 

475 

3.70 

0.36 

0.01 

1.40 

0.41 

2 

45 

2100 

375 

1.80 

0.19 

0.07 

1.15 

0.20 

3 

46 

2100 

375 

1.60 

0.37 

0.03 

1.23 

0.35 

4 

47 

2100 

300 

1.10 

0,21 

0.02 

1.01 

0.03 

0 

48 

2100 

300 

1.10 

0.17 

0.07 

0.98 

0.22 

2 

49 

2100 

0 

0.00 

0.18 

0.04 

0.86 

0.27 

3 

50 

2100 

0 

0.00 

0.19 

0.03 

0.86 

0.09 

2 

]/and  2/  See  end  of  Table  II 
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TABLE  II 


(continued) 


Dept>i  of  Oxide  Penetration 


Spec 

Alloy  No. 

Test 

Temp. 

Stress 

Extension 
in  100  hrs. 

Avg. 

el/ 

Max. 

ei/ 

Stringers  . 
per  inchS/ 

op 

psi 

i 

mils 

mils 

mils 

mils 

Nb. Modified  51 

2200 

335 

4.00 

0.56 

0.03 

1.37 

0.26 

4 

Nichrome  V 52 

2200 

335 

4.20 

0.47 

0.C6 

0.77 

0.25 

7 

53 

2200 

310 

3.50 

0.65 

0.02 

1.29 

0.22 

5 

54 

2200 

* 310 

2.90 

0.60 

0.07 

1.17 

0.16 

8 

55 

2200 

235 

1.80 

0.22 

0.05 

1.05 

0.24 

1 

56 

2200 

235 

1.90 

0.56 

0.04 

1,13 

0.23 

2 

57 

2200 

150 

1.30 

0.30 

0.01 

0.86 

0.07 

1 

58 

2200 

150 

1.10 

0.42 

0.03 

0.99 

0.19 

3 

59 

2200 

0 

0.40 

0.45 

0.03 

1.03 

0.08 

2 

60 

2200 

0 

0.10 

0.09 

0.06 

1.08 

0.24 

1 

62 

1800 

900 

0.50 

0.00 

0.01 

0.28 

0.26 

1 

63 

1800 

900 

1.30 

0.00 

0.02 

0.38 

0.14 

6 

66 

1800 

1000 

4.60 

0,52 

0.04 

0.85 

0.04 

1 

71 

1800 

1000 

3.80 

0.01 

0.06 

0.46 

0.26 

4 

72 

1800 

1050 

2.20 

0.00 

0.05 

0.41 

0.20 

6 

73 

1800 

1050 

7.30 

0.08 

0.04 

0.98 

0.76 

2 

67 

2000 

600 

2.80 

0.58 

0.02 

1.36 

0.21 

18 

68 

2000 

600 

2.00 

0.45 

0.04 

1.18 

0.23 

14 

Iron-Chroinium-21 

1800 

150 

0.90 

0.21 

0.05 

0.3? 

0.03 

0 

Aluminum  A Hoy  22 

1800 

150 

1.00 

0.31 

0.07 

0.41 

0.08 

0 

23 

1800 

225 

1.90 

0.26 

0.03 

0.^. 

0.07 

0 

24 

1800 

225 

2.00 

0.22 

0.06 

0.37 

0.13 

0 

25 

« 1800 

385 

6.00 

0.69 

0.06 

0.95 

0.09 

0 

26 

1800 

385 

5.00 

0.60 

0.09 

0.84 

0.09 

0 

27 

1800 

410 

5.10 

0.60 

0.17 

0.76 

0.17 

0 

28 

1800 

410 

7.80 

0.64 

0.12 

0.89 

0.14 

0 

29 

1800 

0 

0.00 

0.05 

0.02 

0.28 

0.09 

0 

30 

1800 

0 

0.10 

0.03 

0.03 

0.15 

0.05 

0 

31 

2000 

50 

0.60 

0.17 

0.06 

0.34 

0.11 

0 

32 

2000 

50 

0.60 

0.06 

0.09 

0.29 

0.11 

0 

33 

2000 

75 

1.20 

0.26 

0.11 

0.52 

0.07 

0 

34 

2000 

75 

1.40 

0.36 

0.06 

0.57 

0.09 

0 

35 

2000 

105 

2.^0 

0.19 

0.11 

0.44 

0.14 

0 

36 

2000 

105 

2.40 

0.28 

0.07 

0.61 

0.10 

0 

37 

2000 

120 

2.90 

0.20 

0.12 

0.61 

0.13 

38 

2000 

120 

3.20 

0.21 

0,.05 

0.60 

0.13 

0 

39 

2000 

0 

0.00 

0.06 

0.05 

0.23 

0.08 

0 

40 

2000 

0 

0.00 

0.02 

0.03 

0.46 

0.21 

0 

_l/  and  £/  See  end 

of  Table 

II 
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Spec. 

Alloy  No. 

Test 

Temp. 

Stress 

TABLE  II 

Extension 
in  100  hrs 

(continued) 

Depth  of  Oxide 
. Avg.  ei'^ 

Penetration 

Max 

stringer Sp/ 

per  inch^' 

op 

psi 

i 

mils 

mils 

mils 

mils 

Iron-Chromium-  41 

2200 

30 

0.60 

0.02 

0.15 

0.36 

0.24 

0 

Aluminum  Alloy  42 

2200 

30 

0.50 

0.21 

0.17 

0.62 

0.23 

0 

43 

2200 

55 

2.90 

0.32 

0.25 

0.65 

0.18 

0 

44 

2200 

55 

2.10 

0.26 

0.14 

0.94 

0.15 

0 

45 

2200 

65 

3.20 

0.37 

0.06 

0.85 

0.24 

0 

46 

2200 

65 

3.00 

0.17 

0.09 

0.75 

0.30 

0 

47 

2200 

70 

5.00 

0.46 

0.10 

1.94 

2.03 

0 

48 

2200 

70 

4.80 

0.53 

0.20 

1.76 

1.01 

0 

49 

2200 

0 

0.00 

0.30 

0.08 

0.53 

0.13 

0 

50 

2200 

0 

0.00 

0.21 

0.08 

0.95 

0.30 

0 

51 

2100 

42.5 

0.90 

0.26 

0.04 

0.48 

0.10 

0 

52 

2100 

42.5 

1.00 

0.22 

0.03 

0.43 

0.13 

0 

53 

2100 

67.5 

1.70 

0.29 

0.08 

0.55 

0.13 

0 

54 

2100 

67.5 

2.00 

0.46 

0.09 

0.78 

0.14 

0 

55 

2100 

82.5 

2.30 

0.41 

0.03 

0.70 

0.13 

0 

56 

2100 

82.5 

2.60 

0.16 

0.08 

0.45 

0.13 

0 

57 

2100 

90 

3.40 

0.47 

0.16 

0.75 

0.24 

0 

58 

2100 

90 

3.90 

0.50 

0.13 

0.74 

0.15 

0 

59 

2100 

0 

0.00 

0.28 

0.07 

0.52 

0.07 

0 

60 

2100 

0 

0.00 

0.27 

0.04 

0.52 

0.08 

0 

Inconel  127 

1500 

0 

0.00 

0.01 

0.04 

0.17 

0.04 

0 

702  128 

1500 

0 

0.00 

0.01 

0.03 

0.24 

0.06 

0 

105 

1500 

10,000 

0.15 

0.11 

0.03 

0.37 

0.13 

0 

116 

1500 

10,000 

0.10 

0.04 

0.04 

0.33 

0.17 

0 

117 

1500 

10,500 

0.10 

0.09 

0.04 

0.28 

0.14 

0 

118 

1500 

lI^D"' 

0.20 

0.12 

0.07 

0.26 

0.08 

0 

129 

1500 

11,000 

0.15 

0.03 

0.02 

0.30 

0.21 

0 

119 

1500 

11,500 

0.35 

0.11 

0.04 

0.26 

0.09 

0 

120 

1500 

12,000 

0.35 

0.23 

0.03 

0.54 

0.11 

0 

130 

1500 

12,000 

0.35 

0.00 

0.03 

0.23 

0.12 

0 

121 

1500 

12,500 

0.15 

0.00 

0.11 

0.22 

0.11 

0 

122 

1500 

13,000 

1.15 

0.20 

0.11 

1.23 

1.75 

0 

126 

1500 

13,000 

1.15 

0.21 

0.04 

0.47 

0.07 

0 

86 

1600 

0 

0.00 

0.11 

0.03 

0.43 

0.14 

0 

87 

i600 

0 

0.00 

0.08 

0.03 

0.51 

0.08 

0 

35 

1600 

4,500 

0.20 

0.05 

0.05 

0.28 

0.13 

0 

34 

1600 

5,000 

0.25 

0.12 

0.07 

0.54 

0.18 

0 

33 

1600 

5,500 

0.65 

0.19 

0.07 

0.43 

0 .04 

0 

32 

1600 

6,000 

0.45 

0.05 

0.03 

0.18 

0.10 

0 

V and  See  end  of  Table  II 
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TABLE  II  (continued)’ 


Alloy 


Inconel 

702 


Hastelloy 

R235 


Spec. 

No. 

Test 

Temp. 

Stress 

Fxtei^sion 
in  IQO  Virs. 

Depth  of  Oxide 

A 1/ 

Avg.  e- 

Penetration 
Max.  ^ 

op 

psi 

i 

mils 

mils 

mils 

mils 

51 

1600 

6,500 

0.95 

0.12 

0.09 

0.53 

0.31 

31 

1600 

6,500 

0.70 

0.12 

0.04 

0.55 

0.25 

36 

1600 

6,750 

1.00 

0.11 

0.04 

0.37 

0.04 

52 

1600 

6,750 

0.55 

0.04 

0.02 

0.19 

0.11 

53 

1600 

7,000 

0.90 

0.10 

0.03 

0.30 

0.13 

71 

1600 

7,000 

0.85 

0.04 

0.03 

0.21 

0.03 

39 

1600 

7,500 

1.80 

0.27 

0.02 

0.55 

0.09 

55 

1600 

7,500 

1.60 

0.21 

0.03 

0.59. 

0.18 

73 

1600 

7,500 

1.60 

0.18 

0.06 

0.39 

0.14 

106 

1700 

0 

0.00 

0.12 

0.13 

0.52 

0.31 

107 

1700 

0 

0.00 

0.02 

0.03 

0.37 

0.11 

108 

1700 

1,500 

0.80 

0.07 

0.06 

0.42 

0,25 

109 

1700 

1,500 

0.60 

0.22 

0.07 

0.47 

0.10 

100 

1700 

1,600 

1.20 

0.21 

0.10 

1.00 

0.26 

99 

1700 

1,800 

1.85 

0.26 

0.09 

0.62 

0.31 

110 

1700 

1,850 

1.35 

0.16 

0.08 

0.47 

0.16 

111 

1700 

1,850 

1.35 

0.23 

0.06 

0.50 

0.12 

98 

1700 

2,000 

2.55 

0.06 

0.05 

0.71 

0.18 

112 

1700 

2,100 

2.45 

0.23 

0.04 

0.62 

0.29 

113 

1700 

2,100 

2.80 

0.31 

0.02 

1.03 

0.39 

97 

I'.'OO 

2,200 

4.50 

0.44 

0.06 

0.98 

0.32 

114 

1700 

2,200 

3.20 

0.06 

0.05 

0.73 

0.20 

115 

1700 

2,200 

2.35 

0.16 

0.06 

0.79 

0.04 

96 

1700 

2,500 

6.90 

0.63 

0.04 

1.90 

0.61 

76 

1800 

0 

0.00 

0.38 

0.04 

0.90 

0.17 

77 

1800 

0 

0.00 

0.05 

0.08 

0.35 

0.23 

78 

1800 

1,100 

1.00 

0.17 

0.11 

0.61 

0.38 

79 

1800 

1,100 

0.95 

0.08 

0.10 

0.56 

0.54 

80 

1800 

1,350 

1.75 

0.24 

0.04 

0.71 

0.44 

81 

1800 

1,350 

1.35 

0.38 

0.16 

1.12 

0.36 

82 

1800 

1,600 

3.25 

0.53 

0.07 

1.21 

0.24 

83 

1800 

1,600 

3.45 

0.45 

0.06 

1.26 

0.21 

84 

1800 

1,750 

4.50 

0.65 

0.15 

1.56 

0.65 

85 

1800 

1,750 

3.95 

0.64 

0.12 

1.72 

0.78 

24 

1500 

0 

0.00 

1.11 

0.25 

1.44 

0.36 

25 

1500 

0 

0.00 

0.65 

0.12 

0.93 

0.18 

26 

1500 

23,000 

1.00 

0.69 

0.13 

1.01 

0.06 

14 

1500 

23,000 

1.15 

0.8l 

0,06 

1,27 

0.29 

Stringer 82/ 
per  inctr 
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i ; 

i 

{■/. 

V'- 

1 . 

5 .. 

? 

j Alloy 

Spec. 

No. 

Test 

Temp. 

TABLE  II  (continued) 

Depth  of  Oxide 

Extension  , / 

Stress  in  100  hrs.  Avg.  e^' 

Penetration 

, y Stringersp/ 
Max.  per  inch-' 

op 

psi 

% 

mils 

mils 

mils 

mils 

j 

j Hastelloy 

15 

1500 

24,500 

2.00 

0.28 

0.14 

0.66 

0.27 

0 

1 R235 

27 

1500 

24,500 

1.85 

0.50 

0.14 

0.74 

0.20 

0 

28 

1500 

26,000 

3.75 

1.19 

0.15 

1.43 

0.22 

0 

17 

1500 

26,000 

3.55 

1.17 

0.14 

1.54 

0.17 

0 

j' 

29 

1500 

27,000 

4.45 

0.55 

0.00 

0.93 

0.22 

0 

5 

30 

1500 

27,000 

4.90 

1.31 

0.16 

1.72 

0.33 

0 

I . 

57 

1600 

0 

0.00 

0.75 

0.14 

1.09 

0.32 

0 

!■: 

58 

1600 

0 

0.00 

0.89 

0.07 

1.23 

0.23 

2 

59 

1600 

15,000 

0.70 

0.66 

0.13 

0.87 

0.12 

1 

46 

1600 

15,000 

0.70 

0.68 

0.08 

1.08 

0.13 

7 

47 

1600 

16,000 

2.05 

0.77 

0.09 

1.52 

0.42 

15 

1 

60 

1600 

16,000 

1.35 

1.66 

0.03 

2.00 

0.15 

5 

63 

1600 

17,000 

2.90 

1.00 

0.06 

2.17 

0.58 

2 

64 

1600 

17,000 

3.35 

0.65 

0.07 

1.93 

0.71 

0 

74 

1600 

18,000 

10.90 

2.05 

0.34 

5.15 

0.53 

0 

75 

1600 

18,000 

4.00 

0.97 

0.19 

1.83 

0.41 

0 

39 

1700 

0 

0.00 

0.99 

0.17 

1.40 

0.27 

0 

40 

1700 

0 

0.00 

0.55 

0.04 

0.99 

0.23 

0 

70 

1700 

12,000 

0.90 

0.70 

0.07 

1.24 

0.21 

0 

71 

1700 

12,000 

0.80 

0.66 

0.07 

1.13 

0.26 

1 

72 

1700 

13,000 

2.35 

1.25 

0.13 

2.22 

0.59 

0 

80 

1700 

13,000 

1.60 

0.6l 

0.18 

1.23 

0.13 

1 

87 

1700 

13,500 

6.85 

0.95 

0.58 

1.77 

1.08 

0 

88 

1700 

13,500 

2.80 

0.51 

0.07 

1.39 

0.34 

0 

94 

1700 

13,750 

2.10 

0.70 

0.18 

1.38 

0.65 

0 

95 

1700 

13,750 

4.95 

1.01 

0.14 

2.29 

0.44 

0 

102 

1800 

0 

0.00 

0.66 

0.08 

1.46 

0.15 

0 

103 

1800 

0 

0.00 

0.31 

0.10 

1.26 

0.22 

0 

89 

1800 

5,000 

0.70 

0.78 

0.06 

1.76 

0.33 

0 

101 

1800 

5,000 

0.50 

0.70 

0.09 

1.54 

0.17 

0 

97 

1800 

5,750 

1.90 

0.46 

0.06 

1.35 

0.34 

0 

107 

1800 

5,750 

1.70 

0.77 

0.11 

1.96 

0.15 

0 

98 

1800 

5,750 

1.30 

0.51 

0.11 

1.42 

0.19 

0 

90 

1800 

6,000 

5.00 

0.97 

0.17 

2.31 

0.47 

0 

96 

1800 

6,000 

2.55 

0.61 

0.08 

2.04 

0.31 

0 

104 

1800 

6,000 

3.75 

1.21 

0.14 

2.37 

0.30 

0 

105 

1300 

6,250 

7.25 

1.51 

0.23 

3.22 

0.47 

0 

106 

1800 

6,250 

7.55 

1.32 

0.28 

2.84 

0.63 

0 

J/  and  _2/  See  end  of  Table  II 
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TABLE  II  (continued) 


Alloy 


Hastelloy 

W 


Spec. 

No. 

Test 
Temp. . 

Stress 

Extension 
in  100  hrs. 

Deoth  of  Oxide 
* 

Avg.  e~ 

Penetration 
Max.  e~ 

Stringers^, 
per  inclR 

op 

psi 

% 

mils 

mils 

mils 

mils 

119 

1300 

0 

0.00 

0.05 

0.04 

0.14 

0.07 

0 

120 

1300 

0 

0.00 

0.04 

0.02 

0.18 

0.11 

0 

35 

1300 

15,000 

0.60 

0.21 

0.05 

0.33 

0.08 

0 

121 

1300 

15,000 

0.70 

0.00 

0.03 

0.09 

0.05 

0 

34 

1300 

20,000 

1.55 

0.12 

0.04 

0.29 

0.08 

0 

122 

1300 

20,000 

1.80 

0.19 

0.02 

0.27 

0.02 

0 

33 

1300 

25,000 

3.70 

0.30 

0.04 

0.41 

0.04 

0 

123 

1300 

25,000 

4.10 

0.39 

0.04 

0.52 

0.06 

0 

124 

1300 

26,000 

4.20 

0.35 

0.06 

0.48 

0.07 

0 

125 

1300 

26,000 

6.15 

0.56 

0.04 

0,66 

0.06 

0 

66 

1500 

0 

0.00 

0.09 

0.03 

0.28 

0.06 

0 

67 

1500 

0 

0.10 

0.18 

0.03 

0.31 

0.03 

0 

71 

1500 

6,500 

1.05 

0.26 

0.01 

0.37 

0.07 

0 

76 

1500 

6,500 

0.95 

0.24 

0.02 

0.38 

0.07 

0 

63 

1500 

8,300 

1.65 

0.32 

0.03 

0.45 

0.10 

0 

64 

1500 

8,300 

2.05 

0.23 

0.08 

0.33 

0.03 

0 

77 

1500 

8,300 

1.80 

0.28 

0.03 

0.37 

0.03 

0 

80 

1500 

9.500 

3.10 

0.34 

0.02 

0.48 

0.06 

0 

81 

1500 

9,500 

2.25 

0.23 

0.07 

0.37 

0.05 

0 

90 

1500 

10,500 

5.10 

0.41 

0.05 

0.53 

0.03 

0 

91 

1500 

10,500 

5.10 

0.33 

0.06 

0.44 

0.04 

0 

127 

1650 

0 

0.00 

0.27 

0.03 

0.55 

0.07 

0 

128 

1650 

0 

0.00 

0.16 

0.04 

0.25 

0.07 

0 

96 

1650 

2,000 

0.90 

0.06 

0.13 

0.40 

0.14 

0 

103 

1650 

2,000 

1.20 

0.16 

0.06 

0.31 

0.03 

0 

110 

1650 

3,000 

1.60 

0.37 

0.07 

0.53 

0.09 

0 

129 

1650 

3,000 

1.20 

0.27 

0.03 

0.40 

0.03 

0 

130 

1650 

4,000 

1.85 

0.32 

0.07 

0.47 

0.06 

0 

131 

1650 

4,000 

2.60 

0.33 

0.06 

0.49 

0.06 

0 

132 

1650 

4,750 

5.95 

0.64 

0.04 

0.86 

0.06 

0 

133 

1650 

4,750 

2.50 

0.70 

0.04 

0.89 

0.02 

0 

59 

1800 

0 

0.00 

0.12 

0.08 

0.58 

0.07 

0 

60 

1800 

0 

0.00 

0.00 

0.10 

0.42 

0.20 

0 

101 

1800 

710 

0.55 

0.27 

0.02 

1.01 

0.11 

0 

102 

1300 

710 

0,75 

0.28 

0.05 

0.66 

0.17 

0 

103 

1800 

1,000 

1.50 

0.75 

0.10 

1.10 

0.10 

0 

104 

1800 

1,000 

1.20 

0.41 

0.04 

0.76 

0.09 

0 

105 

1800 

1,150 

1.80 

0.73 

0.04 

1.02 

0.04 

0 

106 

1800 

1,150 

1.45 

0.57 

0.04 

0.95 

0.13 

0 

115 

1800 

1,650 

3.50 

0.71 

0.03 

1.20 

0.24 

0 

116 

1800 

1,650 

4.00 

1.31 

0.07 

1.74 

0.16 

0 
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TABLE  II 


(continued) 


t 

I' 


t 

I 
1 
f 

! Dsptb  of  Oxide  Ftenetration 


i 

1 Alloy 

Spec. 

No. 

Test 

Temp. 

Stress 

Extension 
in  100  hrs. 

1 1 

el/ 

Max. 

ei/ 

"stringers,/ 

per  inch=' 

‘ 

op 

psi 

% 

mils 

mils 

mils 

mils 

I 

' Type  3l6 

6l 

1450 

0 

0.15 

0.22 

0.09 

0.53 

0.10 

0 

i Stainless 

62 

1450 

0 

0.05 

0.12 

0.03 

0.26 

0.11 

0 

; Steel 

63 

1450 

4750 

0.60 

0.66 

O.OS 

1.04 

0.35 

2 

1 

64 

1450 

4750 

1.95 

0.63 

0.05 

1.02 

0.21 

2 

65 

1450 

5800 

0.90 

0.15 

0.02 

0.34 

0.04 

0 

66 

1450 

5800 

0.50 

0.14 

0.03 

0.42 

0.07 

0 

79 

1450 

6000 

4.40 

0.45 

0.06 

0.72 

0.17 

0 

80 

1450 

6000 

3.45 

0.27 

0.06 

0.57 

0.06 

0 

77 

1450 

6500 

5.50 

0.55 

0.06 

0.90 

0.12 

0 

78 

1450 

6500 

5.40 

0.48 

0.07 

0.83 

0.11 

0 

1 

1450 

6500 

2.65 

0.26 

0.07 

0.51 

0.09 

0 

2 

1450 

7000 

3.10 

0.34 

0.07 

0.62 

0.05 

0 

68 

1450 

7250 

1.35 

0.21 

0.02 

0.43 

0.05 

0 

3 

1450 

7500 

5.60 

0.49 

0.09 

0.83 

0.12 

0 

70 

1450 

7750 

1.40 

0.20 

0.03 

0.53 

0.04 

0 

41 

1500 

0 

0.00 

0.07 

0.02 

0.28 

0.04 

0 

42 

1500 

0 

0.00 

0.07 

0.03 

0.27 

0.03 

0 

49 

1500 

3750 

1.40 

0*  14 

0.04 

0.39 

0.10 

0 

50 

i!00 

3750 

1.10 

0.14 

0.03 

0.37 

0.06 

0 

21 

1300 

4500 

2.00 

0.30 

0.04 

0.63 

0.12 

0 

47 

1500 

4500 

2.60 

0.25 

0.01 

0.55 

0.12 

0 

48 

1500 

4500 

2.35 

0.33 

0.08 

0.60 

0.20 

0 

81 

1500 

4750 

2.20 

0.22 

0.03 

0.42 

0.04 

0 

83 

1500 

4750 

2.00 

0.19 

0.02 

0.41 

0.06 

0 

22 

1500 

5000 

2.65 

0.41 

0.03 

0.71 

0.09 

0 

82 

1500 

5000 

3.35 

0.28 

0.03 

0.48 

0.07 

0 

84 

1500 

5000 

2.50 

0.21 

0.04 

0.48 

0.07 

0 

45 

1500 

5250 

5.30 

0.46 

0.09 

0.85 

0.20 

2 

46 

1500 

5250 

5.05 

0.46 

0.04 

0.80 

0.16 

0 

23 

1500 

5500 

4.30 

0.53 

0.07 

0.88 

0.17 

01 

31 

1550 

0 

0.00 

0.15 

0.05 

0.54 

0.08 

0 

32 

1550 

0 

0.00 

■ 0.14 

0,04 

0.44 

0.10 

0 

33 

1550 

3000 

1.35 

0.20 

0.03 

0.53 

0.08 

0 

34 

1550 

3000 

1.20 

0.17 

0.05 

0.50 

0.10 

0 

11 

1550 

3500 

1.60 

0.30 

0.04 

0.71 

0.22 

0 

35 

1550 

3700 

3.15 

0*46 

0.09 

0.93 

0.20 

1 

36 

1550 

3700 

2.85 

0.35 

0.02 

0.68 

0.10 

0 

12 

1550 

4000 

2.30 

0.36 

0.07 

0.82 

0.29 

Ij 

86 

1550 

4000 

3.80 

0.38 

0.05 

0.59 

0.05 

0 

85 

1550 

4000 

3.70 

0.41 

0.05 

0.72 

0.17 

0 
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TABLE  II  (continued)  \ 

Depth  of  0)tide  Penetration 

Spec.  Test  Extension  A y/  Stringers-/ 

Alloy  No.  Temp.  Stress  in  100  hrs.  Avg.  e~  \ Max.  e~  per  inch^'' 


op 

psi 

% 

mils 

mils 

•,mils 

mils 

Type  316 

87 

1550 

4200 

4.10 

0.41 

0.05 

0i71 

0.21 

0 

Stainless 

88 

1550 

4200 

■5.60 

o./W- 

o.o6 

o.^k 

0.31 

3 

Sbeel 

89 

1550 

4400 

6.10 

0.49 

0.05 

0.90^ 

0.24 

2 

90 

1550 

4400 

5.15 

0.50 

0.05 

0.92 

0.22 

1 

13 

1550 

4500 

3.35 

0.55 

0.09 

0.78 

0.13 

0 

37 

1550 

4525 

5.75 

0.58 

0.07 

0.95 

0.20 

1 

38 

1550 

4525 

5.75 

0.57 

0.08 

1.03 

0.34 

5 

14 

1550 

5000 

5.70 

0.62 

0,07 

1.13 

0.15 

0 

60 

1600 

0 

0.00 

0.22 

0.12 

0.63 

0.21 

0 

59 

1600 

0 

0.00 

0.22 

0.07 

0.59' 

0.08 

0 

58 

1600 

2325 

1.00 

0.31 

0.06 

0.77 

0.13 

0 

57 

1600 

2325 

1.05 

0.29 

0.07 

0.73 

0.15 

0 

56 

1600 

2630 

1.45 

0.25 

0.05 

0.63 

0.08 

0 

55 

1600 

2630 

1.65 

0.24 

0.05 

0.60 

0.08 

0 

54 

1600 

3125 

2.50 

0.34 

0.11 

0.67 

0.19 

0 

53 

1600 

3125 

2.75 

0.45 

0.05 

1.13 

0.71 

6 

52 

1600 

3450 

4.25 

0.57 

0.09 

1.06 

0.32 

2 

51 

1600 

3450 

4.95 

0.65 

0;12 

1.02 

0.18 

8 

Inconel  X 

79 

1450 

0 

0.00 

0,01 

0.04 

0.26 

0.05 

1 

80 

1450 

0 

0.00 

0.01 

0.02 

0.21 

0.13 

0 

57 

1450 

20,000 

0.10 

0.04 

0.04 

0.33 

0.08 

1 

71 

1450 

20,000 

0.05 

0.02 

0.05 

0.17 

0.07 

0 

25 

1450 

22,500 

0.05 

0.03 

0.03 

0.22 

0.05 

0 

45 

1450 

22,500 

0.20 

0.07 

0.06 

0.25 

0.03 

0 

56 

1450 

22,500 

0.10 

0,00 

0.04 

0.23 

0.06 

0 

24 

1450 

25,000 

0.00 

0.01 

1.02 

0.31 

0.20 

0 

62  , 

1450 

25,000 

0.05 

0.00 

0.03 

0.13 

0.05 

5 

23  ' 

1450 

27,500 

0.00 

0.05 

0.05 

0.26 

0.04 

0 

63  / 

1450 

27,500 

0.40 

0.03 

0.03 

0.19 

0.05 

6 

8l 

1500 

0 

0.00 

0.03 

0.11 

0.38 

0.22 

0 

82 

1500 

0 

0.00 

0.00 

0.07 

0.12 

0.13 

0 

50 

1500 

16,000 

0.00 

0.02 

0.10 

0.26 

0.08 

0 

88 

1500 

16,000 

0.10 

0.00 

o.o6 

0.60 

0.11 

0 

6 

1500 

17,500 

0.10 

0.09 

0.O8 

0.41 

0,23 

0 

49 

1500 

17,500 

0.15 

0.05 

0.06 

0.39 

0.12 

0 

8 

1500 

19,000 

0.15 

0.11 

0,08 

0.24 

0.07 

0 

i 

1500 

19,000 

0.25 

0.11 

0.02 

0.29 

0.04 

0 

7 

1500 

20,500 

0.30 

0.04 

0.05 

0.38 

0.06 

0 

47 

j/  and  See  end 

1500  20^500 
of  Table  11 

0.10 

0.09 

0.07 

0.25 

0.06 

0 
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Alloy 


Inconel  X 


Inconel 


TABLE  II  (continued) 


Spec. 

No. 

Test 

Temp. 

Stress 

Extension  ' 
in  100  hrs. 

Depth  of  Oxide 

Penetration 

Stringer So/ 
per  inch—' 

Avg. 

IT 

s~ 

Max. 

— T7” 
e~ 

°F 

psi 

% 

mils 

mils 

mils 

mils 

46 

1500 

21,500 

0.05 

0.03 

0.03 

0.27 

0.05 

0 

87 

1500 

21,500 

0.40 

0.02 

0.03 

0.21 

0.03 

0 

77 

1550 

0 

0.05 

0.03 

0.05 

0.46 

0.05 

0 

78 

1550 

0 

0.00 

0.00 

0.02 

0.20 

0.05 

0 

98 

1550 

14,000 

0.10 

0.00 

0.02 

0.30 

0.09 

0 

99 

1550 

14,000 

0.15 

0.04 

0.09 

0.27 

0,10 

0 

76 

1550 

15,000 

0.40 

0.04 

0.04 

0.23 

0.10 

0 

93 

1550 

15,000 

0.15 

0.06 

0.11 

0.63 

0.40 

10 

91 

1550 

16,000 

0.25 

0.05 

0.03 

0.49 

0.41 

0 

96 

1550 

16,000 

. 0.05 

0.00 

0.03 

0.23 

0.10 

0 

13 

1550 

17,000 

0.15 

0.14 

0.10 

0.56 

0.06 

0 

97 

1550 

17,000 

0.20 

0.03 

0.03 

0.37 

0.10 

0 

83 

1600 

0 

0.05 

0.04 

0.06 

0.78 

0.45 

1 

84 

1600 

0 

0.00 

0.04 

0.05 

0.62 

0.13 

0 

20 

1600 

7,000 

0.15 

0.12 

0.07 

0.54 

0.35 

12 

55 

1600 

7,000 

0.05 

0.21 

0.09 

0.90 

0.11 

5 

19 

1600 

8,000 

0.00 

0.08 

0.04 

1.04 

0.14 

28 

■ 54 

1600 

8,000 

0.15 

0.15 

0.10 

1.00 

0.23 

22 

18 

1600 

'9,000 

0.50 

0.28 

0.04 

0.88 

. 0.21 

0 

95 

1600 

9,000 

0.15 

0.25 

0.05 

0.73 

0.18 

3 

52 

1600 

10,000 

0.15 

0.02 

0.03 

0.50 

0.13 

7 

94 

1600 

10,000 

0.20 

0.00 

0.04 

0.33 

0.10 

0 

66 

1450 

.0 

0.00 

0.00 

0.04 

0.40 

0.63 

0 

67 

1450 

0 

0.05 

0.00 

0.03 

0.21 

0.09 

0 

64 

1450 

2500 

1.65 

0.10 

0.06 

0.30 

0.05 

0 

63 

1450 

2750 

1.95 

0.14 

0.04 

0.29 

0.03 

0 

62 

1450 

3000 

3.60 

0.26 

0.05 

0.64 

0.19 

0 

6l 

1450 

3500 

5.30 

0.36 

0.02 

0.93 

0.38 

1 

76 

1450 

3500 

0,75 

0.02 

0.03 

0.19 

0.05 

0 

77 

1450 

3500 

0.80 

0.03 

0.05 

0.25 

0.06 

d 

78 

1450 

3750 

1.70 

0.18 

0.02 

0.40 

0.06 

0 

79 

1450 

3750 

0.85 

0.00 

0.01 

0.23 

0.07 

0 

84 

1450 

4000 

1.05 

0.10 

0.01 

0.23 

0.02 

0 

85 

1450 

4000 

1.05 

0.T3 

O.OI 

0.26 

0.10 

0 

57 

1450 

4325 

1.90 

0.05 

0.04. 

0.28 

0.04 

0 

58 

1450 

4325 

2.30 

0.21 

0.06 

0.39 

0.10 

0 

106 

1450 

4900 

2.65 

0*18 

0.03 

0.34 

0.04 

0 

107 

1450 

4900 

2.90 

0.24 

0.02 

0.43 

0.09 

0 

108 

1450 

5300 

4.35 

0.36 

0.09 

0.65 

0.04 

1 

109 

1450 

5300 

4.70 

0.35 

0.08 

0*56 

0.10 

0 

1/  and  ^ See  end  of  Table  II 
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TABLE  II  (continued) 


Spec.  Test 

Alloy  No.  Temp.  Stress 

' * °F  pil 

Inconel  31  1500  0 

32  1500  0 

51  1500  3000 

52  1500  3000 

101  1500  3050 

102  1500  3050 

91  1500  3100 

92  1500  3100 

93  1500  3200 

94  1500  3200 

41  1550  0 

42  1550  0 

15  1550  2400 

103  1550  2400 

96  1550  2600 

97  1550  260.0 

49  1550  2900 

50  1550  . 2900 

47  1550  3300 

48  1550  3300 

45  1550  3550 

46  1550  3550 

19  1600  0 

25  1600  0 

17  1600  1400 

21  1600  1400 

18  1600  2000 

22  1600  2000 

20  1600  2600 

24  1600  2600 

16  '1600  2600 

23  1600  2800 


17 95%  confidence  error 
2/  over  1 mil  in  depth 


I 


I 

I WADC  TR  58-164  Pt  1 


Depth  of  Oxide  Penetration 


txtension 
in  100  hrs. 

Avg, 

ei/ 

Max. 

ei./ 

Stringers  , 
per  inch=7 

% 

mils 

mils 

mils 

mils 

0,00 

0.03 

0.02 

0,31 

0.13 

0 

0.00 

0.09 

0.00 

0.28 

0.15 

0 

0*75 

0.10 

0.03 

0.21 

0.05 

0 

0.90 

0.12 

0.03 

0.23 

0.04 

0 

2.00 

O.lS 

0,03 

0.35 

0.08 

0 

2.15 

0.22 

0,03 

0.41 

0.09 

0 

3.50 

0.31 

0.04 

0.54 

0.10 

1 

3.50 

0.30 

0.04 

0.47 

0.09 

0 

3.05 

0.26 

0.02 

0.49 

0.06 

0 

4.80 

0.29 

0.02 

0.69 

0.21 

0 

0.00 

0.06 

0.03 

0.33 

0.08 

0 

0,00 

0.00 

0.04 

0.17 

0.05 

0 

0.65 

0.14 

0.03 

0.29 

0.07 

0 

0.95 

0.04 

0.06 

0.17 

0.09 

0 

2,05 

0.22 

0.03 

0.39 

0.07 

0 

2.15 

0.19 

0.03 

0.41 

0.10 

0 

3.30 

0.31 

0.06 

0.77 

0.16 

1 

2.50 

0.10 

0.06 

0.30 

0107 

0 

4.30 

0.33 

0 

0.71 

0.33 

1 

3.70 

0.31 

0.04 

0.64 

0.17 

0 

5.20 

0.36 

0.05 

0.85 

0.27 

0 

4.85 

0.36 

0.06 

0,71 

0.06 

0 - 

0.00 

0.03 

0.03 

0.22 

0.04 

0 

0.00 

0.00 

0.05 

0.33 

0.15 

0 

0.35 

0.09 

0.02 

0.36 

0.03 

0 

0.40 

0.03 

0.02 

0.21 

0.05 

0 

1.45 

0.12 

0.03 

0.37 

0.07 

0 

1.40 

0.13 

0.03 

0.31 

0.09 

0 

4.65 

0.31 

0.05 

0.59 

0.09 

0 

3.90 

0.30 

0.06 

0.68 

0.05 

0 

4.75 

0,39 

0.04 

0.62 

0.05 

0 

4.60 

0.30 

0.02 

0.55 

0.12 

0 
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TABLE  III 


STRESS  IN  PSI,  AT  WHICH  mPTH  OZ-OXIffi  PENETRATION  BEGAN  TO  INCREASE  WIOH  STRESS 


Average  Depth  of  External  Maximum  Depth  of  Oxide 


Alloy Oxide  Penetration Penetration 


Temperature,  «>F 

I'SOO 

2000 

2100 

2200 

1800 

Z0''l 

2100 

2200 

A1  Mod.  - Nichrome  V 700 

500 

400 

225 

700 

■jOO 

400 

100 

Nichrome  V 

1000 

575 

300 

100 

1000 

575 

400 

200 

Nb  Mod.  - Nichrome  V 700 

400 

300 

150 

700 

400 

300 

150 

Fe-Cr-Al 

150 

75 

50 

40 

200 

75 

50 

50 

Temperature,  °F 

1500 

' 1600 

1700 

1800 

1500 

1600 

1700 

1800 

Inconel  702 

10,000 

5500 

1800 

1350 

10,000 

5500 

2000 

1100 

Hastelloy  R 235 

23,000 

15,000 

12,000 

5000 

23,000 

15,000 

12,000 

5000 

Temperature,  °F 

1450 

1500 

1550 

1600 

1450 

1500 

1550 

1600 

Type  316  S.S. 

4750 

3750 

3000 

2300 

4750 

3750 

, 3000 

2300 

Inconel  X 

20,000 

17,500 

15,000 

7000 

20,000 

16,000 

15,000 

7000 

Inconel 

3500 

3000 

2400 

1400 

3500 

3000 

2400 

1400 

Temperature,  ep 

1300 

1500 

1650 

1800 

1300 

1500 

1650 

1800 

Hastelloy  W 

15,000 

6500 

2000 

700 

15,000 

6500 

2000 

700 
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SMITH.  H.  H.j  SHAHINIAN.  P.j  AND  ACHTER.  M.  R.: 

FATIGUE  CRACK  GROWTH  RATES  IN  TYPE  316  STAINLESS  STEEL 
AT  ELEVATED  TEMPERATURES  AS  A FUNCTION  OF  OXYGEN 
PRESSURE.  TRANS.  MET.  SOC.  AIME.  VOL.  2K,  MAY  1969. 


Fatigue  Crack  Growth  Rates  in  Type  316  Stainless  Steel 


at  Elevated  Temperature  as  a 
Oxygen  Pressure 

H.  H.  Smithy  P.  Shahinlatif  and  M.  R.  Achter 

Crack  growth  rates  are  measured  at  elevated  tem- 
perature in  a resonant  fatigue  machine  from  vibra- 
tion frequency!  decreases  calibrated  in  ternis  of  crack 
' depth.  Crack  growth  rates  in  Type  315  stainless  steel 
at  500°  and  800°C  shoio  a sharp  increase  with  oxygen’ 
pressure  in  an  intermediate  pressure  range  and  lit- 
tle or  no  change  at  high  and  loto  pressures.  At  500° C, 

I 1 torr  of  oxygen  reduces  the  fatigue  life  by  almost  a 

I facto!”  of  100  in  comparison  to  that  in  vacuum  and 
1 raises  the  growth  rate  of  shallotv  cracks  by  the  same 
f amount.  At  800°C  the  effects  are  smaller.  Changes 
' in  slope  in  the  crack  grotvth  rate  curves  are  discussed 
\ in  terms  of  a model  in  tohich  7-ates  of  surface  produc- 
) tion  and  of  surface  coverage  by  gas  are  compared. 

The  use  of  a calculation  method  in  which  the  sivrface 
exposure  time  is  equal  to  x/v,  tohere  x is  the  inter- 
j atomic  spacing  and  v is  the  groioth  rate,  makes  it 
possible  to  obtain  order  of  magnitude  agreement  at 
50(fC  between  the  observed  p7”essitre  and  the  pre- 
dicted pressure  at  these  slope  changes.  At  80CPC 
! oxidation  becomes  a factor  and  the  data  cannot  be 
treated  by  simple  adsorption  theory. 

! The  decrease  in  the  fatigue  life  of  metals  as  a func- 
tion of  gas  pressure  usually  follows  a stepped  curve 
With  virtuallji  al5  of  the  decrease  concentrated  in  a 
sharp  drop  in  a transition  zone  at  intermediate  pres- 
sures and  little  or  no  change  at  low  and  high  ranges, 
f A.  number  of  models,  differing  in  the  details  of  the 
mechanism,  have  been  offered  to  explain  the  shape  of 
the  curve.  Measurements  of  crack  growth  in  aluminum 
as  a function  of  gas  pressure  by  Bradshaw  and  Wheeler^ 
and  Hordon“  demonstrated  opportunities  for  quantita- 
tive comparison  to  evaluate  the  proposed  models. 

Since  comparable  data  were  lacking  at  high  temper- 
atures, in  the  present  work  rates  of  crack  propaga- 
tion were  measured  in  Type  316  stainless  steel  at 
5 00°  and  800°C  as  a function  of  oxygen  pressure. 

Choice  of  this  material  was  dictated  by  two  consider- 
ations; it  is  stiff  enough  at  these  elevated  tempera- 
tures to  resonate  with  the  regenerative  drive  on  our 
fatigue  machine  and  it  is  known  to  display  a large 
effect  of  environment.  A new  method  of  calculation 
is  described  to  predict  the  gas  pressure  at  the  critical 
point. 

EXPERIMENTAL  PROCEDURE 

Because  of  the  difficulty  of  measuring  crack  depths 
directly  at  high  temperatures,  an  indirect  method  Was 

H.  H.  SMITH,  P.  SHAHINIAN,  Member  AIME,  and  M.  R.  ACHTER, 
Member  AIME,  are  Research  Physical  Metallurgist,  Supervisory  Re- 
search  Physicist,  and  Head,  respectively,  Tharmdstructural  Materials 
Branch,  Metallurgy  Division,  Naval  Research  Laboratory,  Washington, 

D.C. 
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developed  based  on  the  decrease  in  the  resonant  fre- 
quency with  the  growth  of  a crack.  A reversed  bending, 
constant  amplitude  fatigue  machine,  described  previ- 
ously,® vibrates  a specimen  at  its  resonant  frequency, 
automatically  records  any  changes  in  it  and  shuts  itself 
off  after  it  has  reached  a preset  vaiue  of  frequency  de- 
crease. The  record  of  frequency  change  is  used  to  de- 
termine the  rate  of  crack  growth. 

Sheet  type  specimens  of  Type  316  stainless  steel. 

Fig,  1,  incorporated  a sharp,  shallow  notch  to  localize 
the  formation  Of  a single  crack.  After  machining,  they 
were  annealed  in  a vacuum  of  10"®  torr  either  at  1066° 
(lot  A)  or  871°C  (lot  B)  and  then  electropolished  in  an 
acetic- chromic  acid  solution.  Bending  strains  were 
measured  at  500°  and  800°C  by  an  optical  technique^ 
and  reported  as  total  strain  ^vithout  correction  for  the 
notch.  At  500°C,  the  0.141  pet  strain  was  0.085  pet 
elastic  and  the  remainder  plastic.  At  800°C  the  0.062 
pet  strain  was  all  elastic.  To  convert  frequency  de- 
crease to  crack  length,  calibration  curves  were  ob- 
tained by  interrupting  the  vibration  at  stated  intervals 
of  frequency  decrease.  The  crack  depth  was  meas- 
ured microscopically  at  a magidfication  of  X400  and 
reported  as  the  average  of  the  measurement  on  each 
edge.  Some  specimens  were  sectioned  for  crack  meas- 
urement while  others  were  returned  to  the  machine 
and  fatigued  further.  There  was  good  agreement  be- 
tween the  two  methods. 

Before  beginning  the  vibration,  the  vacuum  chamber 
was  first  evacuated  cold  to  1 x 10"®  torr,  then  heated  to 
the  operating  temperature  and  held  there  until  the 
pressure  was  again  reduced  to  1 x 10"®  torr  at  which 
time  oxygen  was  introduced  to  the  desired  pressure. 

In  this  investigation  the  vibration  frequency  was  nom- 
inally 10  cps  and  a decrease  of  0.6  cps  was  taken  as 
the  failure  point.  The  choice  of  the  frequency  de- 
crease to  represent  failure  has  no  appreciable  effect 
on  the  fatigue  life  because  the  crack  is  growing  very 
fast  at  this  point. 


Volume  245,  may  is6s-94/' 


At  low  gas  pressures,  in  the  so-called  molecular 
flow  region,  below  10"®  torr  in  our  system,  the  pres- 
sure at  the  gage  is  slightly  lower  than  the  actual  pres- 
sure in  the  hot  zone.  Since  the  pressure  difference  is 
too  small  to  affect  significantly  the  shape  of  the  curve, 
being  proportional  to  the  square  root  of  the  ratio  of 
the  temperatures,®  a correction  was  not  made. 


RESULTS 

correlation  of  Frequency  Change  and  Crack  Length. 
Fig.  2 illustrates  the  change  in  frequency  with  the  dura- 
tion of  the  vibration.  Lot  B material  displays  a slight 
increase  in  frequency  at  the  start,  reflecting  strain 
hardening,  followed  by  a slow  decrease,  indicating  the 
beginning  of  crack  growth.  As  indicated  by  the  faster 
change  which  follows,  crack  growth  then  accelerates. 
Lot  A material  displays  a somewhat  different  behavior. 
Since  it  has  been  annealed  at  a higher  temperature, 
and  is  therefore  softer,  there  is  more  strain  hardening, 
as  shown  by  the  steep  increase  in  frequency  at  the 
start.  For  purposes  of  measurement  of  crack  growth 
rate  and  of  fatigue  life,  the  reference  frequency  is 
taken  as  the  maximum  reached  before  the  decrease 
starts.  At  the  maximum  frequency,  optical  examina- 
tion disclosed  no  measurable  crack,  even  though  dis- 
continuous crack  segments  were  observed  in  the  root 
of  the  notch. 

Correlations  between  frequency  change  and  crack 
length  measured  on  interrupted  test  specimens  are 
shown  in  the  calibration  curves  in  Figs,  3(a)  and  3(6). 

A straight  line  relationship  is  indicated  on  the  log-log 
plots  at  both  temperatures.  Although  the  curves  dif- 
fer from  each  other  slightly  in  slope  and  position,  it 
is  not  clear  whether  the  differences  are  significant. 
Crack  lengths  are  approximately  proportional  to  the 
square  root  of  the  change  in  frequency.  Since  the  data 
represent  measurements  in  vacuum,  oxygen  pres- 
sures from  10"®  to  810  torr,  and  in  air  at  total  strains 
from  0.05b  to  0.141  pet,  it  is  clear  that  one  calibra- 
tion plot  at  each  temperature,  despite  some  scatter, 
is  sufficient  for  the  determination  of  crack  lengths 
from  frequency  changes.  Refinement  of  the  method 
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would  be  required,  however,  to  detect  crack  initiation 
at  a very  early  stage. 

Fatigue  Data.  Crack  lengths,  determined  from  fre- 
quency changes,  show  the  effect  of  oxygen  pressure  at 
800°C,  Fig.  4,  and  demonstrate  the  high  growth  rates 
in  the  terminal  stages.  The  slight  inflection  in  the^ 
curve  at  10"®  torr  is  reflected  in  the  growth  rate  vs 
crack  length  curve  in  Fig.  5,  Here  there  are  two 
groups  of  curves,  one  group  at  low  gas  pressures 
and  the  other  at  high  pressures.  The  10"®  torr  curve 


OXYGEN 

« LOT  A 
■ LOT  B 


.05  0.1  .20  .5 
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Fig.  2— Change  in  frequency  of  vibration  during  fatigue  at 
500°G  of  Type  31C  stainless  steel  annealed  at  10GG°C  (Lot  A) 
and  annealed  at  87rc  (Lot  B). 


Fig.  3— Correlation  of  crack  length  and  frequency  decrease 
for  Type  316  stainless  steel  fatigued  at  various  strains  in 
vacuum  of  10“®  tort,  in  ait,  and  in  oxygen  at  pressures  from 
10"5  to  810  torr  («)  at  S00'’C  and  (6)  at  800°C. 
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has  growth  rates  representative  of  the  high  pressure 
curve  for  short  cracks  but  that  of  low  pressure 
curves  for  long  cracks.-  There  are  also  two  groups  at 
500°C  in  Fig.  6. 

There  was  some  concern  that  the  strain  hardening 
of  the  stainless  steel  at  500°C,  annealed  at  1066°C 
(lot  A),  might  have  some  effect  on  crack  propagation 
characteristics  and  affect  the  response  of  growth  rate 
to  gas  pressure.  Therefore,  growth  rates  at  two  oxy- 
gen pressures  were  measured  for  lot  B material, 
which  was  annealed  at  871“C  and  did  not  strain  harden 
appreciably.  As  shown  in  Fig.  7,  the-increase  in  growth 
rate  by  the  increase  in  gas  pressure  from  10“®  to  1 
torn  is  very  close  to  that  for  lot  A material  in  Fig.  6 
except  for  very  small  cracks. 

If  now  the  crack  growth  rates  are  plotted  as  a func- 
tion. of  oxygen  pressure  one  obtains  a family  of  curves 
for  constant  crack  lengths,  as  in  Figs.  8 and  9,  which 
display  the  familiar  stepped  form,  similar  to  the 
curves  of  fatigue  life  vs  oxyge-  '-ressure  in  Fig.  10. 


Pig.  -t-Grack  growth  during  fatigue  at  800°C  in  oxygen  pres- 
sures ranging  from  10“®  to  810  torr. 


CRACK  LENGTH - mm 


Fig.  5--Fatigue  crack  growth  rate  at  800°C  as  a function  of 
crack  length  in  oxygen. 
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The  point  where  the  curve  bends  upward  from  the  low 
pressure  plateau  is  called  the  lower  transition  and  the 
point  of  leveling  off  at  the  high  pressure  plateau  is 
the  upper  transition  or  critical  point. 


Fig.  6— Fatigue  crack  growth  rate  in  Lot  A material  at  500°C 
as  a function  of  crack  length  in  oxygen. 


Fig.  7— Fatigue  crack  growth  in  Lot  B material  at  500“C  as  a 
function  of  otack  len^h  in  oxygen. 
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Fig.  8— Effect  of  oxygen  pressure  on  rate  of  fatigue  crack 
growth  in  Lot  A material  at  500°C. 
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Fig,  9— Effect  of  oxygen  pressure  on  rate  of  fatigue  crack 
growth  at  800°C. 
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At  500  C the  endurance  in  the  ultimate  vacuum  of 
i0~®  torr  is  almost  100  times  longer  than  in  1 torr  0 
From  the  fact  that  the  ratio  of  crack  growth  rate  in 
oxygen  to  that  in  vacuum  for  the  smallest  crack  is  al 
most  of  the  same  magnitude,  one  can  conclude  that 


500°  C -0.141%  STRAIN 
800°  C “ 0.062%  STRAIN 


800*  C 

t + 


I0-®  I0"=  10-“  10’^  IQ-2  ICJ-'  10°  10'  10®  10® 

PRESSURE  - Torr 

Fig.  lO^Effect  of  oxygen  pressure  on  fatigue  life  at  500°C 
(Lot  Al  and  800°C. 


800*  C- 0.062%  STRAIN 


|xio-»Torr 


CYCLES-IO* 

Fig.  11— Increase  in  rate  of  fatigue  crack  growth  upon  intro- 
duction of  1 torr  oxygen  during  fatigue  at  800°G. 
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most  of  the  lifetime  is  spent  in  the  growth  of  a small 
crack.  The  curves  in  Fig.  8 resemble  those  of  Brad- 
shaw and  Wheeler^  for  aluminum  in  HzO  vapor  in  two 
i respects.  As  the  cracks  become  longer,  and  grow 
! faster,  the  effect  of  gas  pressure  on  growth  rate  be- 
f comes  smaller.  Secondly,  the  transition  pressures 
i are  higher  for  the  longer  cracks. 

' In  some  ways  .he  fatigue  lives  and  crack  propaga- 
I tion  rate  curves  at  800°  differed  from  those  at  500°C. 

At  the  higher  temperature  the  effect  of  environment 
I on  fatigue  lives  was  considerably  smaller.  At  tem- 
: peratures  this  high,  a competing  reaction,  oxidation 

strengthening,  has  been  found  to  reduce  the  crack  ac^ 
j celerating  effect  of  oxygen.  In  fact,  a reversal  is 
sometimes  observed,  with  fatigue  lives  longer  in  an  ' 
oxidizing  environment  than  in  vacuum.'*  However,  the 
lack  of  an  increase  in  fatigue  life  with  oxygen  pres- 
' sure  at  high  pressures  is  not  in  accord  with  oxida- 
j tion  strengthening.  Also,  the  transition  pressures  are 
higher  at  800°  than  at  500°C.  Neither  is  there  the  same 
reduction  in  environmental  effect  with  increase  in 
crack  length  as  at  500°C. 

' Changes  in  Atmosphere.  To  determine  v;hether  the 
history  of  previous  environments  had  any  effect, 
crack  gro\rth  rates  were  measured  before  and  after 
I the  atmosphere  was  changed.  In  each  case,  the  rate  of 
propagation  in  the  new  environment  was  the  same  as 
I that  for  a specimen  which  had  been  fatigued  in  that 
I environment  its  entire  life.  In  Fig.  11,  the  curve,  after 
the  introduction  of  1 torr  O,  is  the  same  as  that  for 
the  same  pressure  in  Fig.  4.  For  the  experiment 
represented  by  Fig.  12,  the  vibration  was  stopped  dur- 
ing the  evacuation  of  the  oxygen  and  not  restarted  until 
the  ultimate  vacuum  was  reached.  Except  for  a short 
transition  period,  perhaps  ascribable  to  completion  of 
degassing  of  the  crack,  the  growth  rate  corresponded 
to  the  curve  for  10"®  torr  in  Fig.  4.  In  Fig.  12  and  in 
Fig.  4,  close  to  1.8  x 10®  cycles  were  required  for  the 
Crack  to  grow  from  0.53  to  1.0  mm  at  10"®  torr.  It 
was  surprising  that  the  oxidation  differed  by  the 
stainless  steel  had  no  effect  upon  its  subsequent  be- 
havior in  vacuum. 

Metallographic  Observations.  All  cracks  at  both 
temperatures  were  transgranular.  There  was  no  ob- 
vious effect  of  gas  pressure  on  crack  geometry  ob- 
served to  explain  faster  growth  rates  in  oxygen,  al- 
though increasing  pressure  resulted  in  relatively 
straighter  cracks , In  the  examination  of  interrupted 
test  specimens  for  the  calibration  plots  of  Fig.  3(a) 
and  3(&)j  small  cracks  were  found  after  a fe  y hours 
' in  vacuum  even  when  the  lifetime  was  long.  There- 
fore, it  is  the  rate  of  propagation  and  not  initiation 
which  determines  the  effect  of  environment  on  life. 

DISCUSSION 

According  to  the  general  adsorption  model,  crack 
propagation  is  accelerated  with  increasing  gas  pres- 
sure until  the  rates  of  surface  generation  and  Of 
coverage  by  gas  are  equal.  At  this  so-called  critical 
point  increases  of  pressure  should  have  no  further 
effect.  A number  of  detailed  mechanisms  have  been 
proposed  to  explain  how  this  general  model  operates. 
One  deals  with  dislocations  piled  up  against  the  oxide 
layer,®  another  with  the  prevention  of  re  welding  of 
the  crack  surfaces  / and  still  another  with  the  genera- 
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Fig,  12— Degrease  of  rata  of  fatigue  crack  growth  at  800°C  as 
pressure  is  reduced  from  1 torr  to  1 x 10"®  torr. 

tion  of  hydrogen  by  the  reaction  of  water  vapor  with 
clean  aluminum  on  the  crack  surfaces.*’®’®  Another 
proposed  mechanism  holds  that  reaction  of  the  gas 
with  the  interatomic  bonds  at  the  crack  tip  would  re- 
duce the  work  required  to  break  these  bonds.*® 

let  alone  distinguishing  between  these  detailed 
mechanisms,  it  has  not  as  yet  been  possible  to  relate 
crack  growth  rate  with  gas  pressure  to  substantiate 
the  general  adsorption  model.  In  this  paper  we  pre- 
sent a calculation  method,  modified  from  one  proposed 
earlier  for  creep,**  which  considerably  narrows  the 
spread  between  the  predicted  and  observed  critical 
pressure.  Crack  propagation  is  visualized  as  the  un- 
covering of  successive  rows  of  atomic  sites  by  break- 
ing of  interatomic  bonds  at  the  crack  tip.  At  the  criti- 
cal point,  the  rate  of  impingement  of  gas  molecules 
at  the  crack  tip  must  equal  the  rate  of  bond  breaking. 
The  rate  of  breaking  of  bonds,  per  length  of  crack 
edge  equal  to  the  interatomic  spacing,  is  given  by  n/x 
where  v is  the  crack  tip  velocity  and  x the  inter- 
atomic spacing.  In  effect  each  site  in  the  row  of 
atomic  sites  uncovered  by  the  breaking  of  bonds  at 
the  crack  tip  must  adsorb  a gas  atom  before  the  next 
row  is  uncovered.  At  the  critical  point  the  time  in 
which  adsorption  must  be  completed  is  x/e.  To  pre- 
dict the  critical  pressure  one  would  then  compute 
from  kinetic  theory  of  gases  the  pressure  required  to 
saturate  the  .urface  in  time  x/<^>  or  to  bombard  each 
lattice  site  of  a surface  at  the  rate  u/x. 

To  compute  the  predicted  pressure  it  is  first  nec- 
essary to  convert  the  measured  growth  rate  to  the  ef- 
fective rate  since  the  crack  grows  only  during  a part 
of  the  cycle.  It  seems  reasonable  to  estimate  that  it 
grows  during  j the  tensile  part  of  the  cycle  or  ^ the 
complete  period.  Then  the  time  in  which  coverage 
must  be  completed  is  given  by 

^ 4f  da/dN  ^^’^ 

where  / is  10  cps  and  da/dN  is  the  measured  crack 
tip  velocity  in  cm  per  cycle,  corrected  to  the  effec- 
tive velocity  by  the  factor  4. 

Taking  2. 5 A as  the  interatomic  Spacing  for  y iron, 
the  density  of  sites  becomes  1.9  xio*®  cm"®  and  the 
impingement  rate  per  site  is 
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3>5X10’=^P  1 


[2] 


■where  M is  the  molecular  weight  of  gas,  P the  pres- 
sure in  torr,  and  T the  temperature. 

Remembering  that  only  1 molecule  of  oxygen  is  re- 
quired to  cover  2 atoms  of  iron,  the  saturation  time  is 

2x3.5xlO“‘'P 


t 


sec 


[3] 


and  from  Eqs.  [3]  and  [1]  we  get  for  the  predicted 
oxygen  pressure 

P^  = 2.5  X 10*  ida/dN)  T*'*  [4] 

To  illustrate,  for  the  0.25  mm  crack  at  500°C  in 
Fig.  8,  at  the  upper  transition  or  critical  pressure 
where  Pp  should  equal  the  observed  pressure  Pp, 
we  take  da/dN  = 4 x 10"®  cm  per  cycle  and  get  Pp 
= 2.8  X 10"*  torr.  Here  P„  = 1.1  x 10"‘  torr  qnd 
R ~ P JP  p=-  Similarly,  the  R values  were  calcu- 

lated at  three  places  on  each  curve  in  Figs.  8 and  9, 
at  the  upper  and  lower  transition  points  and  a point 
midway  between  them. 

In  Table  I,  the  R values  for  the  upper  transition, 
or  critical  point,  at  500°C  are  >1.  That  is,  the  ob- 
served pressure  is  greater  than  the  predicted.  The 


agreement  between  Pq  and  Pp  is  roughly  an  order 


of  magnitude.  Bradshaw  and  Wheeler^  and  Hordon,* 
in  attempting  to  explain  values  of  R of  about  10*  for 
aluminum,  considered  the  attenuation  of  gas  flow  by 
a capillary  crack,  as  suggested  by  Snowden.**  Brad- 
shaw,** in  addition,  discussed  the  possibility  that 
more  than  1 layer  of  oxygen  is  required  before  the 
crack  growth  rate  becomes  constant.  However, 
when  our  calculation  procedure  is  applied  to  the 
data  of  Bradshaw  and  Wheeler,  agreement  of  their 
Pq  and  Pp  is  also  ■within  an  order  of  magnitude;** 
Po/Pp  is  10,  9,  and  5 for  their  3 curves.  With  this 
agreement  between  Po  and  Pp  it  does  not  appear 
necessary  to  resort  to  a large  correction  for  the  at- 
tenuation in  a capillary  crack.  If  it  were  necessary, 
R would  increase  ■with  crack  length,  and  it  does  not. 

Much  of  the  discussion  of  the  events  at  the  tip  of 
the  crack  depends  upon  the  ■value  of  R and  its  re- 
sponse to  the  conditions  of  the  measurement.  In  our 
calculation  the  greatest  uncertainty  is  the  factor 
used  to  convert  measured  crack  gro^wth  rate  to  ef- 
fective rate.  In  reversed  bending  the  factor  must 
be  >2.  We  used  a ■value  of  4.  If  we  had  used  a num- 


Tablc  t.  Ctjmparison  of  Predicted  Saturation  Prassurea  Pp  Based  on  Crack 
Growth  Rate  and  Observed  Transition  PressureiP,, 
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her  <4,  R would  be  larger  than  reported  but  the  R 
values  in  Table  I could  hot  be  much  greater  than  10 
at  500°C,  At  our  present  state  of  knowledge,  it  is 
not  possible  to  know  what  part  of  the  value  of  R is 
ascribable  to  attenuation  by  a capillary  crack  and 
what  part  to  the  sticking  coefficient,  which  may  be 
appreciably  less  than  one.  However,  the  variation  in 
R with  the  conditions  of  measurement  may  be  inter- 
preted ■with  confidence  in  a discussion  of  the  model. 

Certain  features  of  the  data  at  500°C  in  Fig.  8 fit 
the  model.  The  transition  pressures  increase  ■with 
crack  length.  It  would  be  expected  that  a faster  grow- 
ing crack  would  require  a liigher  gas  impingement 
rate.  Also,  P increases  with  increasing  gas  pres- 
sure. According  to  the  model,  at  the  upper  transi- 
tion the  rates  of  surface  generation  and  coverage 
should  be  equal  and  P = 1,  Now  P,  at  the  lower 
transition  at  500“C,  is  anywhere  from  10  to  50  pet  of 
the  value  at  the  upper  transition  for  the  three  crack 
lengths.  Therefore,  we  conclude  that  the  rate  of 
crack  growth  is  a function  of  impingement  rr:te  only 
when  the  gas  pressure  is  large  enough  for  coverage 
of  at  least  10  pet  of  the  sites  in  time  x/w. 

At  800°C,  P is  considei’ably  greater  "than  at  the 
lower  temperature.  Recent  results  on  nickel*®  also 
show  a similar  change  in  environmental  response 
with  temperature;  the  high  pressure  transition  shifts 
to  higher  pressures  as  temperature  is  raised.  This 
pressure  shift  was  attributed  to  oxidation  along  the 
crack  surfaces  at  the  higher  temperature.  Causing, a 
reduced  rate  of  arrival  of  oxygen  molecules  at  the  tip 
of  the  advancing  crack.  To  provide  sufficient  oxygen 
to  produce  the  maximum  crack  growth  rate,  a higher 
pressure  is  required  at  higher  temperatures,  result- 
ing in  higher  values  of  P. 

At  500°C,  where  no  visible  oxidation  is  present,  the 
order  of  magnitude  agreement  between  Pg  and  Pp,  as 
well  as  the  similar  results  in  treating  the  data  for 
aluminum,  attests  to  the  ■validity  of  the  calculation 
method  and  supports  the  general  adsorption  model. 

With  the  continuing  development  of  new  metallographic 
techniques  there  is  hope  that  it  will  be  possible  before 
too  long  to  distinguish  between  the  detailed  mechanisms. 


SUMMARY  AND  CONCLUSIONS 


Crack  growth  rates  in  Type  316  stainless  steel  show 
a sharp  increase  with  oxygen  pressure  in  an  inter- 
mediate range  and  little  or  no  change  at  high  and  low 
pressures.  According  to  a general  model  for  environ- 
mental effects,  the  high  pressure  transition  or  critical 
pressure,  where  the  curve  levels  off  again,  represents 
the  point  Where  the  surface  is  being  covered  by  oxygen 
at  the  same  rate  it  is  being  produced.  A method  of 
calculating  the  predicted  pressure  is  described  which 
results,  in  order  of  magnitude  agreement  between  it  and 
the  observed  pressure  at  500°C.  With  this  agreement  it 
is  concluded  that  large  corrections  for  the  attenuation 
of  gas  flow  by  a capillary  crack  are  not  needed. 

At  800°C  the  agreement  is  not  as  good  as  at  500®C, 
although  considerably  better  than  two  orders  of  mag- 
nitude. This  apparent  change  in  the  environmental  ef- 
fect 'With  increase  in  temperature  may  be  attributed 
to  greater  oxidation  at  crack  surfaces  at  the  higher 
temperature.  Therefore,  the  data  cannot  be  treated  by 
simple  adsorption  theory.  . 
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In  keeping  with  a well  established  precedentj  Committee  E-9  on  Fatigue 
again  sponsored  a triennial  symposium  on  aircraft  structural  fatigue  prob- 
lems at  the  Fall  Meeting  held  in  Atlanta,  Ga.,  29  Sept.-4  Oct.  1968. 

Previous  symposia  have  concentrated  on  the  basic  mechanism  of  fatigue, 
the  effects  of  stress  concentrations,  and  the  behavior  of  full-scale  structural 
assemblies  and  components  under  simulated  service  loadings. 

This  symposium  was  divided  into  three  broad  categories:  (1)  cumulative 
damage ; (2)  random  load  effects ; and  (3)  the  effects  of  corrosive  environments. 

In  general,  the  papers  in  the  first  two  categories  approach  the  basic  problem 
of  life  estimation  in  a more  rational  manner  than  heretofore.  The  papers  on 
the  effects  of  corrosive  environments  reflect  the  current  concern  with  the 
superposition  of  environmental  simulation  on  the  fatigue  problem. 

M.  S.  Rosenfeld 

Research  Aerospace  Engineer, 
Aero  Structures  Department, 
Naval  Air  Development 
Center;  symposium  chairman. 
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ABSTRACT;  The  fatigue  behavior  of  high-purity  nickel,  vibrated  in  reversed 
bending,  was  studied  at  300  C in  oxygen  and  in  water  vapor  at  pressures  from 
10““  to  10  torr.  Fatigue  life  was  reduced  in  both  oxygen  and  water  vapor,  but 
the  variation  in  life  with  pressure  differed  somewhat  for  the  two.  The  curve  of 
fatigue  life  versus  oxygen  pressure  is  step-shaped  with  little  or  no  dependence  of 
life  on  pressure  at  very  tow  and  high  pressures,  the  major  reduction  taking  place 
at  intermediate  pressures.  In  contrast,  the  fatigue  life  in  water  vapor  drops  off 
gradually  throughout  the  entire  high-pressure  range,  but  the  maximum  reduction 
is  much  less  than  in  oxygen.  Evidence  obtained  by  residual  gas  analysis  shows 
that  a hot  ionization  gage  filament  may  change  the  composition  of  the  environment 
which,  in  turn,  may  affect  fatigue  life.  Metallographic  examination  of  failed 
specimens  disclosed  a relation  between  deformation  and  cracking  characteristics 
and  oxygen  pressure.  A calculation  of  the  pressure  required  to  saturate  the  crack 
surfaces  at  an  estimated  rate  of  crack  growth  showed  that  the  predicted  pressure 
agreed  with  the  highest  transition  pressure,  at  which  the  reduction  in  fatigue  life 
approaches  a maximum. 

KEY  WORDS;  fatigue,  nickel,  high  temperature,  gaseous  environment,  vacuum, 
oxygen,  water  vapor 


Introduction 

The  question  of  v/hether  it  is  oxygen  or  water  vapor  Which  is  detrimental 
to  fatigue  life  in  air  has  been  studied  by  a number  of  investigators 
Most  of  the  metals  investigated  have  been  found  to  be  affected  more  by  oxy- 
gen than  water  vapor  except  aluminum  and  its  alloys  which  are  reported  to  be 
especially  susceptible  to  water  vapor.  However,  in  these  studies  the  exact  com- 
position of  the  environment  was  not  known  with  certainty  because  it  was 

‘Research  Physical  Metallurgist  and  Supervisory  Research  Physicist,  respectively, 
Thermostructural  Materials  Branch,  Metallurgy  Division,  U.S.  Naval  Research  Labora- 
tory, Washington,  D.C»  2039Q. 

“ The  italic  numbers  in  brackets  refer  to  the  list  of  references  appended  to  this  paper. 
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not  analyzed.  In  all  but  one  of  the  studies  the  effect  of  water  vapor  was  ex- 
amined in  the  presence  of  oxygen.  In  addition,  other  impurity  gases  were  of 
course  present  but  their  possible  effect  was  not  considered.  Because  of  these 
factors  there  is  some  uncertainty  in  the  interpretation  of  results. 

The  purpose  of  this  investigation  was  to  distinguish  between  the  effects  of 
oxygen  and  water  vapor  on  the  fatigue  life  of  high-purity  nickel  at  300  C. 
Composition  of  the  environment  was  carefully  controlled  and  analyzed  to 
isolate  the  effects  of  oxygen  and  water  vapor  from  those  of  the  impurity 
gases,  CO,  COa,  Ha,  and  Na.  The  observed  variation  of  fatigue  life  with  pres- 
sure of  gas  is  discussed  in  terms  of  the  surface-gas-adsorption  model. 

Experimental  Procedure 

The  99.99  percent  nickel  strip  used  in  this  study  had  the  following  per- 
centages of  impurities:  0.006  C,  0.001  S,  <0.001  Mn,  <0.001  Cu,  0.0005  Co, 
0.0004  Fe,  0.0003  Si,  and  0.0002  Cr.  From  the  cold-rolled  material,  sheet 
specimens,  0,060  in.  thick  with  a 0.187-in.  wide  reduced  section,  were  ma- 
chined, vacuum-annealed  at  870  C for  2 h,  and  electropolished  in  a solution 
57  percent  by  volume  sulfuric  acid.  ( 

Fatigue  experiments  were  conducted  at  300  C in  oxygen  and  in  water 
vapor  at  a series  of  partial  pressures  from  10~®  to  10  torr.  The  fatigue  machine 
used,  described  in  detail  previously  [d],  was  of  the  reversed-bending,  constant- 
deflection  type  incorporating  an  electromagnetic  drive  to  facilitate  testing  in 
a controlled  environment.  In  the  control  circuit  of  the  machine  there  is  a 
feedback  loop  to  maintain  a constant  vibration  amplitude.  All  of  the  experi- 
ments were  run  at  a nominal  vibration  frequency  of  5 cps  and  a plastic 
bending  strain  of  0.17  percent.  The  bending  strain  was  determined  by  means 
of  an  elevated-temperature  optical  technique  [7].  Current  to  the  electro- 
magnets was  interrupted  when  the  power  required  to  maintain  a constant 
amplitude  increased  to  the  predetermined  level  taken  as  the  fatigue  life. 

An  oil-diffusion  pump  system  containing  two  liquid-nitrogen  traps,  one  at 
the  pump  and  an  auxiliary  one  adjacent  to  the  hot  zone,  provided  ultimate 
vacuums  in  the  10~®  tori*  range  after  an  overnight  bake.  Two  oxygen  series 
were  run,  one  with  both  liquid-nitrogen  traps  in  the  system  and  one  without 
the  auxiliary  trap.  In  the  water-vapor  series,  liquid-nitrogen  traps  were  not 
used.  Pressure  was  measured  in  the  fatigue  chamber  as  close  as  feasible  to 
the  hot  zone  Using  a Bayard  Alpert  type  ionization  gage  at  pressures  below 
1 X 10'"*  torr  and  a NRC  Type  530  Alphatron  gage  at  pressures  above  this 
value.  The  ion  gage  was  turned  on  only  momentarily  to  measure  pressure 
because  it  affected  the  composition  of  the  environment.  This  will  be  dis- 
cussed further  in  the  “Results”  section. 

The  pressure  in  the  fatigue  chamber  was  varied  by  admitting  gas  through 
a variable-conductance  high-vacuum  valve,  after  the  chamber  was  first 
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evacuated  to  the  ultimate  vacuum.  Analyses  of  the  atmosphere  were  made 
before  and  after  the  specimen  was  fatigued  at  pressures  below  1 X lO”*  torr 
using  a magnetic  sector-type,  residual-gas  analyzer  to  determine  the  impurity 
content.  The  sensitivity  of  the  instrument  to  Oa,  HaO,  CO,  COa,  Ha.  and  Na 
was  determined  along  with  the  spectrum  patterns  for  each  gas.  A spectrum 
pattern  shows  the  relation  of  the  peaks  of  a mass  spectrum  to  the  principal 
or  base  peak,  expressed  as  percentages  of  the  base  peak.  Spectrum  patterns 
are  necessary  to  determine  the  partial  pressures  of  gas  species,  such  as  carbon 
monoxide  and  nitrogen,  which  have  a base  peak  at  the  same  mass  number. 

To  ascertain  whether  the  main  impurities,  CO,  CO2,  No,  and  Ho,  produced 
an  effect  on  fatigue,  specimens  were  cycled  in  these  individual  gases  at 
1 X 10~^  torr.  Additional  pressure  levels  of  5 X 10~^  and  I X I0~“  torr  were 
used  for  the  carbon  monoxide.  The  purities  of  the  gases  in  percentages  were 
99.5  oxygen,  99.995  nitrogen,  99.5  carbon  monoxide,  99.5  carbon  dioxide, 
and  99.9  hydrogen.  Distilled  and  degassed  water  was  used  in  the  water- 
vapor-pressure  series.  Since  at  reduced  pressure  the  impurity  content  of  the 
gases  is  low,  no  further  purification  was  attempted.  To  minimize  contamina- 
tion of  the  gas,  however,  gas-cylinder  to  leak-valve  distances  were  kept  Short. 
Initially,  a liquid-nitrogen  trap  was  placed  in  the  oxygen  line,  but  it  did  not 
reduce  the  level  of  water  vapor  measured  in  the  chamber  and  was  discarded. 

A metallographic  study  was  made  on  failed  specimens  in  an  attempt  to 
relate  mode  and  other  features  of  cracking  to  the  environment. 

Results 

Environment 

V 

In  assessing  the  effects  of  oxygen  and  water  vapor  on  fatigue  life  it  was 
necessary  to  follow  the  compositional  changes  of  the  environment  as  ex- 
perimental conditions  were  varied.  As  the  gas  Was  admitted,  as  liquid-nitrogen 
traps  Were  introduced,  or  as  ion  gages  were  turned  on,  the  concentrations  of 
the  impurity  gases  were  altered.  The  findings  dictated  to  some  extent  the 
experimental  procedures  required  and  the  interpretation  of  the  fatigue  data. 

At  the  ultimate  vacuum  the  environment  was  composed  mainlj'  of  Hj,  CO, 
Na,  and  H.aO,  as  shown  in  Fig.  I by  the  typical  residual-gas  analyses  of  the 
system  with  and- without  the  auxiliary  trap  at  pressures  of  6 X 10~®  and 
1 X 10“®  torr,  respectively.  Because  of  inaccuracies  introduced  by  extra- 
polating the  gas  sensitivities  to  these  low  pressures,  the  sum  of  the  partial 
pressures  is  slightly  higher  than  the  ion-gage  pressure.  The  use  of  a liquid- 
nitrogen  trap  at  the  diifiision  pump  and  an  au.xiliary  trap  near  the  hot  zone 
removed  mainly  the  condensibles,  water  vapor  and  carbon  dioxide.  Other 
gases  were  also  reduced  by  “pumping"  at  the  cold  walls.  Each  trap  provided 
a measure  of  improvement  to  the  vacuum.  During  the  analyses  the  ion  gages 
remained  off  for  reasons  which  will  become  evident  later. 
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When  oxygen  is  admitted  to  the  system,  even  in  small  amounts,  the  partial 
pressures  of  many  of  the  residual  gases  increase,  particularly  CO,  COa,  and 
H2O  (Table  1).  Carbon  monoxide  increased  substantially  more  than  the 
other  gases,  but  its  ratio  to  oxygen  became  smaller  at  higher  oxygen  pressures. 
The  increase  in  water  vapor  as  oxygen  pressure  is  raised  is  held  by  the  liquid- 
nitrogen  traps  to  levels  of  about  three  orders  of  magnitude  lower  than  that 
of  oxygen.  The  increase  in  these  gases  cannot  be  accounted  for  by  their 
concentrations  in  the  tank  oxygen.  In  the  case  of  water  vapor  neither  does 
it  appear  that  it  is  being  dislodged  from  the  walls  of  the  system  by  impinging 
oxygen  molecules  because  the  ratio  of  water  vapor  to  oxygen  remains  con- 
stant Over  long  periods  of  time.  Adsorbed  water  vapor  should  eventually 
decrease.  Thus  these  gases  appear  to  form  inlhe  system.  The  compositional 
changes  may  be  attributed  to  hot  filaments  which  can  cause  thermal  de- 
composition and  chemical  reactions  to  take  place. 

In  the  water-vapor  experiments  which  were  run  without  liquid-nitrogen 
traps,  the  partial  pressures  of  the  impurity  gases  rose  as  water  vapor  was  ad- 
mitted to  a pressure  of  1 X 10~^  torr  (Table  2).  The  increases  in  the  amounts 
of  Ha,  CO,  Oa,  and  COa  were  much  greater  when  the  ion  gage  was  on  than 


TABLE  1— Fatigue  life  of  nickel  in  various  environments. 


Environment  Pressure, 
torr 

Fatigue  Life, 
cycles 

Impurity  Gases,  Partial  Pressure,  torr 

Oi 

HjO 

COj 

CO 

Nj 

Hj 

Vacuum 

6X10-5.... .;. 

4.4  X 1Q5 

1.6  X 10-5 

3.5  X 10-5 

6.0  X 10-5 

4.0  X 10-5 

2.6  X 10-5 

1.3  X 10-5 

HsO 

1 X10-" 

3.1  X 105 

3.0  X 10-5 

1 X 10-5 

1.4  X 10-5 

1.6  X 10-5 

2.0  X 10-5 

4.0  X 10-5 

CO. 

1 X 10-L 

3.7  X 105 

3.0  X 10-5 

8.8  X 10-8 

1.  XlO-5 

6.6  X 10-5 

5.0  X 10-5 

H. 

I X 10-L.... 

3.3  X 105 

1.4  X 10-5 

3.0  X 10-5 

1.2  X 10-5 

8.1  X 10-5 

1 X 10-5 

Nj 

1 X 10-'.. 

2.8  X 105 

1.8  X lQ-5 

5.6  X 10-5 

1.0  X 10-8  , 

1 X 10-8 

3.4  X 10-5 

Oj 

1 X 10-L.......... 

1.2  X 105 

1 X 10-5 

1.3  X 10-5 

4.5  X 10-5 

1.8  X 10-5 

4.7  X 10-5 

0. 

1 XlO-5... ,;...... 

CO 

JXIO^. 

0.2  X 105 
3.7  X 105 

1 X 10-5 
3.5  X 10-5 

1.6  X 10-5 

4.0  X 10-5 

4.6  X 10-5 

1.2  X 10-5 

CO 

ixio-^...... 

3.1  X 10= 

1.0  X 10-5 

5.4  X 10-5 

1.0  X 10"“ 

1.0  X lG-‘ 

1.0  X 10-5 

7.2  X 10-15 

CO 

1 X 10-5 

H.O  + CO 

1 X 10-5, 

2.8  X 105 

4.9  X 105 

2.7  X 10-5 

5.3  X 10-5 

4.7  X 10-8 

6.0  X 10-5 

5 

1.0  X 10-5 

Oi  + H.O 

2.4  X 10-5 

3.4  X 105 

1.0  X 10-5 

1.0  X 10-5 

7.8  X 10-8 

1.0  X 10-5 

1.4  X 10-5 

1.0  X 10-5 

I 
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TABLE  2 — Effect  of  hot  ion-gase  filament  an  peak  heights  of  the  major  masses  when 

water  vapor  is  present. 


Peak  Heights— Divisions 


Ion  Gage  Off  Ion  Gage  On 


Water  Vapor  Leak, ! X I0“®  ton- 


Ultimate  at  Water  Vapor  Leak,  10  ma  O.I  ma 

n?/e  6X10'®torr  1 X 10~<>torr  Emission”  Emission 


2.....'  5.5  86  470  250 

18 35  >1000  >1000  >1000 

28.....  11  110  200  120 

32.....  0.9  1.0  220  100 

44 4.1  13  47  20 


“ Normal  operation. 

V 

when  off.  In  fact,  with  the  ion  gage  off,  the  partial  pressure  of  oxygen  was  the 
same  in  the  I0~“  torr  water^vapor  atmosphere  as  in  the  ultimate  vacuum. 
The  effect  of  the  hot  filament  on  gases  was  further  demonstrated  when  the 
filament  temperature  was  reduced  (Table  2).  Lowering  the  temperature  by 
about  100  C by  reducing  the  emission  current  to  0. 1 ma  decreased  H2,  CO,  O2, 
and  CO2,  but  generally  not  as  low  as  when  the  gage  was  off.  The  filament  had 
a very  small  effect  at  the  ultimate  vacuum.  At  the  hot  filament,  v/ater  vapor 
can  dissociate  and  carbon  monoxide  and  carbon  dioxide  can  be  formed  by 
reaction  of  oxygen  with  available  carbon  in  the  filament. 

In  addition  to  the  reactions  at  the  thoria-coated  iridium  filament  of  the 
ion  gage  it  is  known  [S]  that  similar  reactions  may  occur  at  the  hot  tungsten 
filament  of  the  residual  gas  analyzer.  A difference  between  the  reactions  at 
the  two  filaments  is  that,  oxygen  will  combine  readily  with  tungsten  but  not 
with  thoria.  Because  of  these  posable  filament  effects,  the  specimens  were 
fatigued  normally  with  the  ion  gages  and  gas  analyzer  off.  Implicit  in  these 
findings  is  that  the  amounts  of  many  of  the  impurity  gases  may  actually  be 
lower  than  measured  with  the  gas  analyzer.  Nevertheless,  when  considering 
the  effects  of  the  gases  on  fatigue  life,  the  impurity  levels  as  observed  with  the 
gas  analyzer  Were  used. 

Fatigue  Life 

Oxygen  and  Water  vapor  both  reduce  the  fatigue  life  of  nickel  at  300  C 
(Fig.  2),  but  the  variation  of  life  with  pressure  differs  for  the  two  gases.  In 
oxygen  most  of  the  reduction  in  fife  occurs  over  an  intermediate  pressure 
range.  Increasing  the  pressure  at  the  high  range  does  not  affect  life  while  at 
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the  low  range  fatigue  life  continues  to  improve  slightly  as  pressure  is  reduced. 
T^is  is  in  contrast  to  many  metals  which  exhibit,  distinct  plateaus  at  both 
high  and  low  pressures  in  their  fatigue  life  versus  pressure  curves.  An  auxiliary 
liquid-nitrogen  trap  in  the  system  which  reduced  the  condensibles  did  not 
significantly  affect  the  variation  of  life  with  oxygen  pressure.  This  is  an  in- 
dication that  the  water  vapor  at  the  levels  present  in  the  oxygen  environment 
was  not  detrimental.  In  water  vapor,  fatigue  life  gradually  decreases  with 
increase  in  pressure  without  an  abrupt  transition  range.  A clear  reduction 
in  life  initially  occurs  at  about  I0-»  torr  of  water  vapor.  The  life  in  vacuum 


FIG.  1— Effect  of  oxygen  and  water-vapor  pressure  on  fatigue  life  at  300  C at  a plastic 
bending  strain  of  0,17  percent.  ' 
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is  approximately  twenty  times  longer  than  in  oxygen  and  four  times  longer 
than  In  water  vapor  at  a pressure  of  10  torr. 

Fatigue  life  of  nickel  in  reduced  pressures  of  CO,  CO2,  Hs,  and  Na  is 
slightly  lower  than  in  vacuum,  but  the  reductions  are  considerably  less  than 
in  oxygen  at  the  same  pressure  (Table  1 ).  If  the  reduction  in  life  found  in  an 
oxygen  environment  of  10-^  torr  is,  in  fact,  caused  by  that  gas,  most  of  the 
weakening  observed  in  the  impurity  gases  can  be  accounted  for  by  the  pres- 
ence of  small  amounts  of  oxygen.  If  the  adjustment  for  the  weakening  by  ox- 
ygen is  made,  then  the  fatigue  lives  in  the  impurity  gases  are  only  at  the  most 
about  10  percent  lower  than  in  vacuum.  Since  this  apparent  difference  is  with- 
in the  range  of  experimental  scatter  it  might  not  be  real.  Thus,  it  may  be 
concluded  that  the  gases  CO,  CO2,  H2,  and  N2  in  the  concentrations  studied 
have  little  or  no  effect  on  fatigue  life.  It  is  possible  of  course  that  these  gases 
at  higher  pressures  may  produce  an  effect  on  nickel. 

Since  apparently  there  is  no  significant  effect  by  the  impurity  gases,  the 
reduction,  of  life  observed  in  an  oxygen  atmosphere  may  be  attributed  to  the 
oxygen.  At  an  oxygen  pressure  of  10~^  torr  where  an  appreciable  decrease  in 
life  occurs,  to  one  third  of  that  in  vacuum,  the  partial  pressures  of  the  im- 
purity gases  including  water  vapor  are  at  least  two  orders  of  magnitude 
lower  (Table  I).  At  these  pressures  of  < 10~“  torr  it  is  dear  from  our  data  that 
the  impurity  gases  are  not  effective.  Further  support  may  be  obtained  at 
10“''^  torr  oxygen  where  the  reduction  in  life  is  a maximum,  if  it  is  assuned 
that  the  partial  pressures  of  the  impurities  remain  at  least  two  orders  of 
magnitude  lower  than  the  oxygen.  Then  the  reduction  in  life  possible  in  the 
impurity  gases  at  1 X 10~^  torr  would  be  only  a small  fraction  of  that  observed 
in  oxygen  at  1 X I0~-  torr.  It  is  thus  clear  that  the  oxygen  reduces  fatigue 
life  as  represented  by  the  curve  in  Fig.  2 and  is  more  effective  than  the  other 
gases  at  least  at  lower  pressures.  , 

In  the  water-vapor  series  of  experiments  the  partial  pressures  of  the  main 
impurities,  carbon  monoxide  and  carbon  dioxide,  were  almost  three  orders  of 
magnitude  lower  than  the  water  vapor  at  1 X 10~'‘  torr  (Table  1).  Again, 
assuming  a similar  concentration  ratio  of  the  gases  exists  at  1 X 10~'  torr 
water  vapor,  it  is  evident  that  the  impurities  at  10~^  torr  would  not  contribute 
significantly  to  the  observed  reduction  in  fatigue  life  at  I X 10~>  torr.  For- 
tunately, in  the  water-vapor  series  the  partial  pressure  of  oxygen  did  not 
change  but  remained  essentially  the  same  as  in  vacuum. 

It  is  of  interest  to  note  that  with  the  ion  gage  on  during  a water-vapor 
experiment  at  1 X 1 0~^*  torr  the  oxygen  pressure  is  high  enough  to  reduce 
fatigue  life.  This  effect  at  jiressures  of  1 X lO-'’and  1 X 10“'' torr  of  water 
vapor  is  demonstrated  in  Table  3.  The  life  in  water  vapor  was  approximately 
25  percent  lower  with  the  ion  gage  on  than  with  the  gage  ofl',  entirely  account- 
able by  the  oxygen  present. 
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TABLE  3 — Reduction  in  fatigue  life  of  nickel  in  water  vapor 
at  300  C as  a result  of  ion-gage  operation. 


Pressure, 

torr 

Fatigue  Life  (cycles) 

Ion  Gages  Off 

i ,fi  Gages  On 

1 X lO-L... 
1 X iO"L... 

. 3.5  X 10= 

3.1  X 10= 

2 .7  X 10= 
2.3  X 10= 

The  possibility  of  a combination  effect  of  gases  was  examined.  For  ex- 
ample, Wadworth  and  Hutchings  [/]  reported  that  water  vapor  increases  the 
effect  of  oxygen  in  the  weakening  of  copper  although  it  alone  shows  no 
effect.  And  Snowden  [2]  showed  that  the  presence  of  water  vapor  reduces  the 
effect  of  oxygen  on  the  fatigue  life  of  lead.  Since  in  the  oxygen  experiments 
water  vapor  was  present  and  in  water-vapor  experiments  carbon  monoxide 
was  a major  impurity,  fatigue  life  was  determined  in  equal  mixtures  of  these 
combinations  of  gases.  No  additional  weakening  was  evident  due  to  the 
nature  of  the  combination  (Table  1),  indicating  that  each  reactive  gas  weakens 
independently  of  the  other. 

Meiallogtiphic  Observations 

In  the  metallographic  study  of  failed  specimens  certain  features  of  the 
cracking  and  structure  appeared  to  be  related  to  oxygen  pressure.  The  nature 
of  cracking  and  deforniation  that  occurred  in  the  low  pressure  region,  transi- 
tion region,  and  high  pressure  plateau  are  shown  in  Figs.  3 through  6. 
Severe  rumpling  was  observed  on  the  surface  in  vacuum  but  not  in  oxygen 
at  high  pressure.  It  is  not  known  whether  the  variation  in  the  degree  of 
rumpling  was  due  to  the  environment  itself,  or  entirely  to  differences  in  the 
number  of  cycles  to  failure.  At  I0~“  torr  it  was  not  possible  to  distinguish 
whether  the  cracks  were  transgranular  or  intergranular  because  of  the  heavily 
deformed  structure.  The  distribution  of  cracks  in  the  specimen  surface  is 
indicated  in  Fig.  2a  where  the  dark  void-like  areas  are  valleys  remaining 
after  the  removal  of  0.0035  in.  of  the  heavily  deformed  surface  layer,  Many 
of  these  valleys  contain  small  cracks,  and  at  the  minimum  section  some  of 
these  cracks  have  joined  together.  Although  a few  cracks  are  broad  and  deep 
at  failure,  most  of  them  are  shallow  as  shown  in  Fig.  35*  In  addition  to  the 
rumpled  surface,  extensive  polygonization  in  the  interior  occurred  at  this 
low  pressure. 

At  the  transition  pressure  of  1 X 10~'*  torr  cracks  are  deeper  and  more 
numerous  than  at  the  lower  pressure  (Fig.  4).  Cracks  can  be  seen  in  Fig.  45 
originating  from  the  valleys  which  appear  to  be  preferential  sites,  but  it  was 
not  possible  to  ascertain  the  mode  of  cracking.  At  this  pressure  the  surface  as 
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ABSTRACT 

The  propagation  of  fatigue  cracks  in  2024-T3  alclad  sheet  under  fluctuating  tension  in  different  atmospheres 
has  been  studied.  Of  the  principal  contituents  of  air,  water  vapor  had  a much  mote  severe  effect  than 
oxygens  in  wet  pure  argon  the  endurance  was  much  shorter  than  in  dry  pure  oxygen.  In  air,  other  circum- 
stances remaining  unaltered,  the  endurance  increased  continuously  at  a reduction  of  the  Water  Vapour  content; 
the  endurance  at  a water  content  of  the  ait  of  20  ppm  being  about  6 times  as  long  as  in  air  saturated  with 
water.  Between  the  limits  of  3oy»  and  lOO'?,)  relative  humidity,  as  occurring  in  normal  alt,  the  endurance  was 
only  slightly  affected.  The  thermodynamics  and  the  mechanisms  of  the  reactions  of  oxygen  and  water  vapor 
with  the  metal  ate  discussed. 

INTRODUCTION 

In.  recent  years  the  interest  in  the  propagation  of  fatigue  cracks  has  in- 
creased considerably  as  a consequence  of  the  development  of  the  so  called 
fail-safe  design  philosophy  for  aircraft.  This  philosophy  admits  the  possi- 
bility of  the  initiation  of  fatigue  cracks  during  the  estimated  service  life 
of  the  aircraft,  but  it  requires  a structure  which  excludes  the  danger  of 
fatal  damage  as  a consequence  of  such  cracks.  Hence,  the  rate  of  crack 
propagation  and  the  residual  static  strength  of  the  cracked  structure  need 
to  be  known.  ~ , 

The  facters  which  may  affect  the  propagation  of  fatigue  cracks  are  numer- 
ousi^'-one  of  them  being  the  environment.  The  usual  environment  in  fatigue 
tests  is  air.  Normal  air  consists  for  the  greater  part  of  the  rather  inert 
gas  nitrogen;  it  contains  about  20%  of  the  rather  active  gas  oxygen  and, 
depending  on  the  temperature  and  the  relative  humidity,  small  varying  a- 
mounts  of  water  vapor,  Gorrosive  effects  during  fatigue  tests  in  air,  al- 
though usually  ignored,  cannot  be  ruled  out,  particularly  on  metals  like 
aluminium,  situated  near  to  the  base  of  the  electromotive  force  series. 
These  effects  have  been  demonstrated  as  early  as  1932  by  Gough  and  Sopwith^^^. 
who  showed  that  the  fatigue  strengths  of  several  metals  were  higher  in 
vacuum  than  they  were  in'  the  normal  indoor  atmosphere. 

This  paper  will  be  mainly  concerned  with  an  investigation  carried  out 
at  the  National  Aero-  and  Astronautical  Research  Institute  (NLR)  On  the 
effects  of  oxygen  and  water  vapor  on  the  propagation  of  fatigue  cracks  in 
sheet  material  of  the  aluminium  alloy  2024-T3  Alclad.  The  description  of 
the  experimental  procedure  and  the  presentation  and  discussion  of  the  prin- 
cipal results  of  the  investigation  will  be  preceded  by  a summary  of  the 
available  information  on  the  effects,  of  the  atmospheric  constituents  on  the 
fatigue  strength  of  aluminium  and  its  alloys.  Some  thermodynamics  of  the 
reactions  of  oxygen  and*  water  vapor  with  metals  and  a discussion  of  the 
reaction  cf  aluminium  with  the  environment  are  given  at  the  end  of  the 
paper. 


SURVEY  OF  PREVIOUS  INVESTIGATIONS 

Several  investigators  have  studied  the  effect  of  a gas  environment  like 
air  on  the  fatigue  life  of  specimens  from  aluminium  and  its  alloys.  Gener- 
ally the  effect  of  the  gas  environment  was  determined  by  comparison  of 
the  fatigue  life  In  gases  at  normal  atmospheric  pressure  and  In  vacuum 
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with  pressures  as  low  as  lO"^  torr  (1  torr  = 1 mm  Hg).  A disadvantage  of 
this  vacuum  technique  is  that  only  the  total  pressure  of  the  gases  is  measured  : 
and  not  the  partial  pressures  of  the  different  components  of  the  gas  mixture.  [ 
The  investigations  aimed  at  a study  of  crack  initiation  and  total  life  of  the  | 
specimen  rather  than  a study  of  crack  propagation.  | 

The  tests  of  Wadsworth  and  Hutchingsl^*^!  were  conducten  on  electro-  I 
polished  specimens  of  high  purity  metals  and  alloys  under  reversed  bend-  | 
ing  deformation.  Metals  used  were  annealed  copper,  iron,  aluminium,  1 
gold,  and  a heat-treated  Al-Zn-Mg-Cu  alloy.  The  specimens  were  fatigued  I 
at  a frequency  of  loading  of  3000  cycles  per  min  in  various  pressures  of 
air  and  other  gases.  In  a vacuum  of  10‘°  torr  the  endurance  of  the  alu- 
minium alloy  specimens  increased  by  factors  lying  between  5 and  15,  de- 
pending on  the  strain  amplitude. 

Wadsworth  and  Hutchings  concluded  from  their  results  that  only  gases 
combining  easily  with  the  metal  had  an  effect  on  the  endurance  of  the  speci- 
mens. Oxygen  affected  copper,  aluminium,  aluminium  alloy  and  iron,  but 
had  no  effect  on  gold.  Water  vapor  was  as  effective  as  oxygen  on  aluminium 
but  without  effect  on  copper.  Wadsworth  and  Hutchings  have  attributed  the 
effect  of  gases  on  the  endurance  of  metals  to  a chemical  action  of  the  gas 
making  slip  irreversible.  During  repeated  loading,  microcracks  are  formed 
at  the  surface  of  the  specimen.  They  assume  that  at  high  pressures  oxi- 
dation of  the  freshly  exposed  surface  of  the  crack  is  rapid  and  occurs  within 
a fraction  of  a cycle.  The  oxidized  surface  of  the  crack  cannot  heal  during 
the  subsequent  reversal  of  the  load  and  the  crack  grows  progressively  until 
failure  results.  They  suppose  that  in  the  complete  absence  of  an  atmos- 
phere a microcrack  forming  during  the  tension  part  of  the  cycle  will  prob- 
ably heal  during  the  succeeding  compression  part  of  the  cycle,  tending  to 
reduce  the  crack  rate  considerably.  This  oxidation  theory,  however,  is 
not  adequate  to  explain  the  specific  effect  of  water  vapor.  ' 

Broom  and  Nicholson  studied  the  effect  of  a gas  atmosphere  on  the 
endurance  of  smooth  aluminium  alloy  (Al-Cu,  Al-Cu-Mg,  Al-Zn-Mg-Cu) 
specimens  under  axial  loading  with  zero  mean  stress  and  a frequency  of 
loading  of  approximately  10,000  cycles  per  minute.  The  gases  used  were 
hydrogen,  air.  Oxygen  and  nitrogen;  the  pressures  ranged  from  760  to  10'® 
torr.  They  used  a cold  trap  in  conjunction  with  their  vacuum  chamber  which 
permitted  them  to  reduce  the  water  content  of  the  gas  environment  to  a 
very  low  value. 

In  the  virtual  absence  of  water  vapor,  a variation  in  oxygen  pressure  in 
the  approximate  range  from  10'®  to  10^  torr  did  not  appear  to  have  an 
effect  on  the  endurance  of  the  aluminium-alloy  specimens.  Significant  ef- 
fects within  the  range  of  the  experiments  were  caused  only  by  water  vapor 
and  hydrogen.  A given  pressure  of  hydrogen  as  a test  atmosphere  caused 
an  appreciably  smaller  reduction  in  endurance  than  the  same  pressure  of 
water  vapor.  Contrary  to  the  findings  of  Wadsworth  and  Hutchings  it  was 
observed  that  absence  of  a deleterious  environment  slowed  down  crack  in- 
itiation more  conspicuously  than  crack  growth;  the  latter,  however,  was 
also  retarded.  Both,  crack  initiation  and  crack  growth  were  affected  by  the 
presence  of  water  vapor. 

The  deleterious  effect  of  the  water  vapor  in  the  air  on  the  endurance  of 
the  aluminium  alloy  specimens  could  be  prevented  by  coating  the  specimens 
with  a layer  of  butyl  nubber.  Which  is  rather  impervious  to  water. 

Broom  and  Nicholson  think  it  probable  that  hydrogen  ions  are  responsible 
for  the  specific  effect  of  hydrogen  and  water  and  that  these  ions  are  re- 
leased by  dissociation  of  hydrogen  molecules  or  by  the  reaction  of  water 
vapor  with  aluminium.  They  tentatively  propose  that  the  introduction  of 
hydrogen  ions  from  the  surface  into  the  metal  may  be  responsible  in  some 
way  for  the  reduction  in  endurance.  As  the  most  probable  mechanism  by 
which  hydrogen  may  assist  crack  initiation  and  propagation  it  is  suggested 
that  a building  up  of  pressure  occurs  in  any  voids  found  or  formed  near 
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the  active  slip  planes.  This  involves  formation  of  H2  ions  on  an  external 
surface,  their  diffusion  to  an  internal  surface,  and  their  recombination  with 
a low  probability  of  dissociation.  When  a reaction  between  water  molecules 
and  a clean  aluminium  surface  produced  by  slip  provides  the  hydrogen  ions, 
such  a process  can  lead  to  a considerable  internal  pressure  which  has  to 
be  superimposed  on  the  stresses  caused  by  the  external  load. 

In  the  United  States,  Bennett  and  his  associates^*^'*'*'^^  have  studied  the 
effect  of  the  indoor  atmosphere  on  fatigue  failure  of  metals,  including  alumi- 
nium alloys,  in  rotating  bending  and  in  reversed  plane  bending.  By  using 
specimens  partially  covered  with  pressure -sensitive  tape  they  could  show 
that  gas  evolution  occurred.  Which  was  associated  with  fatigue  damage. 
The  gas  bubbles  did  not  start  forming  until  a considerable  portion  of  the 
fatigue  life  had  elapsed  but  fatigue  cracks  still  could  not  be  detected.  No 
bubbles  were  observed  if  the  stress  amplitude  was  lower  than  necessary 
to  form  a fatigue  crack.  Gas  evolution  started  earlier  in  the  fatigue  life 
in  the  high  stress,  low  cycle  range  than  in  the  lower  stress  ranges.  The 
gas  trapped  under  the  tape  was  analyzed  by  mass  spectrometry  means  and 
found  to  be  hydrogen.  The  evolution  of  hydrogen  appeared  to  be  dependent 
on  the  presence  of  water.  Their  observation  that  hydrogen  is  evolved  on 
the  surface  of  aluminium  or  steel  fatigue  specimens  suggests  that  a re- 
action between  the  environment  and  the  metal  is  operative,  involving  the 
displacement  of  hydrogen  from  water  by  the  metal. 

For  aluminium  alloys  they  found,  in  agreement  with  the  results  of  Broom 
and  Nicholson,  that  the  fatigue  strength  was  affected  almost  exclusively  by 
the  water  vapor  content  of  the  environment.  They  also  found  that  the  delete- 
rious effect  of  water  vapor  was  operative  during  both  crack  initiation  and 
crack  propagation  stages  of  the  fatigue  tests.  It  could  be  eliminated  by  the 
application  of  certain  polar  organic  liquids,  like  dodecylalcohol,  which  form 
protective  films  on  the  metal. 

Ham  and  Reichenbach  studied  the  fatigue  life  and  surface  appearance 
of  strips  of  cold  rolled  commercial  aluminium  at  pressures  down  to  7x10"® 
torr  and  compared  them  with  that  in  dry  air,  wet  air  and  room  air  at  760 
torr.  The  specimens  were  subjected  to  reversed  bending  at  about  8000  cycles./ 
minute.  The  endurance  was  about  seven  times  longer  in  high  vacuum  than 
in . wet  air  and  about  four  times  longer  in  high  vacuum  than  in  dry  air 
(unknown  water  content).  Before  failure  occurred  the  cyclic  strain  caused 
more  surface  roughening  and  more  fatigue  cracks  in  vacuum  than  in  air. 

In  dry  air,  life  was  independent  of  pressure  in  the  range  from  760  to 
10"®  torr,  increased  rapidly  in  the  range  from  10  "®  to  10  torr  and  was 
again  independent  of  pressure  in  the  range  from  10“^  to  7x10"®  torr.  If 
we  neglect  any  influence  of  traces  of  water  vapor  in  the  dry  air  the  results 
of  Ham  and  Reichenbach  indicate  that  the  oxygen  in  the  air  has  an  acceler- 
ating effect  on  fatigue  crack  initiation  and  propagation  in  aluminium  and  that 
an  air  pressure  exceeding  10"^  torr  already  yields  the  maximum  effect. 
At  lower  pressures  the  effect  of  oxygen  decreases  and  the  positive  effect 
on  crack  growth  has  almost  disappeared  at  air  pressures  less  than  10*^ 
torr. 

Ham  and  Reichenbach  propose  an  explanation  of  fheir  results  based  on 
the  hypothesis  of  a larger  strain  capacity  of  metals  in  Vacuum  than  in  the 
presence  of  contaminating  molecules.  If  tested  in  vacuum  the  material  near 
the  local  strain  concentration,  which  ordinarily  would  lead,  to  a fatigue  crack 
hi  air,  will  have  a greater  strain  capacity  and  work  hardening  capacity 
than  it  would  have  in  air.  Either  a crack  may  never  start  if  the  extra  ca- 
pacity is  enough  to  accommodate  the  strain  elastically  after  work  hardening, 
or  possibly  a crack  may  start  and  propagate  into  a region  of  less  strain 
where  it  is  arrested.  If  the  number  of  cycles  applied  without  Contamination 
is  large  enough,  the  material  in  that  region  can  work-harden  sufficiently 
to  accommodate  the  required  strain  elastically  and  in  a Sense  heal  up  the 
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bad  spot.  After  the  material  is  work-hardened,  tlie  contaminating  gas  will 
no  longer  do  any  damage.  The  environment  will  affect  the  fatigue  life  if 
during  the  work-hardening  period  a monolayer  of  adsorbed  molecules  can 
be  built  up  in  the  crack  which  reduces  stress  and  strain  required  for  con- 
tinued crock  propagation.  In  this  theory  the  specific  effect  of  the  constituents 
of  the  gas  atmosphere  is  determined  by  the  concentration  of  the  constituent 
and  the  decrease  in  surface  tension  caused  by  an  adsorbed  monolayer  of 
the  constituent  on  the  metal. 

Jenkins  and  Roberts  made  push-pull  fatigue  tests  on  smooth  uncoated 
and  coated  specimens  from  extruded  DTD  5044  aluminium  alloy  (Al-Zn-Mg 
type)  with  zero  mean  stress  and  a stress  amplitude  of  25  kg/mm?  in  air. 
They  found  that,  by  excluding  the  effects  of  the  environment  by  means  of 
a butyl  rubber  coating,  the  fatigue  lives  were  increased  four  to  five  times. 
The  exclusion  of  the  environmental  effects  favored  crystallographic  crack 
propagation  (transcrystalline).  Atmospheric  corrosion  facilitated  non-crys- 
tallographic  fatigue  crack  propagation  (intercrystalline). 


Kramer  and  PodlaseckCiO)  present  experimental  data  for  aluminium  single 
crystals  showing  an  improvement  in  fatigue  life  at  decreasing  pressure  for 
the  pressure  range  760  to  10  tori'.  Due  to  the  absence  of  grain  boundaries, 
the  use  of  single  crystals  has  the  advantage  that  the  effect  of  the  environ- 
ment on  the  surface  of  the  metal  can  be  studied  without  interaction  with  a 
grain  boundary  effect.  The  tests  were  of  the  constant  strain  amplitudCi'  re-  | 
verse  bending  type  using  cantilever  specimens  and  a frequency  of  loading  ; 
of  2500-4000  cycles  per  minute. 

Contrary  to  the  conclusion  of  Ham  and  Reichenbachl®) , Kramer  and 
Podlaseck  conclude  from  their  results  that  within  the  range  of  pressures 
Used  in  the  experiments  there  was  a continuous  increase  in  fatigue  life  at 
decreasing  pressure.  • 

In  addition  to  fatigue  tests  Kramer  and  Podlaseck  also  performed  static 
tensile  tests  and  creep  tests.  They  draw  the  tentative  conclusion  that  both 
the  stress-strain  curves  and  the  creep  curves  show  a decrease  in  the  rate  | 
of  strain  hardening  with  decreasing  pressure.  This  conclusion  does  not  agree  I 
well  with  the  hypothesis  put  forward  by  Ham  and  Reichenbach  , *.  e.  ,in  s 
vacuum,  more  work  hardening  at  the  tip  of  a crack  occurs  than  in  air.  . 1 


Summarizing  the  data  in  the  literature  it  is  fairly  certain  that  for  alu- 
minium and  its  alloys  both  the  fatigue  crack  initiation  and  fatigue  crack 
propagation  are  affected  by  a normal  air  environment.  The  dominant  factor 
in  air  is  the  water  vapor  content.  Por  less  reactive  metals,  like  copper, 
the  dominant  factor  is  the  oxygen  content  of  the  environment.  For  the  noble 
metals,  like  gold,  air  does  not  affect  the  fatigue  life.  The  deleterious 
effect  of  the  environment  can  be  prevented  by  coating  the  metal  surface 
with  a film  like  butyl  rubber,  Which  is  almost  impervious  to  water.  Several 
mechanisms  have  beeh;  proposed  to  explain  the  effect  of  the  environment  s 
on  the  fatigue  process  but:  none  can  explain  the  effects  satisfactorily. 

The  constituents  which  might  affect  the  fatigue  life  of  aluminium  alloy 
specimens  in  normal  air  by  corrosive  action  are  most  likely  oxygen  and 
water  vapor,  in  the  NL>R  investigation  the  effects  of  these  two  gases 
on  the  propagation  of  fatigue  cracks  in  2024-T3  alclad  sheet  have  been 
determined  experimehtally  by  measuring  the  growth  of  fatigue  Cracks  in 
gas  environments  of  about  760  torr  pressure  With  known  contents  of  oxygen  | 
and  Water  vapor.  Table  1 gives  a summary  of  the  six  series  of  tests,  y 
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ABSTRACT 


A research  program  was  conducted  to  develop  ignition  data  on 
thread  lubricants,  thread  sealants,  fluorocarbon  plastics,  and  metal 
Spontaneous  ignition  temperatures  were  determined  in  both  2000  psi 
and  7500  psi  oxygen  for  all  the  above  materials  except  metals.  The 
spontaneous  ignition  temperatures  for  these  materials  were  found  to 
be  essentially  the  same  in  7500  psi  oxygen  and  in  2000  psi  oxygen. 
Only  three  of  the  tested  lubricants  are  recommended  for  possible 
use  in '7500  psi  systems.  None  of  the  thread  sealants  are  recommend- 
ed, Glass-filled  polytetraf luoroethylene  is  usable  only  if  tightly 
confined.  The  relative  ease  of  ignition  of  metals  and  alloys  was 
determined  by  promoted  ignition  methods  in  oxygen  at  7500  psi. 
Inconel  alloy  600,  brass,  Monel  alloy  400,  and  nickel  were  found 
to  have  the  highest  resistance  to  ignition  and  combustion  among 
the  common  alloys  and  metals.  Of  the  materials  tested,  stainless 
steel  and  aluminum  are  the  least  satisfactory  for  use  at  oxygen 
pressures  of  7500  psi.  A test  system  was  constructed  to  evaluate 
the  hazards  in  rapidly  charging  a 65  cubic  inch  nickel- lined  vessel 
with  high  pressure  oxygen.  A series  of  rapid  charging  tests  up  to 
as  high  as  8000  psi  proceeded  without  incident.  Electrostatic 
charges  measured  during  the  charging  were  negligible. 
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COHPATIBILITY  OF  MATERIALS  WITH  7500  FS I OXYGEN 


INTRODUCTION 


The  ease  with  which  materials  of  construction  ignite  and  combust  in 
a gaseous  oxygen  environment  has  been  a problem  of  long  standing  to  those 
concerned  with  the  safe  design  of  oxygen  handling  equipment.  Use  of  oxygen 
containing  equipment  has  generally  been  limited  to  pressures  below  3000  psi 
due  to  lack  of  knowledge  of  behavior  of  materials  at  highef  pressures. 

The  use  of  gaseous  oxygen  at  higher  pressures  in  aerospace  breathing 
systems  W,  (17)*  has  increased  the  hazards  inherent  in  an  oxygen  system  (13) 
and  additionally  introduced  several  unknown  entities.  Some  of  these 
unknowns  were  investigated  and  evaluated  by  Baum^  Goobich,  and  Trainer 

The  present  investigation  was  initiated  to  obtain  further  data  on  the 
behavior  of  materials  in  high  pressure  oxygen.  Specifically,  the  purpose 
of  the  study  was  threefold: 

1.  Develop  ignition  data  on  thread  lubricants,  thread  sealants, 
fluorocarbon  plastics,  and  metals  in  7500  psi  oxygen. 

2.  Determine  the  hazards  in  charging  a simulated  system  to 
7500  psi  with  oxygen. 

3.  Measure  the  electrostatic  charge  developed  during  the 
charging  of  the  simulated  system. 

PROGRAM  DETOLOBiENT 

The  program  was  divided  into  three  major  areas  of  investigation 
and  information  was  developed  in  each  of  these  •areas  : 

1.  Selection  of  Test  J&thods, 

2»  Selection  of  Materials  for  Test* 

3.  Design  of  Equipment 

Selection  of  Test  Methods 

Evaluation  of  various  test  methods  was  made  to  determine  the  amount 
of  useful  information  Which  might  be  derived  from  a particular  type  of  test 
in  order  to  select  the  teats  which  would  yield  the  most  information  in  the 
time  interval  of  the  contract.  It  was  recognized  that  each  test  would  require 
development  of  parameters  at  7500  psi  which' would  give  reliable  and  consis- 
tent data  for  comparison  of  materials. 


* Numbers  In  parentheses  refer  to  references  on  page  57. 
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The  tests  considered  for  use  in  testing  relative  compatibility  of 
materials  in  this  program  were: 

1.  Oxygen  Bomb  Test 

2.  Impact  Sensitivity  Test 

3.  Velocity  Impact  Test 

4.  Hot  Wire  Test 

5.  Promoted  Ignition  Test 

6.  Adiabatic  Compression  Test 

Oxygen  Bomb  Test 

The  oxygen  bomb  test  is  a standard  test  used  to  determine  the  spon- 
taneous ignition  temperature  of  organic  materials  in  2000  psi  oxygen.  A 
specimen  of  the  material  to  be  tested  is  placed  in  an  oxygen  bomb  and 
subjected  to  2000  psi  oxygen  pressure;  the  bomb  is  then  heated  until 
spontaneous  ignition  of  the  sample  material  occurs  or  until  the  temperature 
reaches  500®  C,  whichever  occurs  first. 

This  test  is  considered  to  be  an  excellent  test  for  thread  lubricants 
thread  sealants,  and  fluorocarbon  plastics.  By  comparing  tests,  at  2000  psi 
and  at  7500  psi,  the  effect  of  oxygen  pressure  on  the  spontaneous  ignition 
temperature  of  the  material  could  be  determined. 

Impact  Sensitivity  Test 

This  test  is  made  by  impregnating  a specimen  of  the  material  with 
liquid  oxygen  and  dropping  a known  weight  through  a given  distance  so  that  a 
hammer  with  a specified  area  impacts  -the  sample.  This  test  yields  values 
denoting  the  amount  of  kinetic  energy  required  to  produce  a reaction.  This 
subject  has  been  well  covered  by  Reynales  (11)^  (12)^  anti  it  was  not  felt 
that  enough  additional  information  would  be  derived  from  the  test  to  justify 
its  use. 

Velocity  Impact  Test 

The  velocity  impact  test  can  be  used  to  test  either  non-metallic 
material  or  metallic  material.  The  test  is  made  in  the  following  manner; 

A standard  powdered  material  is  injected  into  a high  velocity  oxygen  stream 
and,  after  being  accelerated  to  the  velocity  of  the  stream,  is  impacted 
against  a specimen  of  the  material  to  be  tested.  The  heat  generated  during 
the  impact  ignites  the  powdered  material  and  subjects  the_  specimen  to  a 
known  quantity  of  energy  at  an  oxygen  pressure  variable  from  50'  to  700  psig. 

This  test  has  been  used  at  liinde  as  a sorting  tool  to  provide  infor- 
mation on  metals  and  alloys  and  the  results  concur  with  Linde  experience. 
However,  the  specimen  itself  is  in  comparatively  low-pressure  oxygen  and 
further  tests  by  this  method  were  not  expected  to  yield  as  much  additional 
information  as  other  tests. 

Hot  Wire  Test 

This  test  was  first  used  in  1923  by  the  Bureau  of  Mines  (7)^  (8)  to 
determine  the  ignition  temperature  of  metals  in  oxygen  at  various  pressures. 
It  is  based  on  the  measurement  of  the  electrical  resistance  of  a wire 
specimen  of  the  metal  or  alloy  at  its  ignition  point.  Trior  calibration  of 


the  resistance  of  wire  specimens  versus  temperature  must  be  made. 

The  test  suffers  from  a number  of  deficiencies  and  has  yielded 
anomalous  results  in  Linde  tests  which  were  made  in  2000  psi  oxygen.  It 
might  be  possible  to  overcome  the  deficiencies  of  this  test  if  enough  time 
were  available  but  even  then  there  would  be  no  guarantee  that  the  results 
would  be  satisfactory. 

Promoted  Ignition  Test 

The  promoted  ignition  test  is  designed  to  determine  the  resistance 
to  ignition  and  the  amount  of  burning  after  ignition  of  the  more  resistant 
metals.  It  has  been  used  previously  at  Linde  to  develop  information  on 
the  combustion  of  metals  and  the  ability  of  a given  system  to  resist  con- 
flagration. Its  use  in  this  program  would  be  an  extension  of  the  test  to 
higher  pressures  to  .supplement  the  information  which  has  been  developed  to 
date. 

The  test  is  made  by  subjecting  the  metal  specimen  to  the  energy 
released  when  a promoter  material  is  heated  to  its  spontaneous  ignition 
temperature  in  oxygen.  This  test  has  considerable  built-in  flexibility 
by  varying  the  weight  of  the  promoter  material,  the  weight  of  the  metal, 
or  the  configuration  of  the  metal  specimen. 

Adiabatic  Compression  Test 

This  test  could  be  used  to  test  either  metal  specimens  or  non- 
metallic  specimens.  The  sample  contained  in  a test  vessel  at  15  psia  of 
oxygen  is  subjected  to  the  temperature  developed  when  the  vessel  is  rapidly 
pressurized  to  oxygen  pressures  ranging  from  2000  psi  to  8000  psi. 
Theoretically,  extremely  high  temperatures  may  be  reached  by  adiabatic 
compression  (Appendix  I)  and  it  was  expected  that  this  test  would' yield 
some  good  data. 

This  type  of  test  was  also  expected  to  be  applicable  in  defining 
the  hazards  in  charging,  a simulated  system. 

The  test  methods  selected  for  use  in  this  program  were: 

1.  Oxygen  Bomb  Test 

2.  Promoted  Ignition  Test 

3.  Adiabatic  Compression  Test 

Selection  of  Materials  for  Test 

/ 

The  number  of  materials  available  for  testing  in  a program  of  this 
type  is  almost  unlimited.  Therefore,  it  was  necessary  to  select  those 
materials  which  it  was  thought  would  yield  the  most  information.  Selection 
was  made  by  correlation  of  information  found  in  the  literature  and  that 
derived  from  unpublished  Linde  test  programs. 

Thread  Lubricants  and  Thread  Sealants 

The  subject  of  available  thread  lubricants  and  thread  sealants  has 
been  covered  quite  well  by  Reynales  (12).  Using  this  information  and  that 
available  from  Linde  files,  a number  of  materials  were  chosen  to  be  tested. 
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It  was  known  beforehand  that  most  of  the  materials  selected  for  test  would 
not  be  suitable  for  use  in  7500  psi  oxygen.  In  fact,  a few  are  not  suitable 
for  2000  psi  oxygen.  However,  the  most  useful  information  expected  from 
the  oxygen  bomb  test  was  whether  the  spontaneous  ignition  temperature  of  a 
material  in  7500  psi  oxygen  would  differ  from  its  spontaneous  ignition 
temperature  in  2000  psi  oxygen.  By  testing  some  materials  which  would 
ignite  at  low  temperatures  as  well  as  some  which  would  ignite  at  high  tem- 
peratures, the'  effect  of  pressure  on,  the  spontaneous  ignition  tejriperature 
of  typical  materials  could  be  determined.  i 

The  materials  selected  for  test  are  as  follows;  j 

i.  : ■ 

] ji 

1,  Thread  Lubricants 

Aroclor  1254  - A chlorinated  phenyl. compound  produced 
by  Monsanto  Chemical  Company 


b.  Dixon’s  Flake  Graphite  No.  1 
Rhode  Island 


Dixon  Corporation^  Bristol 


c.  Oxweld  Anti-Friction  Compound  Mo.  54  - A proprietary 
compound  of  Union  Carbide  .Corporation,  Linde  Divisioi-i,  It  is 
not  recommended  for  service  above  150°  F or  300  psi  of  oxygen. 


d.  Kel-F  90  Grease  - A formulation  of  poly  chlorotrif luoroethylene 
oils  and  waxes  with  an  inert  gelling  agent  raanufacturea  by 
Minnesota  Mining  and  Manufacturing  Company.  I 


i.uoroet;hylene 


e,  Halocarbon  Grease  Series  25-10  - A polychlorotrlf 'J 
formulation  manufactured  by  Halocarbon  Products  Corporation, 
Hackensack,  New  Jersey,  1 


lialocarbon  Oil  Series  13-21  - A polychlorotrlf luoiioethylene 
oil  marketed  by  Halocarbon  Products  Corporation. 


So  Molvkote  Z ~ Molybdenum  disulfide  in  dry  pmjder  form 
produced  by  The  Alpha  Corporation,  Greenwich,  Connecticut. 


Burntl  Brand  Microplates  - Thin  platelets  of  synthetic  mica 
available  as  a powder,  as  a suspension  of  .the  powder  jin  water, 
or  as  a thin  paper  from  Minnesota  Mining  and  Manufacfzuring  Company. 

i,  Oxweld  Anti-Friction  Compound  Ho.  64  - A proprietary  product 
of  Union  Carbide  Corporation,  Linde  Division.  It  is 'not  recom- 
mended for  service  above  25.0°  F or  500  psi  of  oxygen.^ 

j.  Almasol  Powder  (325  mesh)  - This  powder  is  composed  of 
aluminum-magnesium-silicate  of  laminar  lattice  structure.  It 
is  used  as  an  ingredient  in  solid  film  lubricants  marketed  by 
The  Almasol  Corporation,  Fort  Worth,  Texas, 


k.  High  Purity  Good  - A proprietary  lubricant  made  by 
Fitting  Company,  Cleveland,  Ohio. 


Crawford 


1.  Everlube  Solid  Film  Lubricant  No.  811  - A molybdenum  disulfide 
dispersion  available  from  Everlube  Corporation  of  America,  North 
Hollywood,  California, 
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m.  Oxvlube  No.  703  - A dry  film  lubrlcent  based  on  molybdenum 
disulfide- which  is  marketed  by  Drilube  Company,  Glendale, 
Californiat- 

2.  Thread  Sealants 

a,  Oxyseal  - Parker-Hannifin  Corporation,  Cleveland,  Ohio. 

b.  Rectorseal  No,  15  - Rector  Well  Equipment  Company, 

Port  Worth.  Texan 

c.  Key  Abso-lute  - W.  K,  M.  Division  of  ACP  Industries, 

Houston,  Texas 

d,  Mano  Pipe  and  Joint  Compound  ~ Hano  Industries,  Woodside, 

Long  Island,  New  York 

e,  Linde  Green  Pipe  Joint  Compound  - Union  Carbide  Corporation, 
Linde  Division. 

f.  50/50  Soft  Solder 
Fluorocarbon  Plasties  and  Elastomers 

1,  There  were  three  types  of  fluorocarbon  plastics  which  were  of  interest 

a.  Polvtetraf luoroethvlene(TFE)  - Marketed  under  the  trade  name  of 
"Teflon"  by  E,  I,  du  Pont  de  Nemours  and  Company,  Inc,  and  as 
"Halon"  TFE  by  Allied  Chemical  Corporation, 

b.  Polvchlorotrifluoroethvlene fCTFE)  - Marketed  as  "Kel-F"  by 
Minnesota  Mining  and  Manufacturing  Company, as  "Polyfluoron"  by 
Acme  Resin  Corporation,  and  as  "Halon"  VK  and  TVS  by  Allied 
Chemical  Corporation. 

c.  Polyf luoroefchylenepropene  (FEP)  - A copolymer  of'tetra- 
fluoroethylene  and  hexaf luoropropylene  marketed  under  the  trade 
name  "Teflon"  lOQK  by  E.  I,  du  Pont  de  Nemours  and  Company,  Inc. 

2,  There  were  two  types  of  fluoroelastoraers  of  Interest; 

a . Copolymers  of  vinvlldene  fluoride  and  hexafluoropropylene  - 
Available  as  "Fluorel"  from  Minnesota  Mining  and  Manufacturing 
Company,  and  as  "Viton"  A.,  "Vlton"  A-HV,  and  "Viton"  B from 

E.  I.  du  Pont  de  Nemours  and  Company,  Inc. 

b.  Copolymers  of  VinYlldene  fluoride  and  chlorotrif luoroethvlene  - 
Marketed  by  Minnesota  Mining  and  Manufacturing  Company,  in  two 
types,  "KEL-F"  Elastomer  3700  and  "KEL-F"  Elastomer  5500.  ’ 

3,  Additionally  there  are  numerous  companies  which  supply  filled, 
formulated,  or  reinforced  TFE. 
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4,  Xhe  following  materials  were  selected  for  test:  * 

a.  Teflon  (Virgin  TFE)  - E,  I.  du  Pont  de  Nemours  and  Company,  Inc. 

b.  Teflon  lOQX  (FEP)  ••  E.  I,  du  Pont  de  Nemours  and  Company,  Inc. 

c.  Viton  A (Virgin)  - E,  I.  du  Pont  de  Nemours  and  Company,  Inc. 

d.  Viton  B (Virgin)  - E,  I.  du  Pont  de  Nemours  and  Company,  Inc. 

e.  Rulon  A (Reinforced  TFE)  - Dixon  Corporation 

f.  Rulon  B (Reinforced  TFE)  - Dixon  Corporation 
8»  Rulon  C (Reinforced  TFE)  - Dixon  Corporation 

h,  Durold  5600  (60%  Teflon,  40%  aluminum  si^cate  ceramic  fibers)  - 
Rogers  Corporation 

i.  Duroid  5650  (75%  Teflon,  25%  aluminum  silicate  ceramic  fibers)  - 
Rogers  Corporation 

j*  Duroid  5870  (85%  Teflon,  15%  glass  fibers)  - Rogers  Corporation 

k,  Duroid  5813  (60%  Teflon,  40%  glass  fibers  with  M0S2  filler)  - 
Rogers.  Corporation 

Kel-F  51  (CTFE)  ~ Minnesota  Mining  and  Manufacturing  Company 
Kel-F  Elastomer  3700  - Minnesota  Mining  and  Manufacturing  Company 
Kel~F  Elastomer  5500  - Minnesota  Mining  and  Manufacturing  Company 

Metals  and  Alloys 

The  oxidation,  ignition, -and  combustion  of  metals  in  air  and  oxygen 
have  received  considerable  attention  in  the  past  decade,  but  the  ignition  and 
burning  of  metals  is  still  poorly  understood.  Knowledge  of  reaction  kinetics 
and  mechanics  is  sadly  lacking.  There  are.  many  investigators  who  have  made 
significant  contributions  to  this^fleld.  Their  work  is  reviewed  by  Smelt zer 
and  Perrow  > - ^ and  by  Markstein  Because  it  is  not  the  purpose  of  this 

investigation  to  become  involved  in  the  complicated  mechanisms  of  ignition 
and  combustion,  only  those  articles  which  were  considered  to  be  of  direct 
value  to  the  present  work  have  been  referenced  (1^  3,  6,  9,  14,  15), 

The  investigation  of  Dean  and  Thompson  yielded  data  which  was 
directly  applicable  in  helping  to  select  the  metals  to  be  tested  in  the 
present  investigation.  Metal  tubes  were  electrically  heated  to  destruction 
in  50,  300,  and  800  psia  of  oxygen,,  in  a 50~50  mixture  of  oxygen  and  carbon 
dioxide,  and  in  100%  carbon  dioxide.  Color  motion  picture  photograpjiy 
recorded  the  manner  in  which  the  tubes  heated  and  failed.  The  results  of 
their  tests  showed  that: 

l,  Stainless  steels  ignited  within  their  melting  range. 

2.  Steel  alloys  with  no  nickel  Content  ignited  at  temperatures 
below  their  melting  points. 

3.  Most  of  the  nickel“based  alloys  tested  did  not  ignite  until 
the  melting  point  was  reached.  At  800  psia  both  Inconel  X and 
Monel  failed  at  temperatures  250”  to  500"  F below  their  respective 
melting  points. 


* Appreciation  is  expressed  to  the  following  companies  for  samples  furnished 
for  these  tests:  E.  I.  du  Pont  de  Nemours  and  Company,  Inc.,  Rogers 

Corporation,  Dixon  Corporation,  The  Fluorocarbon  Company,  Minnesota  Mining 
and  Manufacturing  Company. 
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4.  Nickel  Ad?’’  not  ignite,  only  melted. 

5.  Copper  ignited  slightly  below  its  melting  point  At  a pressure 
of  300  psia  approximately  707,  of  the  test  specimen  was  destroyed. 

6.  No  ignition  or  burning  of  the  aluminum  alloy  occurred,  only 
melting. 

7.  For  all  the  ferrous  alloys  tested,  the  rate  of  burning  increased 
with  the  oxygen  pressure. 

8.  Cobalt-based  alloys  ignited  within  their  melting  point  range. 

9.  Titanium  was  the  only  metal  which  ignited  in  an  atmosphere  of 
carbon  dioxide. 

Reynolds  found  that  18-8  stainless  steel,  copper,  nickel.  Inconel, 

and  Inconel  X melted  before  igniting  in  oxygen  at  pressures  up  to  eight 
atmospheres. 

Hill,  Adamson,  Foland,  and  Brissette  (9)  report  that  Inconel,  copper. 
Monel,  and  aluminum  did  not  have  a spontaneous  ignition  temperature  in  the 
solid  phase,  and  that  iron,  carbon  steel,  and  common  iron  alloy  had  spon- 
taneous ignition  temperatures  in  the  solid  phase  (below  their  melting  points) 
and  melted  very  rapidly  while  burning, 

Baum,  Goobich,  and  Trainer  (1)  found  Monel  and  Type  316  stainless  steel 
.acceptable  alloys  of  construction  for  7500  psi  oxygen  systems  but  copper  and 
brass  possessed  some  undesirable  characteristics. 

Riehl,  Key,  and  Gayle  report  aluminum  in  gaseous  oxygen  to  be 

sensitive  to  explosive  shock  while  stainless  steel  is  not. 

Investigations  previously  made  at  Linde  using  the  "Velocity  Impact 
Test"  (e.g.  A known  weight  of  powdered  material  was  accelerated  in  a high 
velocity  oxygen  stream  and  impacted  against  the  metal  specimen)  yielded  the 
following  results: 

1,  Carbon  steel,  cast  iron,  stainless  steel,  and  aluminum,  could  be 
ignited  and  completely  consumed  with  the  evolution  of  large 
quantities  of  energy. 

2,  Stainless  steel  an&  aluminum  burned  with  explosive  violence, 

3,  Copper,  copper  alloys,  and  Monels  had  &■  decided  quenching  effect 
on  combustion. 

The  "Promoted  Ignition  Test"  has  been  used  in  earlier  work  at  Linde 
to  investigate  the  resistance  to  ignition  and  the  amount  of  burning  after 
ignition  of  various  metals  in  2000  psi  oxygen.  In  this  test  the  metal 
specimen  was  subjected  to  the  energy  released  when  a promoter  material  was 
spontaneously  ignited.  Although  this  test  does  not  provide  absolute  values 
it  does  effectively  sort  the  metals  in  regard  to  their  relative  resistance 
to  combustion.  The  results  of  this  work  are: 
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Is  In  general,  metal  alloys  with  a high  percentage  of  nickel 
such  as  the  Monels  and  Inconels  have  the  highest  resistance  to 
combustion. 

2.  The  resistance  to  combustion  appeared  to  be  related  to  the 
percentage  of  iron  in  an  alloy. 

3.  The  size  of  the  metal  sample  will  affect  its  resistance  to 
combustion  (e.g.  the  more  subdivided  a metal  specimen,  the  easier 
it  will  ignite) . 

The  results  of  Dean  and  Thompson  referred  to  earlier  were  evaluated' 
in  regard  to  the  relative  resistance  to  Ignition  and  combustioEi  of  each  metal 
tested  and  the  metals  are  listed  in  Table  1 in  the  order  of  their  decreasing 
resistance,  with  the  most  resistant  metal  at  the  top  of  the  list. 

> 

The  relative  resistance  of  metals  as  determined  by  the  "Velocity 
Impact  Test"  and  the  "Promoted  Ignition  Test"  at  Linde  are  also  listed  in 
Table  1 for  comparison.  It  should  be  pointed  out  that  there  might  be  some 
shifting  in  the  position  of  the  metals  in  the  "Promoted  Ignition  Ta'st"  column 
because  in  those  cases  where  two  or  more  metals  showed  similar  resistance  to 
ignition,  the  violence  of  the  combustifan  determined  the  position.  Also  if  a 
large  enough  number  of  tests  were  to  be  performed  on  each  metal,  statistically 
the  position  of  a metal  might  be  changed. 

Of  particular  interest  is  the  position  occupied  by  aluminum.  Dean 
and  Thompson' s work  would  place  it  at  the  top  of  the  list  while  it  is  at  the 
bottom  of  the  list  in  the  Linde  tests.  This  is  no  doubt  due  to  the  fact  that 
Dean  and  ^orapson  only  heated  the  tube  to  Its  melting  point.  Grosse  and 
Conway  have  shown  the  ignition  temperature  of  aluminura  to  be' > 1000®  G 
which  is  considerably  above  its  melting  point  of  660®  G.  Aluminum  is  at  the 
bottom  of  the  ladder  on  the  Linde  tests  because  of  its  violent  reaction  once 
it  becomes  Ignited. 

It  will  be  noted  that  nickel  and  copper  alloys  are  at  the  top  of  the 
list  in  all  three  columns. 

For  the  present  investigation,  metals  and  alloys  were  selected  which 
would  be  representative  of  materials  already  tested  in  oxygen  pressures  up' 
to  2000  psi.  Results  at  7500  psi  could  thus  be  compared  to  those  obtained  at 
the  losijer  pressures.  Additionally  some  other  metals  were  chosen  because  of 
their  possible  usefulness  in  high  pressure  systenls* 

The  metals  and  alloys  selected  for  test,  the  melting  point  of  each, 
and  the  reported  ignition  temperature  in  oxygen  are  presented  in  Table  2, 


Design  of  Equipment 

The  materials  of  construction  and  the  design  of  the  equipment  to  be 
used  in  the  test  program  was  an  area  that  received  considerable  attention. 
Because  of  the  inherent  hazards  with  gaseous  oxygen  and  the  magnification  of 
these  hazards  with  7500  psi  oxygen,  it  was  necessary  to  select  those  materials 
which  Would  he  considered  Eelatlvely  safe  by  present  available  knowledge. 
Consequently  nickel  alloys  were  used  in  all  critical  pieces  of  apparatus. 

This  resulted  in  conaiderable  delay  in  initial  construction  of  equipment. 


TABLE  1 


RELATIVE  RESISTANCE  OF  META1.S  AND  ALLOYS  TO  IGNITION  AND 
COMBUSTION  IN  OXYGEN  IN  DECREASING  ORDER 


Dean  and 
Thompson  ^ 

50-800  psi 

Aluminum 
Nickel  A 
*Hastelloy  G 
■**Monel 
*Hasteiloy  X 
■i^^^Inconel  X 
*Hastelioy  R 
Copper  ^ 

*Eaynes  25 
*Multimet 

18-8  Stainless  Steel 
Other  Stainless  Steel 
Carbon  Steel 
Titanium 


Velocity  Impact  • 

50-100  psl 

**Monel 
**K-Mpnel 
**s^'Tobin  bronze 
Copper 
Steel 

18-8  stainless  steel 
Aluminum 


Rromoted  Ignition 
2000  psi 

**Monei 
**Inconel  600 
**Monel  S 
***Tobin  bronze 
**Duranickel 
*****Ampco  alloy  No.  15 
**Permanicke 1 
**K»monel 
*Hasteiloy  R-235 
Managing  Steel 
Beryllium  Copper 
*^****Elgiloy 
****Rene'  41 
**Inconel  X-750 
*Multimet 
*Hastelloy  X 
*Haynes  25 
***Everdur 

18-8  Stainless  Steel 
Aluminum 


■ TRADEMARKS 

*Union  Carbide  Corporation,  Stellite  Division 
**The  International  Nickel  Company,  Inc. 
^iWf*Anaconda  American  Brass  Company 
ifav**General  Electric  Company  ' 

****^Ampco  Metal,  Inc, 

******Elgin  National  Watch  Company 


TABLE  2 


METALS  AND  ALLOYS  SELECTED  FOR  TEST  IN  7500  PS I OXYGEN 


METAL  OR  ALLOY 
!•  Stainless  Steel 


IGNITION  TEMPESATUSE 
MELTING  POINT  °G  IN  OXyGBH.  *C 


Type  316 
Type  304 
iS^pe  301 

2 . Age-Hardening  Stainless  Steel 
*Type  17-7  PH 

3«  Nickel-Chromium  Alloys 

Inconel  alloy  600 
(formerly  Inconel) 

Inconel  alloy  X-750 
(formerly  Inconel  X) 

4.  Nickel  - Copper  Alloy 

Monel  alloy  400 
(formerly  Monel) 


5»  Other  Metals  and  Alloys 

Aluminum 

Nickel 

Copper 

Brass 

Silver 

Gold 

Lead 


1375-1400  . . 

1400-1475 

1400-1425 


1415-1450 


150-275 
below  M.P, 


(a) 


1400-1425  M.P. 

1400-1425  150-275  . . 

below  M.P. 


1300-1350 


150-275  . . 

below  M.P. 


660 

>1000 

(c) 
(a) 
(a) 

(d) 

1455 

M.P. 

1082 

<M.P. 

932 

’ <850 

960 

1063 

Cc) 

327 

870 

(d) 


(a)  Reference  3 

(b)  Reference  14 

(c)  Reference  6 

(d)  Reference  7 

* Trademark  of  Armco  Steel  Corporation 
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High  Prfeasure  Oxygen  !?arm  Converter 

High  pressure  oxygen  was  generated  in  a warm  converter.  Required 
quantities  of  liquid  oxygen  were  introduced  into  the  warm  converter  and 
vaporiaed  into  the  gaseous  state  to  provide  the  necessary  pressure.  Xhe 
warm  converter  was  contained  in  a water  bath  with  an  inlet  and  outlet  through 
which  tap  water  flowed. 

The  converter  was  patterned  after  a previous  Linde  design  which  was 
modified  to  provide  a larger  capacity  and  a higher  working  pressure.  The 
internal  geometric  volume  of  the  converter  is  425  cubic  inches.  Pressures 
up  to  15,000  psi  oxygen  have  been  generated^  Materials  of  construction  were 
Inconel  alloy  X-750  and  Monel  alloy  400  which  provided  the  strength  for  the 
pressures  to  be  developed  and  also  furnished  a definite  measure  of  safety 
because. of  their  relative  resistance  to  ignition.  Figure  1 shows  the  top  of 
the  converter  extending  out  of  the  water  bath.  All  high  pressure  oxygen  for 
the  entire  test  program  was  generated  in  this  warn  converter. 

Compressibility  factors  were  calculated  for  oxygen  at  various  pressures 
(Appendix  II)  for  use  during  the  test  program. 

High  Pressure  Oxygen  Bomb 

The  original  consideration  given  to  a high  pressure  oxygen  bomb  was  a 
design  patterned  after  the  one  presently  used  at  Linde  for  tests  at  2000  psi. 
This  bomb  has  a high  mass  with  built-in  cooling  passages  and  integral  heating 
unit.  However,  the  use  of  a smaller  bomb  had  several  advantages  relative  to 
the  present  program  and  a small  high  pressure  bomb  was  designed  after  sub- 
stantial testing  of  a prototype  bomb. 

Figure  2 shows  the  high  pressure  bomb  assembled  and  disassembled. 
Inconel  X-750  was  the  material  of  construction  because  of  the  strength  needed 
at  the  high  temperatures  to  which  the  bomb  Would  be  heated, 

Valves,  Fittings,  and  Tubing  . 

. initially  all  valves  were  constructed  of  Monel  alloy  400  with  stems 
of  Monel  alloy  K~500.  Packing  was  glass  filled  TFE.  All  fittings  and 
tubing  were  made  of  Monel  400.  Fabrication  was  by  a commercial  vendor- of 
high  pressure  equipment.  At  a later  date,  some  stainless  steel  parts  were 
substituted  to  expedite  test  work  and  to  evaluate  the  use  of  stainless  steel. 

All  valves  were  rated  at  30,000  psi  with  the  exception  of  an  air- 
operated  valve  which  was  rated  at  10,000  psi.  All  valves  were  of  standard 
construction  as  shown  in  Figure  3, 

All  fittings  and  tubing  were  rated  at  30,000’  psi  with  the  exception  of 
some  9/16“  O.D.  x 5/16"  I.D,  tubing  which  was  only  rated  for  10,000  psi.  The 
standard  threaded  and  coned  tubing  connection  was  used  as  shown  in  Figure  4, 

Simulated  System 

Construction  of  the  simulated. system  Will  be  discussed  later  under  the 
experimental  program. 
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FIGURE  1 


WARM  CONVERTER  FOR  HIGH  PRESSURE  OXYGEN 


A.  ASSEMBLED 


B.  DISASSEMBLED 


FIGURE  2 


HIGH  PRESSURE  OXYGEN  BOMB 


Bottom  Packing  Washer  4, 
Glass  Filled  Teflon  Packing  4A. 
Top  Packing  Washer 


FIGURE  3.  HIGH  PRESSURE  VALVE 


Rotating  Stem 
Non-Rotating  Stem 


FIGURE  4.  TUBING  CONNECTION 


EXPERIMENTAL  PROGRAM 


High  Pressure  Laboratory 


Construction  of  Laboratory 

All  experimental  tests  were  performed  In  two  high  pressure  bays  of  a 
high  pressure  laboratory  shown  in  Figure  5, 

The  bays  of  the  laboratory  are  constructed  of  reinforced  concrete  walls 
with  one  blow-out  wall.  The  blow-out  wall  faces  a dirt  hill  at  the  rear  of  the 
laboratory.  Heavy  blast  mats  extend  upward  from  the  top  of  the  hill  to  stop 
flying  projectiles.  The  same  type  of  blast  mat  is  used  to  cover  the  ceiling 
and  other  critical  points  in  each  bay. 

All  valves  and  controls  are  operated  from  outside  the  test  area  by 
extensions  through  the  heavy  concrete  wall  (Figure  6) . All  visual  observa- 
tions are  made  from  the  operating  area  with  the  use  of  mirrors. 


Physical  Arrangement  of  Test  Equipment 

A common  entrance  door  from  the  operating  area  serves  both  high  pressure 
bays  with  the  entry  way  separated  from  each  bay  by  heavy  steel  plate.  The  warm 
converter  was  placed  in  one  bay  and  the  test  equipment  was  placed  in  the  other 
bay  so  as  to  isolate  the  high  pressure  osygen  generating  equipment  from  the 
test  equipment  in  the  event  of  a failure  in  either  section.  Tubing  connection 
was  carried  via  a small  tunnel  between  the  two  bays.  Additionally  the  warm 
converter  was  sandbagged.  This  physical  arrangement  can  be  seen  in  Figure  7 which 
shows  test  equipment  set  up  for  the  high  pressure  oxygen  bomb  test.  Figure  8 
shows  the  sandbagged  warm  converter. 


Cleaning  and  Assembly  of  Test  Equipment 

All  valves,  fittings,  tubing,  and  apparatus  were  disassembled  and  cleaned 
for  oxygen  service  by  standard  vapor  degreasing  and  washing  methods.  Threads 
of  valve  stems,  tubing,  and  gland  nuts  were  given  a very  thin  film  of  fluoro- 
carbon lubricant  imediately  prior  to  assembly.  These  threads  are  normally 
not  exposed  to  high  pressure  oxygen  because  of  weep  holes  in  the  fittings. 

All  liquid  oxygen  entering  the  warm  converter  was  passed  through  a 
filter  which  is  rated  to  remove  99.5%  of  all  particles  greater  than  one  micron. 


High  Pressure  Oxygen  Bomb  Tests 


Purpose 

The  oxygen  bomb  test  determines  the  spontaneous  ignition  or  explosion 
temperature  of  a material  in  contact  with  oxygen  at  some  given  pressure.  The 
test  provides  a means  for  determining  the  allowable  temperature  to  which  a 
taaterial  may  be  exposed  in  oxygen  at  the  given  pressure  without  the  possibility 
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FIGURE  8 


SANDBAGGED  WARM  CONVERTER 


FIGURE  7.  PHYSICAL  ARRANGEMENT  OF  TEST  EQUIPMENT  IN  HIGH  PRESSURE  BAYS 


I 


of  spontaneous  ignition.  A material  should  not  be  used  in  oxygen  service  where 
its  spontaneous  Ignition  temperature  might  be  approached;  a substantial  safety 
factor  is  normally  provided. 


Procedure 


The  test  is  made  by  placing  a sample  of  the  material  in  the  oxygen  bomb, 
pressurizing  with  oxygen,  and  heating  the  bomb  until  the  spontaneous  ignition 
occurs.  The  temperature  and  pressure  are  recorded  at  which  the  ignition  takes 
place . 

Preliminary  Tests  of  Prototype  Bomb-and  Pinal  Boiab 
1.  Prototype  Bomb 

As  mentioned  earlier  the  use  of  an  oxygen  bomb  with  a small  mass 
would  have  some  advantages  in  the  7500  psi  program  over  the  design  used  for 
the  standard  Linde  2000  psi  bomb  which  has  a large  mass.  Therefore,  a proto- 
type bomb  (Figure  9)  was  purchased  for  making  preliminary  tests  at  2000  psi. 

It  was  rated  for  10,000  psi  at  a temperature  of  1000*F. 

This  bond)  was  essentially  a piece  of  high  pressure  stainless  steel 
tubing  having  a one-half  inch  inside  diameter.  Each  end  of  the  tubing  was 
coned  and  threaded  into  a hexagonal  cap  with  a coned  seating  surface.  The 
opposite  end  of  each  cap  had  a 1/4"  high  pressure  connection.  A pencil  iron- 
constantan  thermocouple  with  an  Inconel  shield  was  introduced  through  one  end 
and  oxygen  gas  through  the  other  end. 
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By  testing  materials  w.Hlch  had  previously  been  tested  in  the  Linde 
standard  bomb,  it  was  possible  to  determine  if  comparable  ignition  temperatures 
were  obtained.  Initially  the  prototype  bomb  was  tried  in  a horlsontal  position 
as  shown  in  the  schematic  of  Figure  10.  The  sample  was  placed  in  a quarts  boat 
and  slid  in  otie  end  of  the  tube  which  was  then  placed  in  a tube  furnace  and 
heated.  Results  were  unpredictable  and  one  low-ignition  material  decomposed 
without  the  occurrence  of  spontaneous  ignition. 

Because  spontaneous  ignition  is  thought  to  occur  in  the  gas  phase 
by  the  decomposition  products  of  the  test  material  reaching  an  explosive  con- 
centration in  the  oxygen,  it  was  postulated  that  the  decomposition  products 
were  diffusing  through  the  bomb  as  it  lay  in  the  horizontal  position  and  not 
reaching  an  explosive  concentration.  In  the  Linde  standard  bomb  (shown 
schematically  in  Figure  11),  the  sample  is  contained  in  a crucible  and  the 
gases  collecting  above  the  sample  are  confined  to  the  crucible  where  they 
reach  an  explosive  concentration. 

By  placing  the  prototype  bomb  in  a vertical  position  (schemati- 
cally shown  in  Figure  12)  and  using  a 10  on  x 35  mm  Pyrex  glass  test  tube 
(without  lip)  as  a saoqile  holder,  it  was  found  that  the  spontaneous  ignition 
temperature  obtained  on  typical  materials  was  the  same  as  that  found  in  the 
standard  Linde  bomb. 

The  prototype  bomb,  as  pictured  in  Figure  13,  was  used  to  investi- 
gate many  parameters  of  the  bomb  test  to  determine  the  effect  on  the  spontaneous 


FIGURE  13 


PROTOTYPE  BOMB  AS  USED  FOR  PRELIMINARY  TESTS 


ignition  temperature  caused  by  variations  in  sample  weight,  heating  rates,  etc. 
The  results  of  these  tests  are  presented  in  Table  7 of  Appendix  IV,  Heating 
rate  and  sample  size  of  the  materials  tested  were  found  to  have  little  effect 
on  the  spontaneous  ignition  temperature. 

During  these  tests  the  prototype  bomb  began  to  leak  because  scor- 
ing occurred  at  the  seating  interfaces  of  the  tube  and  cap , The  leakage  could 
be  stopped  by  resurfacing  the  seating  surfaces  or  by  the  use  of  thin  copper 
gaskets,  but  the  leakage  was  severe  enough  at  2000  psi  to  make  a new  bo^ 
design  desirable  for  the  7500  psi  tests* 

2,  Final  Bomb 

The  geometric  configuration  of  the  prototype  bomb  had  been  proven 
out  in  preliminary  tests,  so  the  final  bomb  was  designed  using  a 1/2"  I,D, 
opening.  Inconel  X-750  was  used  as  the  material  of  construction  because  of 
its  strength  at  high  temperatures.  A lens  ring  was  used  to  provide  a leak- 
tight  seal  as  shown  in  a schematic  of  the  bomb  in  Figure  14B. 

A few  tests  with  standard  materials  in  the  new  bomb  yielded  high 
spontaneous  ignition  temperatures.  This  was  demonstrated  to-be  due  to  convec- 
tion currents  set  up  in  the  bomb-  by  part  of  the  bomb  cavity  at  the  top  being 
outside  the  heating  zone  of  the  furnace.  (Ttie  entire  cavity  of  the  prototype 
bomb  was  physically  in  the  furnace.)  A convection  from  the  cold  zone  at  the 
top  to  the  warm  zone  at  the  bottom  caused  the  decomposition  products  to  dif- 
fuse. Thus  an  explosive  concentration  did  not  materialize  until  a higher  tem- 
perature was  reached. 

This  situation  was  corrected  by  making  a lens  ring  plug  as  shown 
schematically  in  Figure  14A.  This  is  the  design  finally  used  for  all  the  high 
pressure  tests.  In  preliminary  tests  made  with  this  design  at  2.000  psi,  it  was 
found  that  the  spontaneous  ignition  temperature  of  standard  materials  compared 
favorably  with  those  determined  in  the  standard  iinde  bomb  and  in  the  prototype 
bomb.  Preliminary  tests  made  on  these  satae  standard  materials  at  oxygen  pres- 
sures of  5500  to  9000  psi  indicated  that  their  sp'ontanaQus  ignition  temperatures 
at  these  higher  pressures  were  going  to  be  the  same  as  that  at  2000  psi. 

This  preliminary  data  is  also  presented  in  Table  7 of  Appendix  IV. 
7500  psi  Tests 

1.  Test  Set-up  and  Procedure 

A schematic  of  the  test  set-up  for  the  high  pressure  oxygen  bomb 
is  shown  in  Figure  15  and  a pictorial  view  of  the  set-up  is  Shovra  in  Figure  16. 

With  the  sample  in  the  bomb,  the  bomb  is  successively  pressurized 
with  cylinder  oxygen  and  blown  down  to  atmospheric  pressure  four  times.  This 
is  done  slowly.  Finally  the  boodi  is  pressurized  with  high  pressure  oxygen  from 
the  converter.  The  fill  lines  from  the  convertGr  and  the  2000  psi  cylinder 
oxygen  are  blown  down  to  isolate  the  bomb  from  oxygen  sources.  The  bomb  is 
then  heated  in  the  furnace  until  spontaneous  ignition  occurs, 
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1 


1.  Lens  Ring  Plug  ("A"  Only)  2»  Lens  Ring  ("B"  Only) 

3-  |yrex  Test  Tube,  10  mm  X 35  mm 
Specimen 
5.  Thermocouple 


FIGURE  14.  10,000  PSI  OXYGEN  BOMB 

WITH  TEST  TUBE  ENCLOSED 
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8*  Furnace 

5i.  Blow  Down  Valve 

10.  . 3,000  psi  Safety  Disc 

11.  Wa;rin  Converter 

12.  Water  Bath 

13.  3,000  psi  Oxygen  Gage 

14.  Cylinder  Oxygen-  2,000  psi 


KEY 

1.  10,000  psi  Pressure  Recorder 

2.  10,000  psi  Bursting  Disc 

3.  15,000  psi  Pressure  Gage 

4.  Blowdown  to  Outside 

5.  50,000  psi  Pressure  Gage 

6.  16,500  psi  Bursting  Disc  . 

7 . Oxygen  Bomb 


FIGURE  IS.  SCHEMATIC  FOR  7500  PSI  OXYGEK  BOMB  TEST 
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A.  COMPLETE  SET-UP 


B.  CLOSE-UP  OF  BOMB  IN  FURNACE 


FIGURE  16.  HIGH  PRESSURE  OXYGSN  BOMB  TEST  SET-UP 


Because  the  pressure  in  the  bomb  Increases  with  teapcrature.  It 
Is  necessary  to  select  a starting  pressure  which  will  yield  a final  pressure 
of  7500  psl  at  the  spontaneous  Ignition  tesiperature  of  the  material  under 
test. 


A varlac  was  used  to  control  the  rate  of  heating  of  the  furnace 
For  expected  low  Ignition  temperatures,  the  varlac  wao  set  at  a lower  value 
than  for  expected  high  Ignition  temperatures.  This  produced  comparable  heat 
Ing  rates  over  the  la^t  twenty  minutes  prior  to  Ignition. 


:nltlon  Temi>eratures 


Ignition  temperatures  were  determined  for  each  material  In 
7500  psl  oxygen  and  In  2000  psl  oxygen  using  the  high  pressure  bomb  and  the 
same  test  parasaeters.  The  lowest  Ignition  temperature  found  for  each  material 
In  7500  psl  oxygen  and  In  2000  psl  oxygen  are  presented  In  Table  3.  Complete 
Information  on  all  materials  tested  may  be  found  In  Table  8 of  Appendix  IV. 

In  general,  the  Ignition  temperatures  at  7500  psl  were  found  to  be  the  same 
as  those  at  2000  psl. 


Results  with  Oxylube  No.  703  demonstrate  the  fact  that  with  some 
materials  the  weight  of  the  sample  la  ulgnlflcant  In  determining  Its  spontaneous 
Ignition  temperature  In  the  bosd>.  Results  with  Oxweld  Antl-Frlctlon  Compound 


KIo.  64  also  demonstrate  the  effect  of  weight  with  some  materials  and  results 
with  Ever  lube  No.  811  demonstrate  the  effect  that  the  physical  geometry  of 
the  sample  can  have  on  the  ignition  point. 

After  a conversation  with  personnel  of  the  Swagelok  Company,  the 
results  with  High  Purity  Goop  were  attributed  to  the  possible  non-homogeneity 
of  the  product.  High  Purity  Goop  is  a mixture  of  fluorocarbon  materials  and 
one  test  sample  may  have  contained  more  of  one  component  than  that  contained 
in  another  sample. 

3.  Evaluation  of  Results 

IWi— ^1— I w ■ I I "HI  ail  • 

a.  Thread  Lubricants 

A study  of  ignition  temperatures-  presented  in  Table  3 shows 
the  fluorocarbon  lubricants  to  have  high  spontaneous  ignition  temperatures. 

Dixon's  Flake  Graphite,  Bumil  Brand  Microplates,  and 
Almasol  Powder  did  not  ignite  at  S00“G  and  therefore  may  be  applicable  to 
lubrication  problems  in  high  pressure  oxygen.  However,  experience  with  these 
materials  is  lacking  and  other  problems  that  might  be  associated  with  their 
use  would  need  to  be  ascertained. 

Molykote  Z and  products  formulated  with  molsrbdenum  disulfide, 
Everlube  No.  811  and  Oxylube  No.  703,  have  low  ignition  temperatures  and  are 
not  recommended  for  use  in  either  7500  psi  or  2000  psi  oxygen  service. 

■b.  Thread  Sealants 

Ignition  temperatures  of  those  thread  sealants  tested  are 
all  approximately  the  same  except  for  Mano  Pipe  and  Joint  Compound  and  50-50 
soft  solder.  If  the  temperature  rise  and  pressure  rise  when  ignition  occurs 
(Table  8 of  Appendix  IV)  are  evaluated  in  reference  to  the  sample  weight,  it 
appears  that  ignition  of  Key  Abso-Lute  or  Linde  Green  Pipe  Joint  Compound 
results  in  the  liberation  of  less  energy  than  the  ignition  of  Eectorseal 
No.  15  or  Parker  Oxyseal. 

Mano  pipe  and  Joint  Compound  has  a relatively  high  ignition 
temperature  and  a comparatively  small  amount  of  energy  release  but  Linde 
experience  with  the  sealing  characteristics  of  the  product  show  that  it  does 
not  meet  the  specifications  required  for  high  pressure  oxygen  service.  How- 
ever, further  development  of  this  product  might  make  its  sealing  characteristics 
acceptable. 

Soft  solder  did  not  ignite  at  500®G,  but  its  malting  point 
is  225*^0.  It  would  not  present  any  ignition  haziard  but  evaluation  of  its  use 
as  a sealant  by  tinning  of  threads  would  need  to  be  made. 

e.  Fluorocarbon  Plastics  and  Elastomers 

Teflon  (TFE)  and  filled  TFS  products  have  the  highest  spon- 
taneous ignitioti  temperatures  With  Kel-F  81  being  next  highest.  The  ignition 
temperatures  of  the  fluorocarbon  elestomars  are  substantially  lower  than  those 
of  the  fluorocarbon  plastics. 


TABLE  3 


L057EST  SPONTANEOUS  IGNITION  TEMPERATUEE  FOUND 
IN  7500  PSI  OXYGEN  AND  IN  2000  PSI  OXYGEN,  °C 


Thread  Lubricants 
Aroclor  1254 

Dixon’s  Flake  Graphite  No.  1 
Kel-F  90  Grease 

Oxweld  Anti-Friction  Compound  No.  54 
Burnil^  Brand  Micropiates 
Molykpte  Z 

Halocarbon  Oil  Series  13-21 

Halocarbon  Grease  Series  25-10 

Oxweld  Anti-Friction  Compound  No.  64 

Ever lube  No.  811 

Oxylube  No.  703 

High  Purity  Goop 

Alraasol  Powder 


7500  psi  2000  psi 


355  376 

No  ignition  500®C  No  ignition  500®C 
435  435 

230  237 

No  ignition  500‘’C  No  ignition  500®C 


267 

277 

435 

427 

438 

431 

410 

410 

216 

250 

190 

238 

411 

398 

Ho  ignition  500®C  No  ignition  500®G 


Thread  Sealants 


Oxyseal 

Mano  Pipe  and  Joint  CcMupound 

Key  Abso-lute 

Rectorseal  No,  15 

Linde  Green  Pipe  Joint  Compound 

50-50  Soft  Solder 

Fluorocarbon  Plastics  and  Elastomers 

347 

422 

342 

355 

362 

No  ignition  500“G 

360 

430 

355 
374 

356 

No  ignition 

Viton  A (Virgin) 

300 

310 

Viton  B,  (Virgin) 

* 316 

325 

Teflon  (Virgin) 

465 

469 

Teflon  100  X' 

410 

413 

Rulon  A 

465 

463 

Rulon  B 

460 

466 

Rulon  C 

465 

458 

Duroid  5600 

470 

468 

Duroid  5650 

444 

461 

Duroid  5870 

463 

452 

Duroid  5813 

. 463 

463 

Kel-F  81 

425 

431 

Kel-F  Elastomer  3700 

332 

341 

Kel-F  Elastomer  5500 

340 

352 

Rubber  Compound 

Neoprene 

190 

200 

TFE  products  and  Kal-F  81  both  liberate  only  a small  amount 
of  energy  on  ignition,  indicated  by  the  low  temperature  and  pressure  rise  on’ 
ignition  when  compared  to  that  of  other  materials* 

4*  Conclusions 

a.  Because  the  spontaneous  Ignition  temperatures  of  the  majority 
of  the  materials  tested  can  be  attained  by  adiabatic  compression,  only  those 
that  did  not  ignite  at  500® C can  be  recommended  as  not  presenting  a hazard. 
Further  investigation  would  be  required  to  determine  other  problenus  that  might 
be  associated  with  their  use. 

b.  It  Is  recognized  that  soma  type  of  material  is  needed  for 
dynamic  and  static  seals.  The  use  of  TFl  or  glass-filled  TFE  in  these  instances 
would  be  recommended  because  of  the  low  energy  release  of  TFE  . Ha?ever,  these 
would  be  recommended  only  if  tightly  confined.  Because  TFE,  per  se,  cold 
flows,  the  glass-filled  TFE  would  receive  a higher  recommendation. 


Adiabatic  Ccmpresslon  Tests 

Purpose  and  Discussion 

Originally  it  was  thought  that  this  test  could  be  used  to  test  specimens 
of  various  metallic  and  non-metallic  materials  to  show  that  the  material  could 
or  could  not  be  ignited  by  adiabatic  compression.  Calculation  of  theoretical 
temperatures  attainable  by  adiabatic  compression  (Appendix  X)  indicated  that 
the  malting  points  of  most  metals  to  be  tested  would  be  exceeded.  .Because 
these  temperatures  would  not  be  reached  in  actual  practice,  it  was  thought 
that  experimental  tests  would  be  in  order  to  determine  the  peak  temperatures 
attainable. 

(13) 

Reynales  * reports  that  temperature  rises  of  560®F  were  measured  by 
sudden  opening  of  a shut-off  valve  and  pressurizing  with  2200  psi  nitrogen. 

In  shock  tube  experiments  with  oxygen,  peak  temperatures  of  over  2000®F  were 
recorded  and  all  materials  tested  including  Teflon,  Kel-F,  Buria-n,  and  butyl 
rubber  were  burned.  Greenspan reported  ignition  of  Teflon  and  Kel-F  by 
adiabatic  compression, 

A shock  tube  could  have  been  used  in  the  present  program  for  this  type 
of  experiment  but  this  would  require  the  use  of  a bursting  disc  and  the  likely 
probability  that  a piece  of  the  bursting  disc  might  impact  the  specimen  and 
invalidate  results.  It- was  also  thought  that  a shock  tube  would  not  duplicate 
any  condition  that  might  exist  during  charging  of  a receiver  at  7500  psi. 
Therefore,  a quick-opening  air**operated  vaXVe  was  purchased  for  use  in 
adiabatic  tests. 

Preliminary  Tests 

Before  the  air-operatad  valve  was  received, a few  crude  tests  were  made 
at  2000  psi  to  determine  possible  test  parameters*  The  tests  were  made  using 
the  apparatus  shown  in  Figute  17*  Both  nitrogen  and  oxygen  at  2000  psi  were 
used  for  these  tests  and  a small  test  volume  varying  from  10  cc  to  50  cc  was 
suddenly  charged  to  2000  psi  fay  ppetiing  a ball-cock  valve  fay  hand  as  quickly 
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FIGURE  17 


PRELIMINARY  ADIABATIC  COMPRESSION  TE^T  SET-UP 


FIGURE  18 


7500  PSI  ADIABATIC  COMPRESSION  TEST  SET-UP 


1 
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as  possible.  Results  of  these  tests  are  not  tabulated  because  of • inf ormation 
which  was  developed  later.  It  will  suffice  here  to  say  that  the  maximum  rise 
in  temperature  measured  was  only  93“C  but  that  two-milligram  slivers  of  lead 
were  melted  in  this  apparatus  which  indicated  that- temperatures  in  the  order 
of  327®C  were  momentarily  reached. 

7500  psi  Tests 

When  the  quick-opening  air-operated  valve  was  received,  experimental 
tests  at  2000  psi  showed  that  the  opening  time  of  the  valve  was  in  the  order 
of  0,5  second  and  the  pressurization  time  of  a 20-inch  section  of  5/16'*  I.D. 
tubing  required  0.05  second.  Calculations  based  on  these  measurements  in- 
dicated that  the  temperatures  developed  would  not  begin  to  approach  theoretical, 
(See  Appendix  III) , Consequently  the  use  of  this  test  became  unattractive  in 
the  testing  of  metals,  and  because  it  was  already  known  that  organic  materials., 
could  be  raised  to  their  spontaneous  ignition  temperatures  by  2000  psi  oxygen/  ' 
there  was  no  advantage  in  further  use  of  the  test. 

The  air-operated  valve  (with  5/16"  I,D,  ports)  was  purchased  for  a dual 
purpose.  It  was  to  be  used  in  the  charging  of  a simulated  system.  While 
setting  up  for  the  simulated  system  the  opportunity  to  make  some  quick  temper- 
ature measurements  presented  itself.  The  tip  of  a 1/16"  inconel  shielded  pencil 
thermocouple  was  removed  to  expose  the  bare  iron-cons tantan  junction.  This  was 
placed  at  the  end  of  various  lengths  of  5/16"  I.D,  tubing.  The  tubing  was  then 
suddenly  pressurized  from  an  intermediate  storage  vessel  by  opening  the  air- 
operated  valve.  During  these  quick  tests  a maximum  temperature  of  SIS^C  was 
recorded  when  a 51-inch  section  of  tubingwas  pressurized  to  6650  psi.  Temper- 
ature measurements  beyond  this  pressure  were  not  made.  The  arrangement  for 
the  test  is  shown  in  Figure  18  and  a schematic  of  the  set-up  in  Figure  19. 

At  a later  date,  samples  of  Kel-F  81,  virgin  Viton  A,  and  virgin  Teflon 
were  quickly  tested  in  the  same  set-up  by  placing  the  specimens  af  the  dead 
end  of  the  tube  and  suddenly  pressurizing  them  to  pressures  ranging  from  6300 
to  6900  psi  with  oxygen.  All  specimens  spontaneously  ignited.  Results  are 
reported  in  Table  12  of  Appendix  IV.  During  these  tests  a pressure  transducer 
and  recorder  in  the  system  indicated  that  pressurization  occurred  in  0.05  sec. 
(Figure  20).  Results  of  these  tests  only  proved  that  the  ignition  temperatures 
of  these  materials  could  be  reached  in  this  set-up  which  was  expected. 


Promoted  Ignition  Tests 


Purpose 

The  promoted  ignition  test  is  a means  of  evaluating  the  relative 
resistance  to  ignition  and  combustion  Of  various  metals  by  subjecting  the  metal 
specimen  to  the  energy  rfe3ea^;ed  when  a promoter  material  is  heated  to  its 
spontaneous  ignition  temperature  in  oxygen  at  a given  pressure.  The  test  from 
a practical  standpoint  shows  what  can  happen  when  an  elastomeric  material,  such 
as  a gasket  or  0-ring,  ignites  in  an  oxygen  system. 

Procedure 

The  procedure  for  this  test  is  the  same  as  the  procedure  for  the  oxygen 
bomb  test  but  a metal  specimen  as  well  as  the  promoter  material  is  placed  in 
the  Pyrex  test  tube*  Refer  to  Figure  15  for  a schematic  of  the  test  set-up* 
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1.  0-10,000  psi  Recorder 

2.  lO,O0O  psi  Bursting  Disc  . 

3»  10,000  psi  Gage 

4.  Storage  Vessel 

5.  Air-Operated  Valve 

6.  5/16"  I.D.  Tubing 

7»  5/16"  I.D.  Coupling 

8.  1/16"  Thermocouple  or  Specimen  of  Material 

A.  High  Pressure  Oxygen  from  Converter 

B.  2000  psi  Cylinder  Oxygen 


FIGURE  19. 


SCHEMATIC  FOR  ADIABATIC  COMPRESSION  TEST 


Tes.t  No.  11040-41 


FIGURE  20.  FRESSURE  PROFILE  OF  ADIABATIC  COMPRESSION  TEST 
Preliminary  Tests 

It  was  necessary  to  determine  the  parameters  which  would  give  re- 
producible and  comparable  results  on  the  various  metals  to  be  tested.  Pre- 
liminary tests  were  carried  out  at  2000  psi.  A review  of  promoter  materials 
-had  narrowed  the  choice  to  neoprene  or  Viton  A,  Two  or  three  tests  were  made 
with  Viton  A but  neoprene  was  selected  because  of  its  lower  ignition  temper- 
ature and  the  possibility  that  decomposition  products  from  the  Viton  A might 
effect  the  outcome  of  the  test. 

Neoprene  0-rings  were  ordered  for  these  tests  and  purchased  with  the 
understanding  that  all.  0- rings  would  be  from  the  same  batch  of  neoprene  in 
order  to  obtain  uniform  spontaneous  ignition  temperatures.  However,  diffi- 
culty was  experienced  in  that  the  ignition  temperature  of  the  neoprene  varied 
substantially  which  is  typical  with  this  type  of  compound.  This  did  not  seem' 
to  materially  affect  the  test  results  but  it  did  cause  the  pressure  at  the 
spontaneous  ignition  temperature  to  vary  because  of  the  pressure  dependency 
on  the  temperature  of  the  bomb . 

Various  weight  and  Size  combinations  as  well  as  physical  relationships 
were  tried  until  one  was  found  which  would  yield  comparable  results.  These 
various  configurations  are  schematically  shown  in  Figure  21, 

Metal  specimens  of  0.005 -inch  thick  foil  were  used.  Certified  analyses 
of  the  metal  foils  were  obtained.  Original  plans  were  either  to  use  a CDnstant 
weight  of  promoter  and  vary  the  physical  dimensions  of  the  metal  specimen  or 
to  use  fixed  physical  dimensions  for  the  metal  specimen  and  vary  the  weight  of 
the  promoter.  The  latter  condition  appeared  to  be  more  attractive  after  com-  • 
pletion  of  all  the  2000  psi  tests  and  Some  of  the  7500  psi  tests.  The  final 
physical  configuration  chosen  for  the  7500  psi  tests  is  that  shown  in  Figure  2'iF, 

Twenty-nine  preliminary  tests  were  performed  at  2000  psi  (Table  9 of 
Appendix  IV).  However,  when  tests  were  started  at  7500  psi  it  was  discovered 
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KEY 


A.  Formed  a cylinder  of:  the  tnetal  specimen  to  fit  inside  the 
neoprene  0-ring.  Specimen  in  a vertical  positiono 

B.  Rolled  the  neoprene  0>-ring  within  a cylinder  of  the  metal 
specimen.  Ends  were  open  and  specimen  in  a horizontal  position. 

C»  Formed  a cylinder  of  the  metal  specimen  and  lightly  crimped  the 
promoter  into  the.  bottom  of  the  sj-ecimen  which  Was  in  a vertical 
position. 

D.  Metal  specimen  in  a flat  horizontal  position  and  the  neoprene  on 
top  of  the  specimen. 

E.  Metal  specimen  in  a flat  horizontal. position  and  the  neoprene 
underneath  the  specimen* 

F*  Formed  a half-cylinder  from  a long  metal  specimen  with  the 
neoprene  crimped  into  the  bottom  of  the  specimen  which  was 
always  in  a semi -vertical  position. 

1.  metal  2.  HEOPREHE 


FIGURE  21.  PRYSICAL  CONFIGURATIONS  USED  WITH  PROMOTER  MATERIAL  AND  METAL 
specimens  in  PYREX  test  tube  during  PROMOTED  IGNITION  TESTS 


that  results  were  significantly  different  from  those  obtained  in  the  2000  psi 
tests  in  that  the  weight  of  neoprene  required  to  bring  about  combustion  of  the 
metal  was  less.  This  was  attributed  to  the  geometric  configuration  of  the 
bomb,  the  physical  position  of  the  metal  specimen  in  the  test  tube  during 
preliminary  tests,  and  the  difference  in  oxygen  pressures.  All  of  these 
factors  would  favor  the  blanketing  of  the  metal  specimen  by  the  ignition  products 
of  GO2  and  H2O  formed  during  combustion  of  the  neoprene.  At  the  lower  pressure 
of  2000  psi  the  combustion  products  would  occupy  a imach  greater  volume  than 
at  7500  psi. 

Although  the  tests  at  2000  psi  were  informative  it  was  necessary  to 
develop  new  parameters  at  7500  psi.  Original  intentions  had  been  to  perform 
identical  tests  at  2000  psi  and  at  7500  psi  for  comparison  purposes,  but  tests 
at  2000  psi  now  .had  to  be  eliminated  and  only  the  7500  psi  tests  were  made. 

7500  psi  Tests 

1.  Discussion  of  Test 

After  completion  of  a number  of  tests  at  7500  psi,  a geometrical 
configuration  of  5 millimeters  by  30  millimeters  was  selected  as  the  standard 
size  for  the  5-mil  metal  foil  samples.  By  determining  the  weight  of  neoprene 
necessary  to  combust,  partially  combust,  melt,  or  partially  melt  a specimen, 
the  relative  resistance  to  ignition  and  combustion  was  obtained  for  the  metals 
and  alloys. 

The  metals  and  alloys  have  been  arranged  in  Table  4 in  order  of  their 
. decreasing  resistance  to  ignition  as  determined  by  these  tests  in  7500  psi 
oxygen.  Complete  data  on  the  tests  is  presented  in  Table  10  of  Appendix  IV. 

It  had  been  hopefully  expected  that  we  might  be  able  to  extract  some 
temperature  data  from  the  pressure  profiles  in  the  bomb  during  the  ignitions 
and  a pressure  transducer  was  connected  into  the  bomb  system.  The  pressure 
was  recorded  on  a Sanborn  150  recorder  which  permitted  suppression  of  several 
thousand  pounds  of  pressure  and,  by  means  of  an  attenuator, . the  recorder 
could  be  spanned  over  a narrow  pressure  range  if  it  were  so  desired.  After  a 
large  number  of  tests  and  a study  of  the  pressure  profiles,  the  conclusion 
was  reached  that  prediction  of  ignition  temperatures  could  not  be  determined 
from  the  profiles,  A typical  pressure  profile  is  shown  in  Figure  22, 

2.  Discussion  of  Results 

a,  From  Table  4 it  can  be  seen  that  nickel  is  by  far  the  most 
resistant  to  ignition  (gold  and  silver  excepted)  but  if  enough  energy  is 
present  nickel  will  burn. 

b„  A standard  specimen  of  Monel  alloy  400  was  never  completely 
combusted  so  the  amount  of  neoprene  shown  in  Table  4 to  completely  combust 
the  standard  size  specimen  was  estimated.  The  required  weight  of  neoprene 
might  actually  be  higher  than  the  estimate  which  would  improve  the  relative 
position  of  Monel  400.  . : 


TABLE  4 


METALS  AND  ALLOYS  ARRANGED  IN  ORDER  OF  DECREASING 
RESISTANCE  TO  IGNITION  AND  COMBUSTION  IN  7500  PSI  OXYGEN 


M«tal  or  Alloy 


Weight  of  Neoprene  to  Completely 
Combust  Stendt.rd  SpecloMn 
5 on  X 30  nn  X 0.005" 


Golo 

Silver 

Nickel 

Monel  alloy  .400 

Yellow  Brass  (partial  combustion 

Inconel  alloy  600 

Alufflinusi 

Copper 

Inconel  alloy  X-750 
Stainless  steels 


Only  melts 
Only  melts 
48  to  56  mg* 

18  to  19  Big* 

only)  11.8  to  15.2  mg 

13.2  mg 

11.0  to  16.4  mg 
10.5  mg* 

9.0  mg 

7.1  to  8.5  mg 


*Estimated  from  results  of  a nusd>er  of  tests  which  were  either  standard  with 
only  part  of  the  specimen  consumed  or  were  not  standard  and  either  complete 
or  partial  combustion  occurred. 


Test  No.  9914-86C 
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c.  It  has  been  possible  to  demonstrate  with  some  of  the  metals 
(e,g.  copper,  brass,  Monel  400,  and  nickel)  that  ignition  can  be  started  and 
part  of  the  specimen  combusted  without  consuming  all  of  the  specimen.  By 
varying  the  weight  of  neoprene  only  slightly,  it  has  been  possible  to  combust 
a small  part  of  the  specimen,  a large  part  of  the  specimen,  or  all  of  the 
specimen.  This  is  characteristic  of  these  metals  and  demonstrates  their 
quenching  effect  once  ignition  has  started.  This  is  no  doubt  due  to  the  low 
heats  of  combustion  of  these  materials.  Evidence  of  this  is  shown  in  Figures 
26,  27,  29,  and  30.  Figures  23,  24,  25,  28,  31  and  32  show  other  ignition 
results, 

d.  I.ead  was  not  listed  in  Table  4 because  12,6  mg  of  neoprene 
melted  the  specimen  into  a ball  with  very  little  oxidation  and  no  further 
tests  were  run.  Therefore  it  was  difficult  to  position  it  in  the  table. 

e. ‘  Aluminum  was  tested  vjith  two  different  anodized  surface  thick- 
nesses and  also  with  what  was  thought  to  be  normal  surface  condition  if  just 
exposed  to  the  atmosphere.  The  amount  of  neoprene  necessary  to  ignite  the 
aluminum  was  not  as  clear  cut  as  with  other  metals.  However  a range  was 
established  between  11.0  and  16.4,  mg.  Once  ignited,  the  aluminum  burned 
violently. 

f.  Gold  and  silver  required  more  neoprene  to  melt  the  specimens 
than  was  required  to  ignite  most  of  the  other  metals, 

g.  Brass  had  high  resistance  to  ignition  but  it  was  always  heavily 

oxidized. 

h.  Stainless  steels  were  least  resistant  to  ignition. 

i.  Samples  of  stainless  steel  enclosed  in  S-mil  Kel~F  and  5-mil 
Teflon  FEP  were  tested.  This  was  intended  to  simulate  a coating  of  these 
materials  on  the  metal.  Complete  ignition  occurred  in  all  cases* 

j.  Two  samples  of  aluminum  coated  on  one  side  with  Kel-F  were 
tested.  The  Kel-F  disappeared  in  one  case  without  ignition  and  ignited  in 
the  other  case.  The  aluminum  was  not  affected  in  either  case. 

3.  Evaluation  of  Test  Results 

« 

a.  With  the  exception  of  aluminum,  results  of  these  tests  generally 
agree  with  those  previously  made  at  Linde  in  2000  psi  oxygen  and  with  those  of 
Dean  and  Thompson  (3).  (See  Table  1.) 

b.  Nickel  has  the  highest  resistance  to  ignition  and  combustion. 
Therefore  it  would  be  the  fitsi:  choice  for  construction  of  a high  pressure 
oxygen  receiver  from  the  standpoint  of  ccaipatibility  with  oxygen. 

c.  Monel  alloy  400,  Inconel  alloy  600,  and  brass,  would  be  rated 
as  the  next  best  materials* 
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FIGURE  23. 


PROMOTED  IGNITION  TEST,  STAINLESS  STEEL  (ENLARGED  3X) 
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FIGURE  24. 

PROMOTED  IGNITION  TEST 
INCONEL  X-750  (ENLARGED  2X) 
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PROMOTED  IGNITION  TEST 
rOPPEF,  AND  LEAD  (ENLARGED  2X) 
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FIGURE  27 


PROMOTED  IGNITION  TEST 
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FIGURE  28 


PROMOTED  IGNITION  TEST,  INCONEL  600  (ENLARGED  2X) 
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FIGURE  30.  PROMOTED  IGNITION  TEST,  NICKEL  (ENLARGED  2X) 
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FIGURE  32 


PROMOTED  IGNITION  TEST 


A.  STAINLESS  STEEL  SEALED  IN  KEL-F 

B.  STAINLESS  STEEL  SEALED  IN  TEFLON  FEP 


ALUMINUM  COATED  WiTH  KEL-F 


(ENLARGED  2X) 


1 

d.  Gold  and  silver  might  have  applications  in  plating  other  metals. 
Their  use  would  not  present  an  Ignition  hazard.  . 


e. 


Copper  is  not  recommended  because  of  other  shortcomings. 
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f.  Of  the  materials  tested,  stainless  steel  and  aluminum  are 
the  least  satisfactory  for  use  at  oxygen  pressures  of  7500  psi. 


Purpose 


Simulated  System  Tests 


The  simulated  system  tests  had  three  objectives: 


1,  To  experimentally  determine  the  hazards  involved  in  charging  a 
simulated  system  with  7500  psi  oxygen. 

2,  To  determine  any  electrostatic  charge  developed  during  charging  of  the 
simulated  system. 

3,  To- determine  the  flow  rate  at  which  a hazardous  condition  is  approach- 
ed. 

Philosophy 

The  philosophy  used  in  constructing  and  testing  the  system  was  as  follows: 

1.  Use  the  best  possible  materials  as  determined  by  previous  test  data. 

2.  Use  equipment  and  arrange  it  in  a manner  which  would  best  simulate 
an  actual  system, 

3.  Pressurize  the  system  rapidly  with  oxygen  to  various  pressure  levels 
and  measure  the  pressure  rise  by  means  of  a pressure  transducer  and  recorder. 

This  information  will  permit  calculatioh  of  flowrates. 

4.  By  means  of  a probe  and  sscllloscope,  measure  the  electrostatic 
charge  of  the  high  pressure  oxygen  gas  in  the  receiver  as  it  is  charged. 

Materials  of  Construction  and  Arrangement  of  Equipment 

The  schematic  of  the  test  set  up  is  shown  in  Figure  33.  Figures  34  and 
35  are  pictorial  presentations*  The  equipment material  'of  construction 
and  the  reason  for  its  position  arei 

1.  Storage  Vessel 

The  storage  Vessel  was  used  as  a source  of  high  preasure  oxygen  after 
it  had  been  charged  by  the  converter*  It  was  used  for  two  reasons: 

a.  As  an  intermediate  vesse  t between  the  converter  and  the 
simulated  system  to  isolate  the  converter  in  case  of  a mishap. 
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0-15,000  psi  Recorder 
0-15,000  p*si  Gage 
Storage  Vessel 
Air-Operated  Valve 
Hickel-Lined  Cylinder 
1/8”  Nickel  Probe 
Oscilloscope 

0-10,000’ psi' Pressure  Transducer  , 
&riborn  150  Recorder; 

0-10,000  psi  Recorder 
Gemini  Regulator 
75  GiC*  Cylinder 
10  Micron  Filter 

Higb  Pressure  Oxygen  from  Converter 
2000  psi  Cylinder  Oxygen 


FIGURE  33.  SCHEMATIC  FOR  SIMULATED  STSTEM  TESTS 


b.  To  warm  up  the  oxygen  by  pressurization  and  provide  gas  at 
essentially  ambient  temperature.-  . ' 

The  storage  vessel  had  an  internal  geometric  volume  of  341  cubic  inches, 
was  constructed  of  316  stainless  steel  and  was  rated  at  15,000  psi.  It  was 
considered  expendable  in  the  event  of  a mishap.  A 5/16-inch  diameter  hole 
through  the  head  of  the  vessel  was  given  a funnel-shaped, curved  radius  on 
the  inside  face  of  the  head  to  facilitate  gaseous  flow, 

2.  Air-operated  valve 

The  valve  body,  rettr.veable  seat,  stem,  and  packing  washers  were  made 
from  Honel  400  and  Monel  K-500.  The  packing  was  glass-filled  TFS.  The  valve 
contained  5/16-inch  I.B.  ports  and  was  rated  at’  10,000  psi.  It  waa  actually 
necessary  to  use  the  valve  at  higher  pressures  for  these  tests  but  because 
the  tests  were  conducted  In  a high  pressure  area  and  the  valve  had  a built 
in  safety  factor  we  were  able  to  do  so.  Valves  rated  for  higher  pressures 
contained  smaller  port  openings  which  would  not  have  been  as  satisfactory  for 
the  tests. 

The  upstream  port  of  the  valve  was  placed  in  a direct  line  with  the 
storage  vessel  and  the  downstream  port  was  placed  in  a direct  line  with  the 
receiver  to  provide  the  minimum  resistance  to  gas  flow. 

3.  Receiver 

Because  nickel  was  found  to  be  the  best  material  of  construction,  a 
nickel- lined  stainless  steel  cylinder  was  purchased.  The  cylinder  wall  con- 
sisted of  0,20  inch  of  nickel  and  0.30  Inch  of  stainless  steel.  The  cylinder 
was  rated  for  7500  psi.  Internal  geometric  volume  was  65  cubic  inches.  The 
receiver  was  placed  in  direct  lihe  with  the  air-operated  valve  to  minimize 
pressurization  time. 

4.  Probe  , 

A 1/8-inch  nickel  rod  was  selected;  for  the  electrostatic  probe  be- 
cause of  its  resistance  to  ignition.  It  entered  the  receiver  through  an 
insulated  fitting  and  was  sealed  with  TFE  packing,  A nickel  washer  fastened 
to  the  rod  on  the  inside  prevented  its  being  blown  out  by  the  combination  of 
high  pressure  and  the  lubricity  of  the  TFE, 

5.  10,000  psi  Pressure  Transducer 

The  transducer  was  used  to  measure  the  pressurization  time  of  the 
simulated  system.  Because  it  was  made  of  stainless  steel  it  was  placed  in  & 
physical  position  to  minimise  its  being  impacted  by  any  particles  that  might 
be  in  the  system. 

6.  Regulator 

Because  We  were  trying  to  simulate  a system,  it  was  felt  that  a pressure 
regulator  which  is  currently  used  in  high  pressure  oxygen  shoul{|[  be  Included. 
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The  regulator  used  was  identical  to  that  which  will  be  Used  in  the  Gemini  capsule. 
The  regulator  is  only  used  at  5000  psl  in  the  Gemini  capsule  but  is  similar  in 
construction  to  the  regulator  used  in  the  Mercury  capsule  at  7500  psi.  Alumi- 
num was  used  for  the  body  of  the  Mercury  regulator  while  stainless  steel  is 
used  for  the  body  of  the  Gemini  regulator. 

The  regulator  contains  a relief  device  on  the  downstream  aide  to  handle 
all  the  flow  in  the  event  of  catastrophic  failure  in  the  regulator  itself.  The 
relief  device  limits  pressure  downstream  to  a maximum  of  200  psi. 

Elastomeric  materials  are  used  in  the  regulator  for  static  and  dynamic 

seals. 

•- 

The  regulator  was  placed  in  a position  which  was  thought  to  be  comparable 
to  one  that  would  be  used  in  a system:  not  too  far  from  the  receiver  but  not 

in  a direct  line  with  the  charging  line. 

7.  Valves.  Fittings,  and  Tubing 

All  valve  bodies  were  Ifonel  400  but  some  of  the  valve  stems  were  Monel 
K-500  and  some  were  17-4  EH  stainless  steel.  Likewise  packing  washers  were 
either  Monel  400  or  stainless  steel.  Packing  for  the  valve  stems  was  glass- 
filled  TFE. 

All  fittings  were  Monel  400  except  for  two  stainless  steel  tees  to 
connect  the  9/l6“  O.D.  x 5/16'*  I.D.  tubing.  All  tubing  was  also  Monel  400. 

8.  Lubricants  and  Thread  Sealants 

TFE  tape  was  used  both  as  a lubricant  and  a sealant  for  pipe  threads 
on  both  ends  of  the  receiver  and  at  the  transducer  because  other  materials 
Were  either  considered  to  be  unsuitable  or  sealing  characteristics  were  un- 
known. 

e ' ; 

A thin  film  of  fluorocarbon  oil  was  used  to  lubricate  the  threads 
of  the  tublngj  gland  nuts  and  valve  Stems.  However,  these  points  are  not 
exposed  to  high  pressure  oxygen  either  bscause  of  weep  holes  or  isplatipn  by 
the  valve  stem  packing. 

9.  10,000  psl  Pressure  Recorder  ' 

This  recorder  contained  a stainless  steel  bourdon  tube  but  shock 
effects  on  it  were  minimiged  by  using  1/8- inch  O.D.  tubing  to  connect  it  to 
the  system. 

Procedure 

The  following  steps  were  followed  in  rnaking  a simulated  test: 

1,  High  pressure  oxygen  from  the  warm  converter  was  used  to  pressurize 
the  storage  vessel  to  the  desired  pressure. 
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Card  #5 


2.  Initially  the  receiver  was  successively  pressurized  and  blown  down 
beveral  times  with  2000  psi  oxygen  to  be  certain  an  oxygen  atmosphere  existed. 
This  was  also  done  with  the  Gemini  regulator  after  the  first  series  of  tests. 

(For  immediate  succeeding  tests^  step  2 'was  eliminated.) 

3.  The  blowdown  valves  were  closed  and  the  air-operated  valve  was 

opened, 

4.  The  rate  of  pressure  build-up  was  recorded  on  a Sanborn  150 
recorder  and  any  electrostatic  charge  developed  was  recorded  photographi- 
cally with  an  oscilloscope.  A typical  pressure  profile  is  shown  in  Figure  36, 
and  a typical  photographic  record  of  the  electrostatic  charge  is  shown  in 
Figure  37. 

5.  The  air-operated  valve  was  closed  and  the  simulated  system  and 
the  downstream  side  of  the  Gemini  regulator  were  blown  down. 

6.  The  electrostatic  probe  was  grounded  for  several  minutes  between 
tests  to  be  certain  there  was  no  charge  on  it  at  the  beginning  of  the  next 
test. 

7.  Steps,  1,  3,  4,  5,  and  6 were  repeated  for  the  next  test. 

8.  Temperature  of  the  gas  in  the  storage  vessel  just  prior  to  making 
a test  was  always  between  10®C  and  20**C. 

7500  psi  Tests 

1.  Results 

a.  The  simulated  system  was  pressurized  with  oxygen  to  instantaneous 
pressures  ranging  from  665  psi  to  7100  psi  without  any  mishaps.  Pressurization 
time  varied  from  0.5  second  to  0.21  second, 

b.  Ten  pressurizations  were  made  to  instantaneous  pressures,  of 
7000  psi.  Final  pressures  of  8000  psi  were  developed  when  the  air-operated 
valve  was  left  open  and  the  receiver  and  storage  vessel  were  permitted  to 
equalize  pressures  over  a period  of  a few  minutes.  The  gas  in  the  storage 
vessel  (initially  at  12,000  psi)  was  cooled  tremendously  during  pressurization 
of  the  simulated  system.  The  temperature  of  the  gas  in  the  storage  vessel  was 
not  measured  but  Byrnes,  Reid  and  Ruccia  (2)have  shown  that  the  temperature  of 
a gas  in  a cylinder  during  depressurization  may  be  Lowered  substantially. 

c.  Electrostatic  charges  measured  varied  from  0.0  volt  to  -0.32  volt, 

d.  Substituting  thirty  inches  of  l/4-inch  O.D.  x 0. 083-inch  I.D. 
tubing  for  the  9/16-inch  O.D.  by  5/16-inch  I.D.  charging  line  between  the  air- 
operated  valve  and  the  recei'ver  did  not  increase  the  electrostatic  charge  devel- 
oped, The  pressurization  time  recorded  for  the  receiver  when  1/4-inch  tubing 
was used  for  the  charging  line  is  in  error  because  of  the  position  occupied  by 
the  transducer  during  these  tests. 

e.  Temperature  measurement  of  gas  in  the  receiver  during  pressuriza- 
tion showed  a maximum  temperature  rise  of  80“C, 
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f.  Complete  data  may  be  found  in  Table  11  of  Appendix  IV, 

2.  Evaluation  of  Results 

a.  The  fact  that  the  simulated  system  was  tested  thoroughly  without 
any  malfunctions  does  not  alter  the  fact  that  charging  of  a system  of  this  type 

Iways  carries  with  it  the  inherent  hazards  associated  with  high  pressure  gas- 
eous oxygen  nor  does  it  imply  that  oxygen  can  be  handled  in  the  system  with 
absolute  safety. 

b.  Because  there  were  no  malfunctions,  the  flow  approaching  a 
hazardous  condition  cannot  be  defined, 

c.  There  were  no  significant  electrostatic  charges  developed 
during  these  tests.  Therefore,  it  must  be  concluded  that  this  does  not 
represent  a hazard  in  the  system  as  it  was  tested.  If  the  gas  were  to  travel 
through  lengthy  lines  before  reaching  the  receiver,  more  of  a charge  might  be 
developed. 


d.  A dip  always  occurred  in  the  pressure  profile  (Figure  36)  and 
correlated  with  a hissing  sound  from  the  test  area.  This  was  found  to  be  due 
to  the  relief  valve  opening  on  the  dcn^nstreara  side  of  the  Gemini  regulator. 
Apparently  because  of  the  rapid  pressurization,  the  downstream  pressure  exceed- 
ed 200  psi  before  the  regulator  could  shut  off  the  flow.  This  momentarily 
caused  a dip  in  the  pressure  curve  until  the  regulator  started  to  control, 
then  the  relief  valve  would  close  and  the  pressure  in  the  system  would  rise. 

•Gf  'Course  -this  all  happened  in  a small  fraction  of  a second. 


e.  The  Gemini  regulator  performed  perfectly  during  all  the  tests. 

However,  in  view  of  the  results  of  oxygen  bomb  tests  and  promoted  ignition  tests, 

• some  of  its  materials  of  construction  are  not  recommended  for  7500  psi  oxygen  service 

f.  After  one  of  the  tests,  the  receiver  started  to  leak  around 
the  threads  where  the  fitting  for  the  probe  threaded  into  the  receiver.  It 
was  thought  that  the  TFE  tape  might  have  partially  i^ited  but  when  the  fitt- 
ing was  removed  it  was  not  possible  to  determine  that  any  ignition  had  taken 
place. 


Evaluation  of  Hardware  Used  in  the  Experimental  Program 
Gemini  Regulator 

As  previously  mentioned  this  regulator  performed  perfectly  but  some  of  the 
materials  of  construction  are  not  recommended  for  7500  psi  oxygen  service. 

High  rressure  Valves 

1.  Serious  galling  occurred  between  the  packing  rings  and  the  stem  of 
the  original  Monel  valves  (Figure  38  A,  B,  C,  B,  and  F).  These  valves  were 
Standard  construction  but  custom-made.  The  difficulty  was  attributed  to 
improper  machining  and  surface  finish  of  the  parts,  as  well  as  tolerances 
which  were  too  close.  Reworking  of  the  pieces  provided  better  operation,  but 
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the  problem  was  never  completely  eliminated.  No  doubt  use  of  similar  metals 
together  contributeid  to  the  over-all  galling  problem. 

2,  The  seating  surfaces  of  the  Monel  'K-^5Q0  stem  and  the  Monel  400 
body  tended  to  gall  so  that  It  was  necessary  to  tighten  the  valve  more  and 
more  to  obtain  a leak-tight  seal.  Finally  it  would  be  necessary  to  reface 
the  seating  surfaces  of  both  the  steia  and  the  body.  Figures  38  A,  C,  and  D 
show  galling  as  it  Occurred  on  the  seating  surface  of  the  stem. 

3,  During  the  latter  part  of  the  program^  17-4FH  stainless  steel 
valve  stems  were  substituted  for  the  Monel  K-500  valve  stems  in  the  Monel 
400  bodies  and  stainless  Steel  packing  rings  were  substituted  for  Monel 
packing  rings.  This  was  done  both  to  expedite  test  work  and  to  permit  some 
experience  to  be  gained.  The  17-4  FH  valve  Stems  performed  better  mechani- 
cally than  the  Monel  K-500  stems  because  the  seating  surface  did  not  gall  as 
severely.  Both  rotating  stems  and  non-rotating  stems  were  used.  (See  Figure  3). 
The  non-rotating  stem  gives  good  leak- tight  seals  with  no  scoring  of  the  seat- 
ing surface  hut  it  gives  very  poor  control  over  gas  flow  because  of  backlash. 

4.  Complete  stainless  steel  valves  (body  and  stem)  were  used  at  times 
to  keep  the  test  work  going  and.  to  gain  some  experience  with  their  use  in  high 
pressure  oxygen. 

5,  On  occasion,  when  a valve  was  taken  apart,  there  would  be  a slick 
dark  film  on  the  valve  stem  below  the  bottom  packing  washer  (Figure  38  E). 

This  appeared  to  be  TFE  which  had  coated  the  stem  as  it  was  opened  and  closed. 
This  represents  a possible  source  of  ignition  and,  because  it  is  not  confined, 
would  be  more  likely  to  be  exposed  to  ignitioh  conditions. 

6.  In  spite  of  the  fact  that  no  mishaps  occurred,  stainless  steel  valves 
are  the  least  satisfactory  for  use  in  7500  psi  oxygen  service  because  of  the 
low  resistance  of  stainless  steel  to  ignition. 

7.  Considerable  effort  needs  to  be  expended  to  design  a high  pressure 
valve  from  materials  that  are  more  compatible  with  high  pressure  oxygen  but 
still  will  not  gall. 

Tubing  Connection  and  Fittings 

The  mechanical  connection  shown  in  Figure  4 was  used  throughout  the 
tests  except  in  those  places  that  required  pipe  connections.  This  is  a 
standard  high  pressure  connection  and,  although  there  are  some  problems 
associated  with  its  use,  in  general  it  performed  satisfactorily  and  provided 
leak-tight  seals. 

It  is  recommended  that  some  consideration  be  given  to  a means  of 
locking  the  gland  nut  in  position  after  the  fitting  has  been  tightened. 

This  would  prevent . loosening  due  to  vibration. 

For  maximum  safety,  all  welded  connections  are  recommended. 
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Miscellaneous 

Four  10,000  psl  safety,  discs  were  ruptured  during  the  experimental 
test  program.  These  are  shown  in  Figure  39.  These  discs  were  fabricated 
from  Monel  alloy  400,  The  torn  edges  of  these  discs  shewed  no  evidence  of 
ignition  or  combustion  being  caused  by  the  rupture. 

CONCLUSIONS 

The  following  conclusions  are  based  upon  the  results  of  the  present 
experimental  test  program  and  other  data  referenced  in  this  report, 

1.  The  spontaneous  ignition  temperatures  of  the  materials  tested 
are  essantiaily  the  same  in  7500  psi  oxygen  as  in  2000  psi  oxygen. 

2.  The  relative  resistance  of  metals  and  alloys  to  ignition  and 
combustion  in  7500  psi  oxygen  agrees  in  general  with  results  obtained  in 
earlier  Linde  test  work  at  2000  psi  and  with  the  results  of  Dean  and 
Thompson  except  for  alurainura. 

3.  Only  three  thread  lubricants  might  have  possible  safe  applica*" 
tlon  in  7500  psi  oxygen.  These  lubricants  are  Dixon's  Flake  Graphite  Ho.  1, 
Burnil  Brand  Microplates,  and  Almasol  Fowder,  Further  information  on  their 
lubricating  properties  and  thermal  stability  would  need  to  be  known  before  a 
complete  recommendation  could  be  made.  One  drawback  to  this  type  of  lubri- 
cant is  that  there  is  always  a possibility  of  particulate  matter  inadvertently 
getting  into  the  high  pressure  system, 

4.  The  only  thread  sealant  tested  in  this  program  which  might  be 
recommended  for  7500  psi  oxygen  service  would  be  50-50  soft  solder  (which 
could  be  used  in  tinning  threads),  TK  tape  is  not  recommended  because  of 
the  possibility  of  pieces  getting  into  the  gas  stream, 

5.  Recognizing  that  some  type  of  packing  is  needed  for  static  and 
dynamic  seals,  glass-filled  TFE  would  be  the  only  material  presently  recommend- 
ed for  use.  Even  its  use  presents  a hazard  and  it  should  only  be  used  when 
tightly  confined. 

6.  Inconel  alloy  600,  brass.  Monel  alloy  400,  and  nickel  are  re- 
commended for  use  in  7500  psi  oj^gen.  Other  metals  might  be  acceptable  if 
plated  with  nickel,  silver,  or  gold.  Monel  alloy  K-500  might  also  be  accept- 
able but  it  was  not  given  the  promoted  ignition  test  in  7500  psi  oxygen, 

7.  Of  the  materials  tested,  stainless  steel  and  aluminum  are  the 
least  satisfactory  for  use  at  oxygen  pressures  of  7500  psi. 


8.  Copper  is  not  recommended  because  of  the  results  of  Baum,  Goobich, 
and  Trainer  Cl).  Other  copper  alloys  might  be  acceptable  material  but  would 
need  to  be  tested, 

9,  Electrostatic  charges  developed  daring  the  charging  of  a small  high 
pressure  receiver  were  found  to  be  negligible. 
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10.  the  simulated  system  vas  pressurized  vith  oxygen  to  instantaneous 
pressurea  tanging  frbm  665  psi  to  7100  psi  'without  incident.  2Pressurizatlon 
time  varied  from  0.5  to  0-. 21  seconds. 

The  hazards  considered  to  be  most  responsible  for  ignitions  in  os^gen 
systems  are: 

a.  Adiabatic  Gompression  « Eigh  temperatures  may  be  produced 
when  lew  pressure  oxygen  is  suddenly  brought  to  a high  pressure,  such  as  when 
a valve  is  suddenly  opened  between  a high  pressure  and  a low  pressure  portion 
of  the  system.  These  temperatures  can  be  hi^  enough  to  Ignite  organic 
materials  or  small  particles  of  metal. 

b.  Particulate  Matter  ~ Particles  may  be  accelerated  in  a high 
velocity  stream  and  impacted  against  organic  materials  or  metallic  burrs, 
projections,  etc.  Their  energy  is  converted  to  high  local  temperatures 
by  this  impact  with  subsequent  ignition  of  associated  materials*  Even  the 
particles  themselves  might  be  ignited  if  they  were  either  organic  or 
metallic  in  nature* 


These- hazards  may  be  substantially  reduced  by  proper  cleaning  of  the 
equipment  initially,  use  of  filters  (especially  ahead  of  regulators)  minimum 
use  of  organic  material,  and  judicious  operation  of  valves  and  regulators  to 
prevent  rapid  increases  in  pressure. 

There  are  other  mechanisms  by  which  ignition  may  occur  but  these  have 
been  well  covered  by  Reynales  , 


BECOMMEMDATIONS 


1,  Further  study  should  be  made  on  the  copper  alloys  to  define  more 
clearly  their  compatibility  and  appliCablillty  in  7500  psi  systems. 

2.  More  tests  should  be  conducted  on  metals  and  alloys  to  determine 
the  effect  of  geometric  configuration  on  the  relative  ignition  temperatures. 

3*  There  is  need  for  further  investigation  into  thread  lubricants 
and  thread  sealants.  This  study  would  need  to  cover  their  physical  properties 
such  as  lubrication  and  sealing  qualities  as  well  as  their  compatibility  with 
oxygen.  Development  of  Special  lubricants  and  sealants  might  be  required. 

4.  A program  is  needed  to  develop  and  build  better  hardware  constructed 
of  materials  more  compatible  with  high  pressure  oxygen.  The  program  should 
cover  any  and  all  equipment  which  would  be  used  in  a 7500  psi  oxygen  system. 
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APPENDIX  I 


CALGUIATION  OF  THEOBETICAL  TEMPERATURE 
ATTAINED  BY  ADIABATIC  COMPRESSION 


T\.ia  theoretical  temperature  attained  by  adiabatic  compression  was  cal- 
culated Using  the  expression: 


n - 1 


where  n 


Si 


substituting  for  li,  we  obtala: 


Using  an  initial  pressure  of  14-.7  psia  and  an  initial  temperature  of  293®K: 

/ P2  % 0.286 

Ta  - 


This  equation  was  solved  for  various  pressures  to  obtain  the  theoretical  tem- 
perature rise.  These  are  presented  in  Table  5 and  Figure  40. 


TABLE  5 


TREORETICAL  TEMPERATURE  ATTAINED  BY  ADIABATIC  COMPRESSION 

n-  1 


CALCULATED  FROM  THE  EXPRESSION 


Tx 


n 


Pa,  psia 


Ta,  "N 


Temperature 

Ta,  “C 


100 

504 

233 

200 

622 

349 

400 

761 

488 

800 

922 

649 

1,200 

1036 

763 

1,600 

1122 

849 

2,000 

1199 

926 

2,400 

1266 

993 

2,800 

1313 

1040 

3,200 

1363 

1090 

4,000 

1455 

1182 

5,000 

1561 

1288 

6,000 

1639 

1366 

7,000 

1711 

1438 

7,500 

1750 

1477 

10,000 

1900 

1627 

15,000 

2123 

1850 

59- 


TEMPERATURE -®C 


2,000  4,000  6,000  8,000  10,000 

'PRESSURE- PS  1 A 


FIGURE  40. 


THEORETICAL  TEMPERATURE  ATTAINED  BY  ADIABATIC  COMPRESSION 


APPEiroiX  II 


CALCULATION  OF  COMPRESSIBILITY  FACTORS  FOR  OXYGEN 


The  ccmpressiblllty  factor  (Z)  for  oxygen  was  calculated  for  various 
■ea  ufiinor  charts'^'  which  comprised  a series  of  lines  representing  corn- 


pressures  using  charts 
presslbility  factor,  Z 
P 


PV 

-PoVo'. 


T « const. 


plotted  against  reduced  pressure. 


for  different  values  of  reduced  temperature,  T, 


The  pressures  and  compreosibility  factor  for  each  are  presented  in 
Table  6 and  Figure  41  for  Tj-  « 1.9, 


TABLE  6 

COMPRESSIBILITY  FACTOR  FOR  OXYGEN  AT  VARIOUS  PRESSURES 


P,  psia 


Z 


200 

0.271 

0,995 

400 

0.543 

0.99 

600 

0.815 

0.985 

800 

1.08 

0.97 

1,000 

1.36 

0.965 

1,200 

1.63 

0.955 

1,400 

1.90 

0,95 

1,600 

2.17 

0.942 

2,000 

2.71 

0.938 

2,400 

3.26 

0.935 

2,800 

3.80 

0.938 

3,200 

4.35 

0.945 

4,000 

5.42 

0.97 

5,000 

6.78 

1.02 

6,000 

8.15 

1.07 

7,000 

9.50 

1.125 

8,000 

10.85 

1.193 

9,000 

12.20 

1.272 

10,000 

13.58 

1.35 

11,000 

14.92 

1.42 

12,000 

16.30 

1.49 

13,000 

17.65 

1.56 

14,000 

19*0 

1.63 

15,000 

20.4 

lc71 

16,000 

21.7 

1.78 

17,000 

23,1 

1.85 

18,000 

24.4 

1.92 

19,000 

25.8 

1,99 

20,000 

27.2 

2.06 

(1)  ''Compressibility  Charts  and  Their  Application  to  Problems  Involving 

Pressure-Volume-Energy  Relation  for  Real  Gases'*  - Research  Bulletin  P-7637, 
Worthington  Corporation,  Harrison,  New  Jersey  (1952) 
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APPENDIX  III 


ADIABATIC  COMPRESSION  - A COMTROLIED  IGNITION  MECHANISM 


Compression  Apparatus 


The  envisioned  apparatus  as  shown  in  Fig . 42  was  considered 
equivalent  to  the  model  of  Fig. 43  where  the  advancing  high  pressure 
gas  front  is  equivalent 
to  a piston  moving  at 
the  velocity  of  sound 
(Cq)  ' In  this  case  a 
shock  wav'e  advances 
into  the  gas  at  rest  at 
a velocity  (Vw)  greater 
than  the  velocity  of  the 
piston  (Vp),  The  values 
for  these  velocities  and 
resulting  pressure  and 
temperature  rise  behind 
the  shock  wave  can  be 

calculated . FIGURE  43 


When  the  shock  wave  proceeding  the  piston  reaches  the  wail 
at  the  end  of  the  tube  it  is  reflected  giving  rise  to  further  compression  . 


1st  Shock 

1 V 

V = ” - ^-5- 

W 9 2 

1 - IJl 


V 

+ i ( — 

° ^ I 


where  J 


^ k+  1 


for  Vp  = C^  and  representative  values  of  K=  1.4  and  C^  - 1130  ft. /sec. 


V. 


W 


M 


o 


1990  ft. /sec. 
V-yy 

77^=1.76 


(2) 


Ref.  1:  R.  Courant,  K.  O.  Friedricks  - Supersonic  Flow  and  Shock  Waves 
Interscience  Publishers  Inc.,  1948. 
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3.494 


(3) 


• u 


(1  = 


I o 

P + p, 

0^1 


2,3 


= 1.52 


from  (5)  ='  1.52  (530°R)  = 805°R 


2nd  Shock 


(2Ji!+4 

2 i?l 


+ 1 


5.06 


and  from  expressions  similar  to  (4)  and  (5) 


(4) 


(5) 


(6) 


T-  = 1430  °R 

The  conclusion  is  that  in  the  assumed  model  a series  of  shock 
reflections  will  rapidly  tend  to  build  up  pressures  and  corresponding 
high  temperatures  in  the  tube.  Actually  friction  effects  would  tend  to 
dampen  the  shock  waves  fairly  soon. 

To  determine  how  clearly  the  above  model  can  be  simulated 
tests  were  run  on  the  quick -opening  valve.  The  observed  results  are 
indicated  below. 


Preliminary  Tests  with  “Quick  Opening”  Valve 

Measurements  made  of  the  rate  of  pressure  build-up  in  the  actual 
tube  indicates  flow  velocities  substantially  below  sonic  so  that  the  actual 
mechanism  of  compression  cannot  utilize  the  idealized  piston  described 
above . 
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Valve  opening  time  - 0.5  sec. 

Pressure  build-up  to  2000  psi  in  20  in.  long  5/l6  in,  diameter 
tube  takes  - 0.05  sec. 

The  rate  of  pressure  build-up  is  nearly  linear  and  approximately 
proportional  to  the  length  of  test  section. 

In  this  instance,  the  mechanism  of  pressure  build-up  involves 
mixing  of  the  gas  at  rest  in  the  tube  and  the  inrushing  gas . 

In  view  of  the  fact  that  a high  degree  of  mixing  takes  place  the 
anticipated  temperature  rise  becomes  uncertain  and  of  questionable 
reproducibility . 

Comparison  of  Gas  Heat  Capacity  to  Heat  Loss  to  Surroundings 

In  this  case  a control  volume  of  1 .07  x 10“^  ft.^  was  taken 
representing  a tube  5/l6  in.  I.  D.  and  24  in.  long, 
then  Q = V p Cp  ■ 

(7) 

= 1.07  xl0"3  (.089)  .3  = .29  X 10-4  Btu/°F 


The  heat  transfer  from  the  tube  can  be  expressed  as; 


dQ  = hAATdt 


(8) 


where  both  the  heat  transfer  area  (A)  and  the  temperature  gradient  are 
time  dependent. 


then:  Q 


h A(t)  AT(t)  dt 


(9) 


From  thermodynamic  considerations  an  expression  for  AT  was  derived 
as  follovv-s; 


) 


k-1 


AT=T2-T^  = T^  [(^)  -1] 

2 

since; 

^2  = 


(10) 


(11) 
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.(12) 


where  X = 


dX 

dt 


K 


dt 


t and  letting 


V„  = V,  -AKt 
2 1 


Substituting  (13)-  in  (11)  . and  simplifying; 


(13) 


(14) 


The  heat  transfer  area  made  up  of  the  tube  ends  and  the  varying  surface 
area  is  expressed  as; 


2 J + Tid  (p-x) 
2 J d^  + TTd  (p~kt) 


(15) 


Substituting  (14)  and  (15)  in  (9)  and  simplifying  the  heat  transfer  to 
the  surroundings  is  expressed  as: 


hT 


a-kt)'->=3+ 


k-1 


1 2k  (2-k) 


(3-k)  k 


[1^  (l-kt)^”^  ] 


tTj2  j/tu.  3c. 2 V 

“d  t-TTd(lt--^t  ) 


(16) 


for  the  representative  values  of; 
d = -^  = .026  ft. 

1 = 2 

t = .04  sec. 

k s=  25  ft, /sec. 

Tj,  = 530  °R 

Q = .06  Btu 

This  heat  loss  to  the  surroundings  is  too  large  compared  to  the  heat 
capacity  of  the  gas  to  maintain  adiabatic  conditions  during  compression. 
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appendix  tv 

■S^iiSg^OXPERIMEHTAL  DATA 


TABLE  7 


stnoMST  OF  KsmsmRT  Hica  iessssbe  oxms  eo«b  tisis 

AND  COKMIAtlOH  WITH  2000  PSI  PHOTOITPH  EOKB  TESTS  AHD  UHDE  SIAHDAED  2000  PSI  OStBEH  BOMB  TESTS 


mnocs  BATA 


HIGH  PRH5SUEE  BOMB  | 

FE0T0ITI1!  BOMB 

IimE  STAHDAKO  BOMB 

Test 

Hite 

1S63 

Sataplo 
•laterlaX 
«nd  teac 
Ho, 

Kotes 

Saaple  Ignition 
veight  temp,  *C 
In  grama 

Ignition 

pressure 

psi 

Temp, 
rise  on 
ignition 

•c 

Pressure 
rise  on 
ignition 
pal 

Average 
ht*g  race 
•C/min 
during 
last  20  alt). 

Test 

date 

1963 

Sample 
velght 
in  grazES 

Ignition 
temp*  ”C 

Ignition 

pressure 

psi 

Average 
ht’g  rate 
®C/oin, 

Ignition 

Cenp» 

*0 

Ignition 

pressure 

psi 

Xkirabla  Caakec 

10-7 

9914-14D 

O.l 

156 

2300 

20 

50 

8.0 

S-S  > 

0.1 

147 

2275 

3 

165 

1900 

10-18 

99 14-16 A 

0.x 

153 

2500 

20 

200 

4.8 

8-7 

0.1 

152 

220g 

4 

ESQ 

9914-16B 

0.1 

149 

8100 

12 

500 

4.4 

8-14 

0.1 

160 

2230 

10 

8-14 

0.1 

146 

2230 

5 

8-14 

0.3 

155 

2200 

6 

8-14 

0.3 

165 

2230 

12 

8-15 

0.1 

148 

2250 

6 

mied  Teflon  ' 

10-2 

9914-I4A 

0.3 

461 

2200 

30 

50 

5.0 

8-13 

0,3 

446 

2280 

4 

Ko  explosion  at  410  C 

10-7 

9914-14B 

0.3 

460 

2300 

30 

50 

5.5 

8-13 

0.3 

451 

2140 

9 

and  2000  psi 

10-7 

99I4-14C 

0.3 

460 

2170 

30 

70 

1.8 

8-13 

0.3 

455 

2160 

10 

10-18 

9914-160 

0.3 

455 

5550- 

17 

1000 

4.3 

8-lj 

0.15 

45l 

2200 

10 

10-21 

9914-17A 

<i) 

0.3 

455’ 

7200 

— 

... 

4.0 

8-14 

0.3 

446 

2300 

10 

10-22 

9914-lSA 

U)  (3) 

0,15 

H.E.340 

— 

-- 

8-14 

0.5 

. 459 

2230 

10 

10-22 

9914-18B 

m 

0,15 

469 

9000 

-- 

— 

5.2 

B-15 

0.3 

446 

2300 

10 

10-22 

9914-130 

0.13 

456 

6450 

23 

600 

4.1 

10-23 

9914-19A 

(5) 

0.15 

218 

5500 

40 

400 

7.8 

10-23 

9914-19B 

0.15 

460 

8000 

15 

1000 

4.7 

10-24 

9914-21A 

<6} 

0.15 

471 

8050. 

16 

900 

5.8 

(I)  High  pressure  oxygen  leaked  through  valve  Into  boab  and 

pressure  la  bosh 

vas  reduced  by  blc^lng  to  atnosphere  three  tltaes  during  test* 

(2)  H,2. 

- means 

no  explosion  at 

the  Indicated  temperature 

(3)  Test 

stopped  at  340*C  biscause  of  leakage* 

Sample  hsd  started  to  decos^ose* 

(4)  High  pressure  oxygen  leaked  through  valve 

into  bos^* 

(5)  It  Is 

thought  that  this  sample  may  have  beets  contaminated* 

C6)  This  sample  was  composed  entirely  of  shavings. 

Titon  A Cow»ound 

10-S 

9914-14E 

0.1 

330 

2220 

60 

40 

7.2 

a~12‘ 

0.1 

310 

2300 

5 

330 

2250 

10-23 

9914-190 

0.1 

330 

8600 

50 

600 

S.8 

8-14 

0.1 

325 

2250 

6 

a-15 

0.3 

310 

2100 

.10 

Trlcresvl  Phosehate 

10-18 

9914-160 

0.1 

254 

6900 

32 

1200 

8.2 

8-7 

oil 

240 

2403 

4 

260 

2150 

lesther 

<■«»«» 

mmm. 

m^m 

MB 

8-12 

0.1 

163 

2300 

170 

2100 

3-12 

0.1 

160 

2280 

TABLE  8 


SIWMARY  OP  HIGH  gRgSStJgg  COratasg  B€K5  CTSTS 


Test 

Sample 

Notes 

Sample 

Zgnltlon 

Ignition 

Tes^.  rise 

treasure 

Initial 

Coltata 

Average 

d»ce 

materiel 

velght 

temp  *C 

pressure 

on  ignition 

rise  on 

oj^gea  press. 

tettlos 

ht*g  rate 

1963 

and  t^st 

in  grams 

psi 

•c 

ignition 

in  bomb 

on  furiue* 

*C/aio. 

No. 

psi 

before  ht'g 

variac 

during 

last  20  nln> 


Oxweld  Aati*2^1ctlon 
Corepound  Ho,  54 


10/23 

9914-20A 

0.1 

235 

•7400 

40 

900 

5550 

95 

8.5 

10/25 

9914-23B 

0.12 

230 

7600 

31 

950 

6000 

80  ■ 

6.0 

10/25 

3914-230 
Aroclor  1254 

0.11 

237 

2300 

50 

200 

1900 

80 

5.9 

10/23 

9914-20B 

0.15 

355 

7550 

35 

1400 

5150 

95 

8.3 

10/23 

9914-200 

0.11 

355 

8100 

17 

1000 

5750 

95 

7.8 

10/2« 

9914-21B 

0.14 

376 

2300 

31 

300 

1750 

95 

6.7 

10/24 

9914-210 
• Virgin  Teflon 

0.13 

3S5 

2400 

90 

400  ■ 

1800  • 

95 

8.3 

10/25 

9914-22A 

0.1 

474 

7870 

16 

600 

4850 

95 

5.6 

10/25 

9914-228 

(leak) 

0.1 

471 

7150 

12 

600 

4850 

95 

5.6 

10/25 

9914-220 

0.2 

465 

7750 

16 

1200 

5150 

95 

5.3 

10/25 

■99 14-23 A 
Teflon  lOOX 

0.1 

469 

2650 

20 

100 

1950 

95 

6.3 

10/30 

99I4-24A 

0.1 

414 

7B0O 

• 9 

800 

4600 

95 

5.2 

10/30 

9914-24B 

(leak) 

0.1 

• 412 

6600 

10 

600 

4600 

95 

5.1 

10/30 

9914-240 

0.1 

410 

8150 

10 

800 

5250 

95 

4.8 

10/30 

9914-25A 
Kel-P  5500 

0.1 

413 

1800 

32 

% 

1400 

95 

6.8 

10/31 

9914*25B 

0.1 

345 

7650 

11 

600 

5050 

90 

6.5 

10/31 

9914-25C 

(leak) 

0.1 

340 

7200 

16 

600 

.5400 

85 

5.7 

10/31 

9914-25D 
Xel-K  3700 

0.1 

352 

2200 

38 

100 

1900 

85 

5.9 

10/31 

9914-26A 

0.1 

332 

7600 

15 

800 

5300 

85 

5.9 

10/31 

9914-26B 

0.1 

331 

6900 

15 

700 

5050 

85 

5.8 

10/31 

9914-260 

0.1 

341 

2350 

30 

100 

1900 

85 

5.8 

11/1 

99 14-260 

(1) 

0.1 

433 

8300 

10 

500 

5150 

85 

3.8 

11/1 

9914-27A 

(1) 

0.1 

433 

7300 

8 

400 

4750 

95 

6.2 

11/1 

9914-27B 

(1) 

0.1 

431 

2500 

15 

200 

1850 

87 

4.2 

11/4 

9914-270 

(1) 

o.r 

432 

7800 

10 

500. 

4900 

95 

5.9 

11/11 

9914-32B 

(2) 

0.1 

425  • 

8100 

10 

400 

5050 

95 

5.9 

Cl)  1/5"  rod  froa  Adam  Spsnce  Corp* 

(2)  1/16"  sheet  from  Jfluorocsrbon  Company. 

Xel«y  90  Crease 


11/4 

9914-270 

0.14 

435 

tJOO 

10 

500 

‘4800 

95 

6.6 

11/4 

99I4-30A 

(leak) 

0.12 

448 

7200 

5 

300 

5000 

95 

6.7 

•11/5 

9914-30B 

0.13 

• 445 

8500 

7 

500 

3150 

95 

5.8 

11/5 

9914-300 

0.11 

435- 

2500 

16 

300 

1900 

95 

8.0 

TABLE  8 (Cont’d)  . 


SUMMARY  OP 

HIGH  PRESSURE 

OaCYGEM  BOMB  TESTS 

Sample 
material 
and. teat 
Ko. 

Hotea 

Sample 
velght 
in  grama 

i 

Ignition 
temp  *C 

Ignition 

presaure 

pal 

Temp,  rlae 
on  Ignition 

•c 

Preasure 
rlae  on 
Ignition 
• • _ pal-  • 

Initial 
oxygen  preaa*' 
in  bc«b' 
before  fit’s 

Voltage 
setting 
on  furnace 
Variac 

Average 
Ht’g  rate 
•C/oln 
during 
last  20  nin. 

ll/s 

Hlah  Purity  Gooo 
3914-284 

(1)  .(2)  0,1 

N.2.500 

8300 

••ve. 

5100 

95 

5.5 

11/5 

9914-288 

0.22 

411 

6100 

' 21 

800 

4400 

95 

7.0 

11/5 

9914-28C 

0.1 

419 

2550 

7 

300- 

1950 

95 

6.3 

11/6 

9914-28D 

(1)  <2)  (Ifeak)  0.15 

K.E.500 

6000 

-- 

— 

5000 

95 

5.0 

11/" 

9914-30D 

(1)  (2)  0.18 

S.E.500 

8200'  • 

•• 

— 

5050 

90 

3.B 

11/8 

9914-314 

(1)  (2)  0,1 

K.E.450 

2900 

— 

1900 

95 

5. 8 

It/B 

99 14-3 IB 

(2)  (3)  0.3 

H.E.440  ■ 

7500 

• ““ 

— 

4850 

86 

2.8 

11/6 

(1)  When  bomb  disassembled,  sample  had  disappeared  and  evidence  of  ignition,  but  no  indication  of 
also  noticed  when  bomb  disassembled. 

(2)  K.  E.  • means  no  explosion  at  indicated  temperature 

(3)  A residue  of  .03  gram  of  sample  remained 

Haloearbon  Grease  25*^10 

9914-294  (leak)  0.12  438  7000  12 

Ignition  on  charts- 
500 

slight  fumes  were 
4600 

90 

5.0 

11/6 

9914-29B 

0.13 

444 

7650 

7 

600 

5000 

90 

5.0 

11/6 

9914-29C 

0.12 

431 

2750 

14 

200 

1850 

95 

6.6 

U/6 

9914-290 

0.11 

439 

7700 

5 

500 

4900 

95 

6.2 

11/8 

Holvkote'  Z 
9914-31C 

0.13 

270 

7000 

140 

350 

5000 

95 

9.6 

11/8 

9914-310 

0.12 

267 

'7300 

120 

400 

5300 

85 

4.1 

11/8 

9914-324 

0,11 

277 

2700 

103 

50 

1900 

85 

6.9 

11/11 

Durold  5600 
9914-32C 

0.1 

480 

7300 

10 

300  ■ 

4900 

95 

5.5 

11/11 

3914-320 

0.2 

470 

8100 

12 

600 

5200 

95 

5.5 

11/12 

9914-334 

<1)  0.2  ' 

468 

2450 

12 

400 

1900 

95 

6.2 

11/12 

(1)  Residue  same  shape  as  initial  sample,  but  it  collapsed  to  duat  vhen  touched 
Durold  5650 

9914-333  0-2  458  8000 

17 

1000 

4900 

95 

5.7 

11/12 

9914-330 

(leak)  0.2 

444 

7450 

17 

900  . 

4850 

95 

5.7 

11/12 

9914-330 

(1)  0.2 

461 

2450 

20 

150 

1750 

95 

6.7 

11/13 

(1)  Wfilte  residue  same  shape  as  initial  sample 
Durold  5813 

9914-344  . 0.2 

464 

8050 

IS 

1000 

4850 

95 

6.5 

11/13 

9914-34B 

(leak)  0.2 

463 

7000 

17 

800 

4900 

95 

6.3 

11/13 

9914-340 

0.2 

463 

2300 

IS 

200 

1650 

95 

6.0 

11/13 

Durold  5870 
9914-340 

(leak)  0.2 

463 

7550 

18 

1200 

5000 

95 

6.3 

11/14 

9914-354 

0.2 

469 

7900 

16 

1200 

4850 

95 

6.0 

11/14 

9914-35B 

0.2 

452 

2650 

39 

250 

1800 

95  ■ 

S.9 

N.S»  - aeans  no  exploalon  xc  the  indicated  temperature. 


TABLE  8 (Cont'd) 

SfflawHY.  or  HIGH  faessTmc  ^apnaw  • .gbm. 


Ie«t 

4<te 

1963 


XI/I5 

n/15 

11/18 

11/18 

11/18 

11/18 

11/19 

11/19 

11/19 

11/19 

11/19 

11/20 

11/20 

11/20 

11/20 

11/21 


5»t^le 

Mterlal 

«nd.Te«t 

Ho. 


HoCeo 


Ssmple 
valgfit 
la  8r«m» 


Sulon  A 


Rulon 


Rulon 


■ 9914-35C 
9914-350 

(leak) 

0.2 

9914-36A 

0.2 

1 B 

99I4-36B 

99I4-36C 

9914-360 

0.2 

0.2 

0.2 

c 

99I4-37A 

9914-37B 

0,2 

9914-370 

0.2 

u. 

gyerlobe  Solid  Film  Lubrleant  He..  811  (Dried'j 


9914-370 

9914-38A 

9914-388 


(Powder) 

(1/16"  chunks) 
(1/16"  chunks) 
jtsloesrbon  Oil  Series  13-71 
9914-380  ■ 


9914-380 

3914-39A 

9914-398 


(1) 


(1) 


0.21 

0.20 

0.20 

0.17 

0.11 

O.IS 

0.18 


Ignition 

temp.  *0 


465 

466 
463 

460 

465 

466 

465 

471 

458 

216 

250 

254 


442 
H.E.500 
435 
427 


Z^itloh 

pressure 

pel 


7200 

7700 

2600 

7900 

7400 

2600 

7300 

7750 

2600 

6200 

2350 

8700 

7700 

7800 

7800 

2400 


Tenp.  rise 
on  Ignition. 

•C 


22 

20 

22 

25 

25 

20 

15 

16 
25 

220 

240 

175 

10 


11/21 

11/21 

11/21 


11/22 

11/22 

11/22 

11/22 

11/22 

11/23 


gurntl  Brand  Htcrnnl.r..  . 

9914-390  (1)  (2) (Powder) 
9914-390  (1)  (2) (Powder) 
9914-40A  (2) (Paper) 


Semple  Ignited  without  any  Inditetion  being  evident  ™ths  recorder 


15 
23 
cherts 


0.08 

0.09 

0.2 


yteon  A fVirgitil 
9914-408 
9914-400 
9914-40D 


99 14-4  U 
99I4-41B 
9914-410 


NiE.500  9J0J) 

H.g.500  .2400 

H.E.500  8000 

721  Into  test  tube 

mp  es  were  still  intact  when  the  bomb  Was  dlststembled 


0.11 

0.12 

0.13 

0.11 

0.11 

0.11 


310 

310 

300 

318 

316 

325 


7200 

2400 

7000, 

7000 

7700 

2350 


16 

80 

60 

47 

19 

30 


Pressure 
rise  on 
ignition, 
psl 


800 

900- 

150 

600 

500 

200 

700 

750 

300 

800 

100 

900 

600 

800 

400 


500 

100 

600 

.600 

800 

100 


Initial 
oxygen  press, 
in  bomb 
before  ht'g- 


4900 

4800 

1900 

4850 

4700 

1900 

4600 

4750 

1900 

4800 

1850' 

6000 

4800 

4800 

4800 

1700 


5600 

1700 

4700 


4900 

1900 

5000 

4800 

5300 

1700 


on  furnactt 

viriai* 

Avers 

ht’g 

•O/ml 

durlh 

lair 

95 

6;i 

95 

6.8 

90 

4.9 

95 

6.0 

.95 

7.0 

85- 

3.8 

95 

5.9 

95 

6.3 

95 

7.0. 

92 

7.3 

88 

7.5 

83 

7.0 

95 

7.6 

92 

5.0 

92 

6.3 

83 

5.0 

90 

4.0 

SS 

5.6 

95 

5.4 

90 

7.6 

85 

6.4 

S3 

6.8 

85 

6.2 

85 

7.0 

85 

5.0 

H.E.  - means  .no  explosion  at  the  indicated  temperature. 


TABLE  8 (Cont'd) 


Test 

dece 

1963 


11/26 

11/26 

11/26 

11/27 


11/27 

11/27 

11/27 


12/2 

12/2 

12/2 

12/4 

12/4 

12/4 

12/4 

12/13 


12/3 

12/3 

12/3 


12/6 

12/8 

12/8 

12/8 

12/8 


S1M4AS7  or  HIGH  rHKSStIRE  COHGEH  BCHB  WSIS 

Sample 
material 
and. Test 
Ko. 

notes 

Sanple 
vdlght 
In  grtmB 

Ignition  Ignition 

temp.  'presiure 

psi 

Temp,  rlca 
on  ignition 

•c 

Ere 8 aura 
rise  on 
ignition  , 

pil 

Inltinl 
oxygen  prtat» 
in  boi^ 
before  bt*g 

Voleege 
aettiog 
on  furnace 
var^ae 

Average 
ht'g,  rate 
•C/mln 
during 
last  20  min 

Kano  Ploe  and  Joint  Cocmound 
9914-410  ill 

0.17 

M.E.SOO 

8150 

— 

9914-A2A 

(2) 

0.21 

422 

7700 

12 

99XA-42S 

(2) 

0.19 

427 

7900 

10 

99W-A2C 

(2) 

0.20 

430 

2600 

16 

(1)  Semple  »ey  be  pertly  decompoeed.  Color  chensed  from  dark  to  llgjit  'gray. 
{2)  Sample  aiocered 


D£ron*«  Flake  Graohlte  No»l 
9916-63 A 

0.23 

K.E.SOa 

7500 

— 

991A-43B 

0.24 

N.E.500 

7500 

9914-A3C 

0.23 

K.E.500 

2700 

Oxvluba  No.  703  (Dried) 

99 14-430  (1) 

o.i; 

K,E,500 

8600 

— 

99I4-44A 

(1) 

0.23 

N.E.500 

2400 

9914-44S 

(1) 

0.20 

•H.E.500 

7550 

••• 

9914-45B 

(6){2) 

eatimated  vt.O.Si- 

190 

6200 

45 

9914-45C 

(3)(4) 

0.22 

H.E.500 

8^0 

9914-450 

(5)(2> 

0.21 

K.E.310 

7300 

9914-46A 

(8)(2) 

0.53 

200 

6500 

40 

9914-51D 

(6)(2) 

0.40 

23S 

2200 

42 

_ „ _ 

4950 

95 

6.0 

100 

4900 

95 

6.5 

100 

5050 

95 

6.7 

25 

1850 

95 

5.4 

4650 

95 

3.5 

4650 

95 

5.0 

— 

2000 

95 

6.0 

... 

4900 

95 

5.0 

1700 

90 

4.0 

a.«» 

4650 

92 

3.0 

300 

4700 

95 

7.7 

a....' 

5150 

95 

4.0 

• •8. 

4900’ 

95 

7.2 

500 

4900 

95 

8.0 

25 

1800 

95 

8.0 

(1) 

.(2) 

(3) 

(4) 

(5) 

(6) 


Sample 

Sample 

Sample 

Sample' 

Sample 

Sample 


teated  aa  chunk;  some  oxidation  on  outside  of  chunk  evidenced  by  yellow  color* 
poiidered  in  mortar  and  tested  in  powdered  state. 

composed"  of  small  pieces  jnd  powder  as  present  in  original  dried  sample.  . ' 

Intact  when  bomb  disassembled;  alight  oxidation  on  bottom  of  sat^le  evidenced  by  yellow  color, 
intact,  no  discoloration.  Towder  slightly  sintered. 

completely  disappeared.  Booib  thoroughly  gunked  with  cocbustlon  products  and  corroeiod. 


OxYseel  (dried) 
9914-44C 
9914-44D 
9914-43A 


(1) 


(1)  0.15  347 
(1)  (leak)  0.20  343 
(1)  0.20  360 

Enough  heat  was  liberated  to  melt  the  bottom  of  the 


7900 

6800 

2700 

pyres  te»t  tube. 


Oxweld  Antl-Erletion  Compound  Ho.  64 


9914-47A 

9914-47B 

9914-47C 

9914-470 

9914-47E 


0.22 

K,E.50O 

8500 

0.21 

H.E.400 

8000 

0.80 

414 

6700 

0.74 

410 

7600 

0.52 

410 

2500 

(1) 

(2) 


(1)  Sample  completely  dlsappeared.when  bo<db  disassembled. 

(2)  Sample  partly  decomposed,  but  mostly  intact. 


153 

500 

4950 

95 

7.4 

160 

500 

4900 

90 

6.4 

160 

SCO 

2000 

90 

4.2 

mmm 

5000 

95 

5.0 

5000 

95 

5.0 

46 

1900 

4400 

95 

5.0 

Surstlng  Oise  Xuptured 

4800 

95 

5.0 

65 

1000 

1900 

95 

4.1 

H.E.  - means  no  explosion  at-  the  indicated  temperature. 


TABLE  8 <Gont»d) 

SUMtmtY  Of  HIGH  PREg-SURE  OXYGEM  ECUS  TESIS 


Sample 
cuterial 
and  test 
Kb. 


Sample 
veight 
In  grama 


Ignition 
temp,  *0 


Ignition 

pressure 

psi 


Rectorsgal  No.  15  (Dried).  KIt-T-5542B  (ASG) 


<1)  Solder  melted  and  a considerable  amount  of  oxide  formed. 
Almasol  Powder  f325  KesM 

9914-49C  (1)  0.10  H.E.SOO  8000 

9914-490  (1)  (leak)  0.14  H.E.SOO  7000 

9914-49B  (!)•  0.15  H.E.SOO  2900 

(1)  Sac5>le  Intact.  Ho  evidence  of  oxldecion. 

Key  Abaolute  (Dried)  HIL-T-5542-B  (ASG) 

9914-49F  (1)  • 0.12  H.E.SOO  7300 

S914-50A  0;S6  .342  6600 

9914-SOB  (2)  0.75  355  2500 

(1}  Semple  decompoeed,  white  eoh  left. 

(2)  Epcstlng  disc  ruptured. 


High  Purity  Cooi 
9914-500 
9914-51A 


Heoprene  0-Rlne 
9914-51B 
9914-51C 


Temp,  tiee 
OR  ignition 

*0 


freiaure 
rite:  on 
ignition 
p«i 


InltUl 
oxygen  preai. 
in  bomb 
before  ht*g 


VolUge 
aetting 
on  furoc« 
variae 


9914-48A 

0.28 

374 

7700 

104 

9914-4SB 

0.18 

355 

6800 

80 

9914-48C 

0.16 

374 

2500 

70 

'50  Soft  Solder 
9914-48D 

(1) 

0.6 

H.E.SOO 

7500 

... 

9914-49A 

CD 

0.5 

H.E.SOO 

7600 

9914-49B 

CD 

0.5 

H.E.500 

2600 

••• 

CD  0.51  H.E.420  8500 

0.50  398  2800  55 

(1)  Decomposition  occurred,  clear  oily  liquid  condenaed  on  bomb  head,  part  of ’sample  remaining. 
(HII.-R-U49,  Type  II,  Class  I) 

0.11  200  2500  US 

0.05  190  7100  90 


Fumes'  issued  from  bomb  when  It  wss  disassembled. 


linde  Green  Pine  Comoo'und 
9914-468 
9914-46C 
9914-46D 


H.E.  - neani  no  explosion  at  the  indicated  te»q>erature, 


1964 

dace 


1-3 

1-3 

1-3 

1-3 

1-5 


1-6 

1-5 

1-5 

1-7 

1-7 

1-7 

1-7 

1-8 

1-S 

1-8 

1-8 

1-9 

.1-9 

1-9 

1-9 

1-10 

1-10 

1-10 

1-10 

1-13 

1-13 

1-13 

1-13 

1-15 

1-15 

1-15 

1-15 

1-15 

1-15 


TABLE  9 


Teat 

Vo. 


rrocoeer  Promoeer 
VC.-  Bg, 


S;>eelaea 


JWSLiKmar  igmittcw  nay 


Specimen  Physical 

St.  Eg.  configuration 


Ignition 

temp.  *0 


9914-S9A 

Neoprene 

61 

Stainless  Steel  Type  304 

54 

A 

9914-598 

9914-59C 

9914-59D 

9914-60A 

It 
It 
• It 
ti 

55 

59 

57 

57 

Stslnless  Steel  Type  304 
Stainless  Steel  Type  304 
Monel 
Monel 

52 

53 

50 

51 

A 

A 

A 

A 

9914-60B 

II 

59 

Monel 

52 

A 

9914-60C 

It 

57 

Monel 

49 

A 

99 14-600 

II 

55 

Monel 

50 

A 

9914-61A 

<i 

59 

9914-61B 

II 

55 

— — 

9914-SlC 

i| 

55 

Monel 

150 

A 

9914-610 

II 

55 

Monel 

150 

A 

9914-62A 

9914-62B 

II 

If 

55 

56 

Silver 

Sold 

140 

170 

A 

A 

9914-620 

II 

29 

9914-620 

9914-63A 

II 

II 

15 

g 

--- 

.. 

mm 

9914-63B 

II 

6 

Stainless  Steel  I^pe  304 

60 

x> 

9914-63C 

I. 

7 

Stainless  Steel  Type  304 

44 

s 

9914-630 

It 

15 

Stelnless  Steel  Type  304 

60 

0 

9914-64A 

It 

29 

Stainless  Steel  Type  304 

49 

p 

9914-64B 

9914-640 

II 

It 

29 

Stainless  Steel  Type  304 

55 

2 

13 

Stainless  Steel  Type  304 

SI 

z 

9914-640 

9914-65A 

M 

H 

28 

Stslnless  Steel  Type  304 

60 

2 

19 

Stainless  Steel  Type  304 

59 

S 

9914-6SB 

It 

21 

Stslnless  Steel  Type  304 

56 

z 

9914-650 

11 

24 

Stalnles's  Steel  Type  304 

57 

z 

9914-650 

II 

26 

Stainless  Steel  Type  304 

55 

z 

9914-66A 

9914-653 

II 

Viton  A 

2$ 

51 

Stainless  Steel  Type  304 
Stainless  Steal  Type  304 

55 

51 

B 

c 

9914-660 

Vlton  A 

SO 

HoncX 

50 

'52 

50 

9914-660 

Viton  A 

73 

fsonel . 

c 

99I4-67A 

Viton  A 

50 

KoneX 

c 

c 

99X4-:67B 

ViCon  A 

34 

Stainless  Steel  Type  304 

50' 

c 

H.I.34S 


200 

325 

n.S.220 

H.E.350 


198 

350 

358 

360 

360 

360 

■200 

349 

200 

365 

374 
378 

365 

375 

366 


343 


■ 365 
318 

378 

358 

327 

316 

378 

345 

316 

310 

307 

312 

332 


Ignltloii 
preaiur*  palg. 


2400 

2100 

2300 

2200 

2250 


2000 

2300 

2250 

2250 

2300 

23G0 

2050 

2200 

2000 

2000 

1950 

2156 

2300 

1950 

2000 

2100 

2200 

2200 

2000 

1650 

1900 

2100 

1800 

2500 

2200 

2200 

2000 

7500 

2200 


■dppraalmaea 
apeclman  alsa 
sldth  X length 


■emarks 


6x8 

6x8 
6 S 'S 
6x8 
6x8 


6x8 

6x8 

6x8 


0-rlng  charred  sod  hard  bug 
original  shape 
Complete  conhustlon 
Completa  comhuation 
0-rlng  hard  but  original  shape 
Ignition  occurred  as  oxygen 
preaaure  reduced  from  bomb. 
Monel  malted  and  oxldtred. 
Monel  melted  into  ball  and 
oxldlxed  on  outer  surface. 
Monel  melted  Into  ball  and 
oxidleed  on  outer  surface. 
Monel  melted  Into  ball  and 
oxidized  on  outer  surface. 


8 X 20 

8 X 20 

6 X 15 
7x9 


Monel  melted  and  surface 
oxidAtlon 

Konel  Bwlted  «nd  surface 
oxidstit;^ 

silver  melted,  slight  osldctioa 
Cold  melted  Into  ball,  no 
oxidatloDm 


7x8 

Slight  oxidation  no  ignition 
of  ntainleiK  steel 

5 3C  8 

Slight  oxidation  no  ignition 
of  atainlcsc  steel 

7 s 8 

Slight  oxidation  no  Ignition 
of  stainless  steel 

7x7 

Oxidation  of  netal  in  contact 
vith  Neoprexre. 

7 s 8 

Complete  coidmatlon* 

7x7 

Slight  oxidation  of  stainless 
steel. 

7 s 8 

Complete  combustion. 

7x8 

Stainless  steel  oxidised  but 
did  not  bum* 

7x8 

Stainless  steel  ealdlaed  but 
did  not  bum. 

7x3 

Stainless  steel  oxidized  bus 
did  not  burn. 

7x8 

Stainless  steel  oxidised  but 
did  not  burn. 

6x8 

Complete  coe>*ustiott 

8x8 

Collate  cottbustion 

6x8 

Koael  melted,  alight  oxidation, 

6x8 

Monel  malted,  partly  oxlcilsad. 

5 X 10 

Konel  Malted  soms  and  surface 
oxidized* 

S X 10 

Conplete  coMbussion* 

s 

Kjx 

I 


1964  Test 

Ko. 


1-15 

1-16 

1-16 

1-16 

1-16 

1-16 

1-16: 

1-16 

1-17 

1-17 

9914-67C 

9914-670 

9914-6SA 

9914-68B 

9914-68C 

9914-680 

9914-69A 

9914-69B 

9914-69C 

9914-690 

1-17 

1-17 

9914-70A 

9914-70B 

r-17 

9914-700 

1-17 

9914-700 

1-17 

9914-7U 

1-17 

9914-71B 

1-17 

9914-IlC 

1-20 

1-20 

1-20 

1-20 

9914-710 

9914-72A 

9914-72B’ 

9914-72C 

1-20 

1-20 

1-20 

1-20 

1-21 

9914-720 

9914-73A 

9914-73B 

9914-73C 

9914-730 

1-21 

9914-74A 

1-21 

9914-74B; 

1-21 

1-21 

9914-74C 

9914-740 

1-22 

1-22; 

1-23 

9914-75A 

9914-75B 

99I4-75C. 

1-23 

1-23 

9914-750 

9914-79A 

1-23 

9914-79B 

Ifeoprene 
ve*  ng. 


Sp«cloksn 

Specimen 

wt. 

35 

Kernel 

49 

31 

Sttlnless  Steel  Type  304 

51 

21 

Stelnless  Steel  Type  304 

51 

30 

Konel 

50 

18 

Stainless.  Steel  3^ps  304 

52 

15 

Honel 

50 

13 

Stalalesa  Steel  Type  304  • 

50 

12 

Konel 

51 

7.6 

Stainless  Steel  Type  304 

49 

7.0 

Cold 

128 

4.4 

Stainless  Steal  T^pe  304 

50 

1.8 

Stainless  Steel  Type  304 

50 

14.5 

Konel 

98 

14.4 

Konel 

60 

2.5 

Stainless  Steel  Type  304 

49 

14.0 

Konel 

41 

4.3 

Stainless  Steel  Type  304 

49 

17.2 

Konel 

158 

17.6 

Konel 

50 

17.9 

Konel 

102 

7.8 

Stainless  Steel  Type  304 

f>7 

11.0 

‘Stainless  Steel  Type  304 

150 

8.5 

Stainless  Steel  Type  304 

50 

6.5 

Gold 

86 

8.5 

Stalnlese  Steel  Type  304 

161 

iD.O 

Klckel 

159 

13.4 

HiateZ 

159 

17.6 

nickel 

159 

24.0 

Klckel 

158 

31.7 

Hlckat 

160 

6.5 

7.0 

___ 

17.3 

HIckel 

55 

17.0 

Konel 

58 

17.3 

Konel 

leo 

8.3 

Stainless  Stssl  lype  304 

109 

•>  ne«at 

no  explosion  at  the  indicated  t< 

Biperature* 

TABLE  10 

WMMwro  icamcM  tkt 

Physical  Ignition  Ignition  SpcclMn  alsc  AenarJu 

conllguratlon  temp.  *C  prenure  peig.  «Wth  sc  length 


C 

0 

c 

c 

•c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

r 

c 

c 

c 

t 

c 

c 

T 

r 


r 

r 

y 

T 


c 

c 

r 

r 


345 

194 

310 

315 

189 

190 

189 

190 
190 

189 

192 

K.S.280 

190 

191 

316 
191 
306 

184 
18$ 

185 

194 

186 
190 

195 
190 
298 


190. 

189 

185 

188 

190 
•192 
185 

185 

i/8 

185 


1900 

6000 

800D 

7500 

6750 

6700 

7400 

7450 

7400 

7400 

7200 

7700 

7000 

7200 

7450 

5650 

7100 

7fi50 

7450 

7400 

7250 

7500 

7400 

6700 

7000 

7350 


6800  ' 

6600 

6600 

6500 

7150 

6100 

7400 

7300 

7600 

7400 


5 3C  10 
5 X 10 
5 X 10 
5 X 10 
5 X 10 
5 X 10 
5 X 10 
5 X 10 
5 X 10 
5 X 10 

5 X 10 
5 X 10 

5 X 18 

5 X 10 

5 X 10 

5 X f 

5 X 10 

5 x29 
5 s 10 
5 X 18 
5 X 18 

5 X 30 
5 B 10 
5x7 
3 X 30 
5 X 30 


5 x30 

5 X 30 

5x30 
5 x30 


5 X 10 

5 X 10 
5 X 30 

5 X 20 


Konel  Belted  Into  ball. 

Complete  CDcdiustlon 
CcMqiletc  ccalustlon 
Monel  melted  and  oxidized. 

Complete  comhuetlon 
Monel  aielted  and  oxidized. 

^ Complete  cocdMiatlon 
Monel  partly  oxidized,  not  melted. 
Cotxplete  combuBtlon 
Cold  melted  at  bottov  vhere 
promoter  contacted  It. 

Complete  combustion 
0-rlng  oxidized  but  enil  Intact. 
Mo  oxidation  o£  ztolnlesa  ateel. 
Monel  melted  at  bottom  ord 
oxidized  1/2  vay  up. 

Monel  melted  at  bottom  tud  aide. 
Heavy  oxidation. 

Stalnleaa  oxidized  but  did  not 
burn. 

Oxidized,  started  to  arnlc  one 
comer. 

Stainless  oxidized,  but  did  not 
burn. 

13  mm  burned  16  mm  remained- 
Cosplete  combustion. 

Coa^lete  coadiustlcn. 

Oxidized'  5 am  from  bottom  but 
did  not  bum. 

Complete  combustion. 

Css^lete  combustion. 

Cold  partly  molted. 

Cosplete  combustion. 

Oxidation  Inside  and  out  where 
XKoprene  touched.  Bole  burned 
through  nickel. 

SottoH  3 or  4 mm  melted  with 
surface  oxidation. 

SottOm  2 or  3 mm  xalted  with 
ll^t  surface  oxidation. 
l*lght  oxidation  of  bottom 
light  yellow  oxidation  lower  1/3 
of  specimen. 


Sli^t  oxidation,  botti^  oemar 
msltsd, 

Co^lete  CMdxisticn. 

Sartlal  eonbuitlon  15  En  langth 
left. 

Heavy  oxidation  at  bottai  of 
ipeclmen  but  did  not  Ignite. 


•aK 


19S4 

date 

Teat 

Hov 

Neoprene 
Vt,  tnjp. 

SpeelMea 

Speeieeeii 
vt*  leg. 

TABLE  10  (ContM) 

FiO^errn)  xcanncn  tsst 

Ignition  Ignltloa 

coBfiguretiott  tei^.  *C  pretaure  ptlg. 

Speciaen  sire  Seserks 

width  X length 

1^23 

9914-790: 

56.0  . 

Hlckel 

179 

A 

178 

7500 

8 X 20 

Coaplete  coobutcion. 

1-23 

9914-79K 

17.0 

lionel 

189 

280 

7550 

5 X 30 

Tertlel  cmbuttion^  18  Mt  length 
left. 

1-24 

9914-GOA 

44.4 

Klckel 

189 

A 

150 

7250 

9 X 20 

I^rtiel  coebustipn^  16  mb  length 
left. 

1-24 

,8914-80?; 

41.6; 

Nickel 

m 

C 

178 

8450 

5x20 

Nickel  did  not  ignite.  O^eoprene 
completely  wrapped  in  metal) 

1-24 

9914-80C 

42.3 

Nickel 

171 

W 

Xccor8er  aet  cperatins. 

5 X 30 

Nickel  partly  ignited.  24  ns&  left. 
(Only  part  of  neoprene  wrapped  in 
metal.) 

1-27 

9914-'80D 

40.9 

Nickel 

42 

c 

367 

8375 

5 X 10 

MickcX  1/2  ssltedj  some  oxidation. 
750  ptl  blow  down  when  preaaure  tog 
high. 

1-27 

9914-8IA 

47;7 

Nickel 

45 

c 

174 

6810 

5 x id 

Nickel  1/^  ^Ited^  lOme  oxidation. 

1-27 

9914-81? 

19.2; 

Aluninum 

12.1 

c 

177 

7200 

5 x ‘ X0 

Complete:  conbustion.  oxide  fused. 

1-27 

9914-810; 

14.1 

Aiutalnus 

20,3 

c 

174 

7850 

5 x 20 

Alualnus  Just  started  to  melt. 
Xlttle  oxidation. 

1-27 

:9914-81D; 

16.4 

Alumicua; 

13.0 

c 

179 

7600 

5 X lo: 

Co^lete  cot^ustlon. 

1-2?; 

9914-82A 

10,9 

Stelnleaa:  Steel  304 

110 

a T 

<1:  atopped  at  225 

fresaure  to  hi?? 

5 x20 

Neoprene  and  apecioste  intact. 
Neoprene  charred. 

:l'-2a' 

9914-82? 

10.8 

XncDnel  X-750 

171 

259 

8315 

5 X 30 

Complete  combustion^magnetic  oxide. 

1-28 

9914-820 

7.4 

Inconel  X-750 

160 

r 

276 

7920 

5 X 30 

Heavy  oxidation  and  smsll  corner 
Kiasing  at  botton  but  did  cot  ignite. 

1-28 

9914-S2B 

13.0 

Steinlesfi  Steel  Type  304< 

111 

jp 

197 

7460 

5 X 20 

Complete  combustion. 

1-28 

9914-&4A 

10.6 

Inconel  £00 

155 

r 

179 

6985; 

5 x30 

Kelting  and  soEae  oxidation  at  bottom. 
25  sn'  left. 

1-29 

99M-84? 

9.4 

Inconel  X-750^ 

171 

T 

185 

7810 

S’x  30 

Complete  combustion. 

1-29; 

i>s  14-840; 

13.7 

Inconel  600 

153 

r 

185 

■ 6310 

5 X 30- 

Complete  combustion  lugnetlc  oxide. 

1-29 

9914-84D 

8.5 

Inconel  X-750* 

173 

7 

185 

7440 

5x30 

Started  to  melt  and  heavy  oxidation: 
at  bottom. 

1-25 

9914-86A, 

11.7 

Inconel  600 

159 

7 

170 

• 7040 

5 X 30: 

Started  to  melt  and  oxidise  at 
bottoH.- 

1-29^ 

9914-86? 

9.0 

Inconel:  Z-750 

183 

7 

285 

S360 

5 X 30 

Ccc^tlete  combustloRa 

1-30; 

99I4-86C 

13.2 

Inconel  600 

162 

7 

190 

7370 

S x30 

Complete  combustion. 

1*30 

9914-860 

10.3 

Copper 

190 

7 

277 

7540 

5 X 30 

Almost  complete  cos^uet^Jl.  5 sms 
left.  Surface  oxidation. 

1-31 

9914-88* 

8.7 

Inconel  X-750 

186 

7 

183 

-7000 

5 X 30 

Complete  cDabustlon. 

1-31 

9914-88? 

8.2 

Copper 

183 

7 

170 

8440 

5 X 30 

Partial  combuatioo.  22  ass  left  ** 
Burfaee  oxidation.  Slack  and  rad 
crystals  in.  slsg. 

1-31 

9914-880 

12.5 

InconsI  600 

164 

7 

83 

6380 

5x30 

Sottom  2 or  3 m melted:  out  of  one 
side  with  surface  oxidation  only 
at  bottom. 

2-3 

99 14-880 

12.9' 

lococcl  600 

140 

7 

183 

7960 

5 X 30 

Sotto«  two  or  three  mm  amlt4d  with 
heavy:  aurfsee  oxidation  on  melted' 
portion. 

T/\BLE  10  (Cont'd) 

gP.QMQTg)  ICSmCH  TiiSt 


1964 

Test 

Neoprene 

Speciaen 

Speclsen 

Thy s leal 

Ignition 

Ignition 

Speeiaan  sise 

Seaarka 

date 

No. 

ut.  ag. 

wt.  eg. 

configuration 

teop.  *C 

pressura  psig. 

width  X length 

■a, 

2-3 

9914-90A 

7.2 

Stainless  Steel  Type  301 

147 

7 

303 

8220 

5 X '0 

No  ignition.  Only  slight 
discoloration  of  upper  part. 
Heavy  oxidation  Inside  at 
bottom. 

2-4 

9914-90B 

9.5 

Stainless  Steel  Tjrpe  301 

161 

7 

188 

8090 

5 X 30 

complete  combustion.  • 

2-J3 

9914-90C 

11.8 

Yellow  brass 

177 

7 

186 

7325 

5 X 30 

Bottom  7 or  8 BK  melted  with 
heavy  oxidation.  Heavy  black 
oxidation  over  entire  length  of 
specimen. 

2-4 

9914-900 

13.2 

Yellow  brass 

166 

7 

IBO 

7350 

5 X 30 

Hclted  bottom  10  aa  into  ball 
with  heavy  oxidation.  Black 
oxidation  over  entire  length 
of  speeiiaen. 

2-4 

9914-92A 

8.0 

Stainless  Steel  Typs  301 

157 

F 

190 

7860 

5 X 30 

Complete  combustion. 

2-18 

5914-92B 

8.8 

Stainless  Steel  Type  17-^7W 

168 

7 

320 

8700 

5 X 30 

Complete  combustion.  Bottom  of 
test  tube  melted. 

2-18 

9914-92C 

15.2 

Yellow  brsss 

160 

F 

185 

7700 

5 X 30 

Bottom  Btaa  completely  combusted* 
Heavy  oxidation  over  entire 
length  of  specimen. 

2-18 

9914-920 

7.1 

Stainless  Steel  Type  301 

153 

7 

188 

7600 

5 X 30 

Complete  combustion.  Bottom 
of  test  tube  melted. 

2-18 

9914-93A 

16.4 

Anodised  alunlnun  (<0«1  ail  coat) 

50 

47 

7 

181 

7700 

5 X 30 

Complete  combustion.  Side  oz 
test  tube  melted. 

2-18 

9914-93B 

11.0 

Anodised  aluninua  (<D.l  ail  coet) 

7 

185 

7450 

5 X 30 

Complete  combustion.  Side  of 
test  tube  melted* . 

2-18 

9914-930 

3.2 

Anodized  aluttltuia  (<0«1  ail  coat) 

50 

7 

185 

7500 

5 X 30 

No  melting  or  slgnlflcsnt 
oxidation  • 

2-18 

9914-930 

9.8 

Anodised  aluminum  (0.1  ail  coat) 

52 

7 

185 

7300 

5 X 30 

Sfo  melting  or  significant 
oxidation. 

2-18 

9914-94A 

9.0 

Stainless  Steel  lype  316 

171 

F 

324 

8700 

5 X 30 

Complete  combustion. 

2- IS 

9914-94B 

14.7 

Silver 

229 

F 

376 

8300 

5 X 30 

Bottom  6 nm  melted. 

2-18 

99I4-94C 

13.2 

Nickel 

168 

F 

361 

8600 

5 X 30 

2 ma  melted  out  of  each  of 
lower  corners. 

2-19 

9914-940 

15.3 

Gold 

372 

7 

.183 

7400 

5 X 50 

Bottom  3 or  4 tan  melted. 

2-19 

9914-95A 

12.6 

lead 

209 

7 

186 

7700 

5 X 30 

Kelted  into  ball.  Very  little 
oxidation. 

2-19 

9914-95B 

15.2 

Anodised  25  all  aluminua  (0.2all 

163 

F 

185 

7200 

5 X 20 

Ho  ignition. 

coat) 

2-19 

9914-950 

176  tag  stainless  steel  Typt  304  sealed  In  275  ng  of  Zel-7 

-- 

380 

8400 

5 X 30 

Complete  -cocitustion. 

2-19 

9914-950 

176  tag  stainless  steel  304  sealed  in  300  eg  of  Xel-f 

•• 

415 

7500 

5 X 30 

Complete  combustion. 

2-19 

99 14-96 A 

176  tag  stainless  steel  Type  304  sealed  in  218  teg  of  Teflon  TS7 

•• 

419 

8300 

5 X 30 

Complete  combustion. 

2-‘19 

9914-960 

1x4x4 

DB  2^1-7  coated  on  4 x 4 x 4 am  alumlmia  --- 

-- 

H.S.500 

9000 

Aluminum  Intact.  No  Slgnifi* 

cant  oxidation.  SeX-7  gone. 

2-25 

9914-960 

59 

Gold 

396 

A 

IBO 

7350 

5 X 30 

l^lCsd  into  bill. 

2-25 

9914-97A 

11.3 

Anodised  aluainua  (0»3  all  coat) 

57 

7 

184 

8100 

S X 30 

lower  2 or  3 BS3  B»elted.  No 
significant  oxidation. 

2-25 

9914-97B 

13.  S 

Anodized  aluainua  (0*3  all  coat) 

53 

7 

180 

8000 

3 X 30 

Bottom  few  na  started  to-melt. 

2-27 

9914-970 

15.5 

Arxjdised  aluainua  (0*3  all  coat) 

54 

7 

186 

7300 

5 X 30 

Complete  combustion. 

2-27 

5914-970 

14.6 

Anodized  aluainua  (0.3  ail  coat) 

50 

7 

ISO 

7700 

5 X 30 

Complete  combustion. 

2-28 

9914-98A 

1 X 4 X 4 tact  Xel**F  coated  on  X x 4 x 4 tarn  aXuaeiDufi 

385 

8000 

Xel-7  ignited,  aluminum  intact 

2-28 

9914-98B 

54.0 

Silver 

205 

A 

182 

7090 

5 X 30 

Satire  specimen  seelted 

2-23 

9914-980 

56.5 

nickel 

175 

A 

1S6 

7100 

5 X 30 

Complete  combustion. 

K«S»  ae&8«  no  explosion  at  the  Indicated  tea{>cMitutCp 


TABIS  11 

gKESSSBIZmCtt  oy  SIHDIATBP  SYSgEH  WITH  CCTCEM 


D«te 

Test 

Pressure  In  Scorase  Vessel 

Pressure 

In  Sluiulated  Svatem 

Initial 

Zlectrostatlc 

1964 

Ho. 

Before  Test:  latnedlately 

On 

Inxaedlately 

On  Cooling 

When  Completely 

PreasurlKAtioa 

charge  neaaured 

psl 

After  test 

After  test 

after  teat 

after  test 

equalised  with 

time  of  s^nulated 

volte 

pal 

psl 

psl 

psl 

storage  vessel 

a/itesj  lec* 

nsl 

• 

9/16"  O.D.  X 5/16"  I.D. 

tubing.  Gemini  Kegulator  blanSted  on  low  pressure 

aide. 

3-4 

11040-3-1 

approx.  1100 

-..a. 

900 

.... 

.... 

0.52' 

■*H.D. 

3-4 

11040-3-2 

approx.  900 

— — 

775 

.... 

.... 

0.51 

*H.D. 

3-4 

11040-3-3 

approx,  775 

---- 

665 

.... 

0.55 

*H.D. 

3-4 

11040-3-4 

approx.  1100 

875 

.... 

0.52 

*K.D. 

3-5 

11040-3-5 

approx.  1200 

975 

.... 

0.5 

*H.D. 

3-5 

11040-3-6 

approx.  975 

.... 

850 

.... 

0.5 

*H.D. 

3-5 

11040-3-7 

approx.  850 

.... 

750 

.... 

0.5 

*K.D. 

3-5 

11040-6 

2200 

.... 

1700 

.... 

0.3 

< -0.05 

3-5 

11040-7 

1800 

.0X1. 

1500 

.... 

a.4 

< -0.05 

3-5 

11040-8 

3000 

-- --- 

.... 

2400 

.... 

0l30 

< -0.05 

3-5 

11040-9 

2500 

2100 

2200 

2100 

18C9 

0.30 

< -0.05 

3-5 

11040-10 

3800 

2950 

3200 

2950 

...u  • 

0.30 

< -0.05 

3-5 

11040-11 

5100 

3850 

4200 

3850 

3250 

0.26 

< -0.05 

3-5 

11040-12 

4700 

3600 

3800 

3600 

3100 

0.28 

-0.05 

3-5 

11040-13 

5900 

4200 

4700 

4200 

3900 

0.26 

-0.25 

3-5 

11040-14 

7400 

5050 

5800 

5050 

4200 

0.24 



3-5 

11040-15 

8500 

5600 

6500 

5600 

4800 

0.24 

-0.20 

3-5 

11040-16 

6500 

4600 

5200 

4600 

3850 

0.26 

-0.15 

3-5 

11040-17 

5200 

3850 

4300 

3850 

3300 

0.28 

-0.14 

3-5 

11040-18 

4300 

3300 

3300 

2850 

0.30 

-0.10 

Geometric  volume  of  80 

cc  added  to  low  preisure  aide  of  Ceaini  Begulator  and  valve  installed  to  blow  down  low 

presDura  side-. 

3-6 

11040-19 

3200 

2600 

2800 

2700 

2300 

.... 

0.28 

-0.10 

3-6 

11040-20 

6300 

4400 

5100 

4400 

3500 

.... 

0.26 

-0.10 

3-6 

11040-21 

9000 

5750 

6600 

5750 

.... 

.... 

0.24 

-0.14 

3-6 

11040-22 

10700 

6600 

7500 

6600 

.... 

.... 

0.22 

-0.15 

3-6 

11040-23 

11000 

6500 

7350 

6500 

— 

7350 

0.21 

-0.13 

30  inches  of  1/4"  O.D. 

X 0.083”  I.D. 

tubing  substituted  for  9/16"  O.D,  x 5/16"'l.D,  tubing. 

3?6 

11040-24 

9200 

6200 

6800 

5700 

.... 

6800 

0.14 

< -0.05 

3-6 

11040-25 

8800 

— 

5000 

4600 

.... 

5000 

0.16 

< -0.05 

3-6 

11040-26 

3800 

3100 

2800 

— — 

3100 

0.20 

< -0.Q5 

Relnatslled  9/16"  O.D. 

X 5/16"  I.D. 

tubing 

3-5 

11040-27 

12000 

7000 

8000 

7000 

.... 

8000 

0.22 

-0.08 

3-9 

11040-28 

12000 

7000 

8000 

7000 

.••• . 

8000 

0.22 

-0.08 

3-9 

11040-29 

12000 

7000 

8000 

7C00 

.... 

8000 

0.22 

-0.09 

3-9 

11040-30 

12000 

7000 

8000 

7000 

.... 

8000 

0.23 

-O.U 

3-9 

11040-31 

12100 

7100 

8100 

7100 

.... 

8100 

0.22 

-0.09 

3-9 

11040-32 

10500 

6300 

7250 

6300 

.... 

7250 

Hot  recorded 

-0.09 

*H.D, 


Hone  detected 


TABLE  11 
ligssmtizmos  of  sismima 


(Cont’d) 

SYSTEM  WtTH  .ginfCBl 


Date 

1964 

Tase 

Ho, 

fresaure 

In  Seoraae  Teasel 

Shreteure 

In  Sinulitted  STSfcen 

Initial 
fressurlsatlon 
ti»e  of  siioilated 
aystea«.  sec. 

Electrostatic 
charge  measured 
volts 

iefore  Teat 
pal 

JuMedlately 
after  test 
pal 

Cn  yarjains 
after  test 
pat 

lanedlately 
after  test 
pat 

On  Cooling 
after  teat 
pal 

Khen  Ceapletely 
equalised  with 
storage  vessel 
psl 

3-10 

11040-33 

12000 

7000 

8000 

7000 

8000 

0.22 

-0.14 

3-10 

11040-34 

12000 

7000 

8000 

7000 

8000 

0.22 

-0.16 

3-10 

11040-3S 

12200 

7100 

•••• 

7100 

0.22 

-0.12 

3-10 

11040-36 

12000 

7000 

7000 

rnmmm 

«««-. 

0.22 

-0.12 

3-10 

11040-37 

12000 

7000 

.... 

7000 

mmmm 

— — 

9.22 

• -0.32 

1/16"  Die. 

Inconel  ahlelded  Iron-conatantan  theraocouple  Eu6scltute£  for  nickel  probe. 

Shermcouple  extended  approxlMately  two  inches  into  s*a 

Zncrease  in 

apace  of  receiver. 

Teaperature,  *C 

3-10 

11040-38 

10200 

‘6200 

.... 

6200 

...... 

0.23 

Hot  recorded 

3-10 

11040-39 

9000 

5600 

— 

5600 

.... 

0.23 

68*C 

1/16"  Die.- 

unahlelded  Iron-cenatancan  theriucouple  aubitltuted  for  Inconel  ahlclded  tbersocouple. 

> 

3-10 

11040-40 

8100 

5200 



3200 

«... 

.... 

0.24 

80*C 

t 

*o 

t 


TABLE  12 

ADIABATIC  COMPASSION  TESTS 


Date 

Pressure  In  Storage  Vassf^l 

Sample 

Weight 
of  sample 
in  grams 

Remarks 

1964 

Before  test 
psi 

Imediately 
after  test 
psi 

jTjucosuirxzscxon 
time  of  51”  length 
of  5/16"  I.D.  tubing 
and  sample,  sec 

3-iO 

7200 

6900 

Viton  A (Virgife) 

0.217 

0.05 

Sample  ignited 

3-10 

7100 

6700 

Viton  A (Virgift) 

0.223 

0.05 

Sample  ignited 

3-10 

7000 

'6500 

Kel-F  81 

0.240 

0.05 

Sample  ignited 

j 3-10 

CO 

6900 

6300 

Teflon.  (Virgin) 

0.161 

0.05 

Sample  ignited 

0 

1 
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EKPLOSIBILITY  OF  METAL  POWDERS 


by 


Murray  Jacobson/  Austin  R»  Cooper,^  and  John  Nagy^ 


ABSTRACT 

Data  obtained  in  r’.it.  Bureau's  study  of  dust  explosions  of  313  elemental 
metals ; alloys,  catalysts,  and  ores  comprising  54  types  of  material  are  sum- 
marized. Information  is  given  on  ignition  temperature,  spark  energy  for  igni- 
tion, minimum  explosion  concentration,  explosion  pressure,  rate  of  pressure 
rise,  and  in  some  instances,  the  admixdd  inert  dust  and  oxygen  concentration 
in  an  atmosphere  required  to  prevent  ignition  of  dust  dispersions.  The  effects 
of  particle  diameter  on  explosibility  and  pyrophoricity  are  also  discussed. 

INTRODUCTION 

Explosion  hazards  of  numerous  dusts  have  been  evaluated  during  the  past 
25  years  by  the  Bureau  of  Mines.  These  data  are  being  grouped  according  to 
type  of  material  and  are  being  made  available  to  industry.  Publications  on 
agricultural^  and  plastics^  dusts  have  been  released.  The  present  report 
lists  laboratory  data  on  313  metal,  alloy,  catalyst,  and  ore  samples  comprising 
54  separate  types  of  material;  it  supersedes  earlier  reports  in  which  limited 
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Bureau  of  Mines,  Pittsburgh,  Pa. 

^Physical  science  technician.  Dust  Explosions  Research  Section,  Branch  of  Dust 
Explosions,  Health  and  Safety  Research  and  Testing  Center,  Bureau  of  Mines, 
Pittsburgh,  Pa. 

®Chief,  Branch  of  Dust  Explosions,  Health  and  Safety  Research  and  Testing 
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TABLE  ] • - ignition  and  explbslblHtv  of  metal  powders 


Material 


Aluminum,  atomized ..............  1 

Aluminum-magnesium  alloy........  249 

Magnes  ium. 159 

Thorium  hydride 191 

Zirconium. 22S 

Uranium  hydride 212 

Titanium 194 

Uranium 211 

Thorium 19^^ 


Ignition 
tempetature,i 
° C 

Cloud  Layer 

Minimum 
explosive 
concen- 
tration, 
oz/cu  ft 

Minimum^- 
igniting 
energy  for 
dust  cloud, 
milliioules 

Maximum 

pressure, 

psig 

Maximum 
rate  of 
pressure 
rise, 
psi/sec 

Index  of 
explo- 
sibility 

Severe 

650 

760 

0.045 

50 

73 

20,000+ 

>10 

430 

480 

.020 

80 

86 

10,000 

>10 

620 

490 

.040 

40 

90 

9>000 

>10 

260 

20 

.080 

3 

60 

6,500 

>10 

20 

190 

.045 

= 15 

55 

6,500 

>10 

20 

20 

.060 

=5 

43 

6,500 

>10 

330 

510 

.045 

25 

70 

5,500 

>10 

20 

= 100 

.060 

=45 

53 

3,400 

>10 

270 

280 

.075 

5 

48 

3,300 

>10 

Pittsburgh  seam. 


205 

480 

540 

0.070 

60 

96 

12,000 

6.0 

232 

350 

270 

.085 

60 

69 

9,000 

3.7 

258 

670 

- 

.040 

60 

74 

7,500 

3.6 

267 

540 

540 

.060 

150 

73 

13,000 

2.0 

126 

320 

310 

.105 

20 

41 

2,400 

1.6 

281 

370 

400 

.140 

80 

53 

9,500 

1.3 

- 

610 

180 

.055 

60 

83 

2,300 

1.0 

Ferromanganese . 


Manganese. 


184 

- 

98 

470 

253 

950 

244 

470 

236 

950 

272 

450 

237 

- 

107 

580 

170 

460 

186 

630 

193 

630 

289 

420 

Moderate 


790 

0.110 

400 

<.100 

540 

.190 

400 

<.100 

570 

.180 

290 

.130 

830 

.100 

400 

.230 

240 

.125 

300 

<.200 

430 

.190 

340 

- 

Weak 

750 

460 

0.500 

190 

1.000 

- 

.425 

490 

.220 

330 

.420 

250 

- 

400 

1.300 

670 

2.000 

270 

- 

300 

- 

340 

- 

340 

- 

360 

- 

370 

- 

390 

- 

470 

- 

<500 

- 

540 

- 

None 

990 

- 

910 

82 

12,000 

0.9 

90 

2,400 

.8 

79 

10,000 

.6 

96 

3,700 

.6 

78 

8,500 

.4 

47 

4,200 

68 

2,600 

.3 

55 

4,000 

.1 

48 

2,800 

.1 

50 

2,600 

.1 

37 

1,300 

.1 

43 

300 

- 

Aluminum- iron  alloy 241  870  750  - 720  62  1,800 

Zinc 217  680  460  0.500  960  48  1,800 

Gold  bronze 284  370  190  1.000  - 44  1,300 

Ferrosilicon 278  860  - .425  400  50  700 

Vanadium.... 213  500  490  .220  60  48  600 

Antimony 90  420  330  .420  1,920  8 100 

Cadmium.... 101  570  250  - 4,000  7 100 

Iron  orej  pjrtite 305  420  _ _ - _ 

Ferrovanadium 282  440  400  1.300  400 

Ferrochromium 269  790  670  2.000  _ - _ 

Lead 138  710  270  - - - 

Manganese  ore  (sulfide) ...... ...  312  320  300  _ . _ 

Tellurium..........* 189  550  340  _ _ 

Nickel  ore  (sulfide). .»**.».*.».  313  - 340  _ - - 

Molybdenum 171  720  360  - - - 

Cobalt. 109  760  370  - , - 

Copper  ore  (sulfide) ...... .i ....  299  - 390 

Tungsten....*.*.................  208  730  470  — — **  “ 

Lead  ore  (sulfide)... ...........  308  - <500  - - °9  200 

Beryllium 95  910  540  - - - “ 

None 

Aluminum-bronze  alloy..*.. ......  234  - 990  _ - - - 

Beryllium-copper  alloy. .........  259  _ _ » - - 

Manganese-bronze  alloy ..........  285  - 910 

Nickel. ..................... ......  172  - _ - . - - . 

Selenium...*....... ...... .......  174  _ - 

S tarnles s s teel.  .................... 

^These  data  apply  to  relatively  coarse  dust  (through,  a No.  200  sieve)  but  not  to  submicron  pouder. 
®In  this  test  less  than  1 grain  Of  powder  was.  used.  Larger  quantities  ignited  spontaneously. 
^Ignition  by  guncotton  flame;  electrical  spark  sOUrca  used  for  ignition  of  other  metals.. 
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ture  on  this  test,  the  words  "compatibil- 
ity,” “reactivity,"  and  “sensitivity”  seem 
to  l>e  used  as  though  they  were  inter- 
changeable. .\s  a matter  of  fact,  they  are 
not  e({uivalent  terms,  and,  further,  the  type 
of  impact  test  utilized  to  measure  one  of 
these  (jualities  is  not  neces.sarily  appro- 
priate to  the  others. 

As  a starting  point,  we  can  define  a 
compatible  iTiaterial  reasonably  as  one  that 
will  not  produce  unacceptable  daii,.;ge  or 
malfunction  in  the  lox  system  in  which  it 
will  be  used.  Further,  we  shall  disregard 
for  the  moment  differences  between  the 
test  and  service  systems.  Then  the  se- 
(pience  of  events  in  the  test  can  Ire  dia- 
grammed as  shown  on  page  .34. 


Here  we  see  that  the  first  step  involves  the 
conversion  of  mechanical  energy  into  heat 
and  that  the  question  of  whethei  ignition 
occurs  is  decided  primarily  by  whether  we 
impart  enough  energy  to  effect  ignition  at 
some  localized  site  in  the  test  material.  It 
is  importimt  to  note  that  we  cannot  apply 
directly  a known  amount  of  energy;  rather, 
we  must  apply  a deliberately  excessive 
amount  in  order  to  have  a small  portion 
show  up  as  a hot  spot  in  the  material. 
Further,  the  only  way  we  can  detennine 
whether  a hot  spot  has  occurred  is  by 
olisen'ing  a fire  during  the  test  or  by  noting 
small  char  marks  on  the  specimen  after- 
ward. If  either  response  is  observed,  we 
have  a.iswered  one  question.  Will  this 


amount  of  energy  input  result  in  ignition? 
Such  a test  is  of  course  a quantal  response 
test,  and  we  have  therefore  defined  the 
sensitivity  of  the  material. 

The  second  step  in  the  se(iuence  involves 
the  question  of  whether  an  ignition  will 
propagate  or  die  out.  In  a test  involving 
dynamic  energy  inputs,  the  heat  source 
will  Ire  applied  and  then  removed  (piickly. 
Therefore,  the  propagation  will  depend  to 
a large  extent  on  the  exothennicity  of  the 
reaction  started  plus  the  heat  transfer 
characteri.stics  of  the  test  system  (From 
this,  it  can  Ire  surmised  that  the  degree 
of  propagation  after  ignition  dues  not 
depend  a great  deal  on  the  original  energy 
{nmtimwil  on  pogc  .?2) 
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ABSTRACrT:  The  test  techniques  developed  at  the 
NASA  White  Sands  Test  Facility.  New  Mexico,  for 
determining  the  fla.sh  and  fire  points  ot  materiaK  a.s 
well  as  the  sensitivity  of  materials  to  gaseoits  oxygen 
pneumatic  and  mechanical  impact,  are  discussed.  Test 
pressures  up  to  2000  psia  have  been  used  in  the  flasli 
and  fire  testing  and  test  pressures  up  to  5000  psia  in 
the  impact  sensitivity  tests.  Data  obtained  from  the 
flash  and  fire  system  and  the  impact  sensitivity  test 
apparatus  are  included.  Eac’h  test  system  provides  a 
rapid  means  for  evaluating  materials  for  possible  use 
in  oxy^n  environments  and  a method  for  material 
screening.  The  systems  described  can  be  used  with 
variotis  gas  mixtures  as  well  as  with  100  percent  oxygen. 
Tbe  data  from  the  test  techniques  described  presently 
are  l>eing  used  for  determining  the  c'ompatibility  of 
materials  with  the  high  pressure  ox^en  systems  in  the 
.Apollo  spacecraft. 
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.Manned  space  flight  ha.s  brought  about 
new  techniques  for  testing  materials  for 
use  in  inhabited  areas  of  a spacecraft  as 
well  as  fer  determining  compatibility  of 
materials  with  various  pres.surized  oxygen 
environments.  Licpiid  oxygen  (lox)  impact 
testing,  which  has  lieen  perfomied  suc- 
cessfully for  several  years,  has  over- 
shadowed most  impact  tests  involving 
gaseous  oxygen  (gox).  However,  liecause  lox 
test  data  do  not  correlate  necevsarily  with 
gox  test  data  and  hecau.se  most  oxygen 

<Luc«.  W R and  Rladl.  W A . ASTM  Bullatm.  ASTBA. 
No.  244.  Fob  19«0.  pp  29-^ 

I'  Uquid  Oxygen  CompatibiHty  Impect  Seneittvity  Test 
Method,"  USAF  Specification  Rutletin  527,  U.8.  Air  Force. 
1 May  1961. 
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systems  use  o>:ygen  in  both  its  licjuid  and 
gaseous  phases,  gox  testing  should  l>e  given 
equal  consid'ration. 

Recent  attention  al.so  has  lieen  given  to 
tests  that  permit  the  evaluation  of  a mate- 
rial in  proximity  to  an  electrical  discharge 
in  the  form  of  a spark.  Such  tests  effec- 
tively detennine  the  comhustibility  of  the 
offgassed  products  of  a material  as  a func- 
tion of  temper  dure.  Thus,  flash  and  firt 
point  testing  at  the  application  pressure 
of  a material  can  provide  meaningful  data 
in  all  areas  in  which  electrical  conductors 
are  routed  as  'veil  as  in  areas  in  which 
static  electrical  discharges  may  occur.  This 
paper  presents  the  test  techniques  pres- 
ently lieing  used  at  the  NAS.\  Maimed 
Spacecraft  Center  White  Sands  Test  Fa- 
cility (WSTF)  to  evaluate  the  reactivity  of 
materials  to  gox  impact  and  also  de.scri'oes 
a technique  for  determining  the  Hash  and 
fire  points  of  m iterials  under  various  oxy- 
gen pressures. 

Gaseous  Oxyjen  Impact  Testing 

Materials  used  in  high  pressure  systems 
may  lie  subjected  to  a mechanical  impact 
or  a pneumatic  impact.  Fhe  mechanical 
impact  is  imprj-ted  when  a material  speci- 
men is  struck  with  a steel  striker  pin.  the 


pneumatic  impact  when  a material  is 
subjected  to  a rapid  pressure  increa.se  (step 
function). 

Mechanical  Impact  Test  Eajuipment/ 
The  WSTF  gox  mechanical  impact  test- 
ing apparatus  uses  a drop  weight  impact 
tester  devised  by  the  .\rmy  Ballistic  Missile 
Agency  (.\B.MA),  currently  the  NAS.\ 
George  C.  Marshall  Space  Flight  Center. 
The  basic  .\BM.A  tester  was  modified  by 
replacing  the  20-lh  plummet  with  a T'/j-lb 
plummet  and  by  replacing  the  anvil  with 
a high  pressure  test  chamber  designed  by 
the  WSTF.  This  tester,  hereafter  referred 
to  as  the  WSTF  mechanical  im|>act  tester, 
is  shown  in  Fig.  1.  Figure  2 is  a photograph 
of  the  completed  system  installation. 

A complete  description  of  the  basic 
.\BM.\  impact  tester  may  be  found  in 
several  references'-*;  thus,  no  further  de- 
scription is  given  here.  The  mixlification 
required  to  convert  the  .-\B.M.\  impact 
tester  to  the  W'STF  mechanical  impact 
tester  is  given  in  the  following  paragraphs. 

The  anvil  region  as,semhly  (Fig.  1)  con- 
sists of  the  gox  mechanical  impact  test 
chamber  shown  in  Fig.  3.  \s  are  all  of  the 
parts  except  the  seals  and  diaphragm,  the 
chamlier  frame  (1)  is  constructed  of  .3(K) 
series  stainless  steel  The  equalizer  pin  (2) 
is  used  to  as.sure  that  equal  forc-e  is  im- 
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Table  1— Gaseous  Oxygen  High  Energy  Impact  Test  Results* 

Mechanical  Pneumatic 


Tes! 

Tesi 

Pressure, 

Pressure 

Material 

Energy,  (Ub/ln.^ 

psia 

Reaollons/Tesls 

Hemarks 

psIa 

Reacttons/tests 

Remarks 

EA-40 

200 

250 

4/4 

Total  bum 

3500 

0/1 

No  reaction 

adliesivc 

epoxy 

200 

500 

1/1 

Total  bum 

4000 

0/4 

No  reaction 

4500 

4/4 

Total  burn 

Polyisoprene 

200 

Ambient 

2/2 

Slight  odor, 

500 

0/2 

No  reaction 

sheet 

200 

100 

1/1 

discoloration 
Odor,  slight 

1000 

1/2 

Partial  burn 

1/1 

residue, 

decomposition 

and  odor 

200 

1500 

Violent 

1500 

4/4 

Partial  burn 

explosion, 
total  specimen 
decomposition 

and  odor 

Polyuletliane 

200 

2000 

0/4 

No  reaction 

200 

0/4 

No  reaction 

plastic 

500 

1/2 

Total  burn  and 

odor 

3000 

4/4 

Total  burn  and 

odor 

2T  adhesive 

200 

100 

2/2 

Partial  bum. 

5000 

0/4 

No  n iction 

epoxy 

barely 

detectable 

odor 

200 

250 

4/^ 

Partial  burn. 

* 

barely 

detectable 

odor 

Red  fiber 

200 

lOUO 

0/4 

No  reaction 

1500 

0/4 

No  reaction 

sheet 

200 

1500 

4/4 

Total  bum. 

2000 

1/2 

Total  bum 

black  residue 

2500 

1/2 

Black  residue 

3000 

4/4 

Black  residue 

Fluorosilicone 

200 

3000 

0/2 

No  reaction 

2500 

0/4 

No  reaction 

elastomer 

4000 

0/2 

No  reaction 

3000 

1/4 

5000 

0/8 

No  reaction 

3500 

1/2 

4000 

1/2 

4500 

4/4 

Glass-filled 

200 

500 

1/2 

Severe  dis- 

2500 

0/4 

No  reaction 

teflon 

coloration, 
odor,  ch.arred 

3000 

1/1 

Total  burOy 

residue 

no  residue, 
no  odor 

200 

1000 

1/1 

Sevete  dis- 

3500 

1/1 

Total  burn. 

coloration. 

no  residue. 

odor,  charred 
residue 

no  odor 

200 

3000 

1/2 

Total  bum. 

odor,  veiy 
little  residue 


“Table  1 continued  on  Page  37. 


parted  to  the  diaphragm  pin  (3)  by  the 
plummet.  A rubber  diaphragm  (4)  is  con- 
nected to  the  diaphragm  pin  to  form  A 
pneumatic  amplifler  chamber  (5).  The  shaft 
extension  (6)  provides  mechanical  coupltog 
tlirough  a high  pressure  seal  (7)  to  the 
striker  pin  (S)j  which  is  located  in  the  high 
pressure  test  chamber  (9).  The  striker  pin 
is  tapered  from  approximately  0.5  to  0.25 
in.  and  fits  into  the  specimen  eup  (20). 
which  is  held  in  place  by  the  anvil  nut 
(12).  The  anvil  nut  seal  (22)  prevents  loss 
of  chamber  pressure.  Chamber  ports  (25 
and  24)  are  used  for  pressurizing  and 
exhausting  the  chamber  and  provide  a 
meansfor  pressure  instrumentation.  Striker 
pin  position  is  monitored  by  a position 
indicator  (25).  The  lower  side  (26)  of  the 


pneumatic  amplifier  chamber  is  vented  to 
the  atmosphere.  The  holding  pin  (27)  re- 
tains the  striker  pin  in  Uie  chamber  during 
tlie  loading  operation. 

The  unique  ■■pneumatic  amplifiei*^’  con- 
cept (patentappliedfdr  hyV^STF)  enables 
offsetting  the  upward  chamber  pressure 
force  on  die  striker  pin  by  an  equal  and 
opposite  force  widi  die  pneumatic  ampli- 
fier diaphragm.  This  principle  has  been 
used  with  success  by  WSTF  and  otlier 
government  agencies  to  whom  this  concept 
has  been  supplied. 

The  major  advantages  of  this  type  of 
system  over  those  designs  widi  die  plum- 
met inside  the  test  chamber  are  that  (1) 
die  smaller  chamber  is  manipulated  more 
easily;  (2)  die  small  chamber  volume  per- 


mits safer,  more  economical,  and  faster 
operation;  and  (3)  chamber  accessibility 
with  specimen  cup  and  striker  pin  remov- 
ability permit  easier  cleaning.  The  position 
indicator  allows  precision  adjustment  of 
the  striker  pin  with  respect  to  the  speci- 
men. 

Mechanical  Impact  Sensitivity  Test 
Procedure/  A prepared  and  cleaned  test 
material  specimen  is  placed  in  die  speci- 
men cup,  which  is  positioned  Widlin  the 
test  chamber  by  the  anvil  nut  (see  Fig.  3). 
The  impact  energy  to  which  the  Specimen 
is  to  be  subjected  is  determined.  The 
plummet  drop  height  then  is  adjusted  by 
positioning  die  magnetic  plate  (Fig.  1)  so 
diat  the  specified  impact  energy  will  be 
{conlinued  on  page  37) 
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Table  1— (Continued) 


Mechanical 

Pneumatic 

Test 

Test 

Pressure, 

Pressure, 

Material 

Energy,  ft-lb/ln.^ 

psia 

Reacllons/Tesis 

Remarks 

psIa 

Reacllo-ns/Tests 

Remarks 

Glass-filled 

200 

3500 

4/4 

Total  bum, 

tefion 

odor,  very 
little  residue 

Silicone 

200 

1000 

0/4 

No  reaction 

3000 

0/4 

Mo  reaction 

elastomer” 

200 

1500 

1/2 

Offensive  odor, 

3500 

4/4 

Total  bum. 

total  burn 

small  amount  of 
white  residue 

200 

2000 

4/4 

Offensive  odor, 

total  bum 

GEMON 

200 

4500 

0/4 

No  reaction 

4000 

0/1 

No  reaction 

3010 

polyimide 

200 

5000 

1/3 

White  residue 

4500 

0/4 

No  reaction 

laminate 

formed  on 
upper  surface 

5000 

1/3 

Grav-white 

of  specimen, 
strong  odor 

residue,  no 
odor 

Delrin 

200 

250 

1/2 

Surface  bum- 

250 

1/2 

Cousid  rable 

plastic 

ing,  slight  odor 

surface  bum 
and  odor 

200 

500 

3/4 

Scot,  strong 

500 

3/4 

Considerable 

odor,  entire 

surface  burn 

surface  burned 

and  odor 

200 

1000 

4/4 

Soot,  strong 

1000 

4/5 

Specimen  melted, 

odor,  entire 

producing  odor 

surface  burned 

1500 

1/2 

and  black  soot 
Specimen  melted, 

producing  odor 
and  black  soot 

2000 

4/4 

Specimen  melted. 

producing  odor 
and  black  soot 

EPR 

200 

500 

4/4 

Total  bum. 

1500 

0/4 

No  reaction 

ethylene 

no  residue. 

propylene 

bad  odor 

2000 

4/4 

Total  bum,  no 

nibber 

residue,  bad 
odor 

Epibond 

200 

500 

4/4 

Total  bum. 

1000 

0/4 

No  reaction 

70-1768 

no  odor. 

adhesive 

no  residue 

1500 

1/2 

Total  bum,  no 

paste 

2000 

1/3 

odor,  no  residue 
Total  burn,  no 

odor,  no  residue 

2500 

4/4 

Total  bum,  no 

odor,  no  residue 

L9/3T 

200 

5000 

0/4 

Mo  reaction 

5000 

0/4 

No  reaction 

grease 

Glass 

200 

5000 

0/4 

No  reaction 

5000 

0/4 

No  reaction 

fabric 


"Ail  specimens  lubricaied  with  Krytox  240A0  grease  per  test  requirements. 


delivered  to  tlie  test  specimen.  The  test 
chamber  tlien  is  purged  with  oxygen  and 
pressurized  to  the  test  pressure  by  the 
system  shown  in  Fig.  4.  Pressure  in  the  test 
chamber  forces  the  striker  pin  into  an 
upward  position  as  shown  in  Fig.  3.  The 
pneumatic  amplifier  chamber  is  tlien  pres- 
surized svith  gaseous  nitrogen  (GNg)  (Fig. 
4)  until  the  shaft  position  indicator  shows 
that  the  upward  force  exerted  on  the 
striker  pin  has  been  equalized  by  the 
downward  force  from  the  pneumatic 
amplifier. 

Energizing  the  electromagnet  automati- 
cally releases  the  plummet  safety  catch 
shown  in  Fig.  I.  The  electromagnet  then 
is  deenergized  and  the  plummet  drops  onto 
the  equalizer  pin  (see  Fig.  3).  The  impact 


energy  is  transmitted  directly  to  the  speci- 
men. After  the  test  chamber  and  the 
pneumatic  amplifier  chamber  are  depres- 
surized, tlie  anvil  nut  and  tlie  specimen 
cup  are  removed.  The  specimen  then  is 
inspected  for  evidence  of  reaction. 

Determination  of  Mechanical  Impact 
Reaction/  Tests  to  date  have  indicated 
reactions  varying  from  slight  discoloration 
to  complete  consumption  of  the  specimen. 
The  odor  of  tlie  specimen  residue  varies 
from  nothing  detectable  to  a strong  one  of 
burning.  Based  on  these  specimen  residue 
observations,  WSTF  considers  a specimen 
to  have  reacted  when,  upon  completion 
of  an  impact  test,  the  specimen  residue 
exliibits  discoloration,  charring,  burning, 
or  an  odor  indicative  of  burning. 


Mechanical  Impact  Test  Results  and 
Discussion/  The  results  of  tlie  mechanical 
impact  testing  of  14  materials  are  given 
in  Table  1.  They  were  obtained  by  drop- 
ping a plummet  weighing  lb  from  a 
height  of  16  in.;  thus,  a 200-ft  • Ib/in.^ 
impact  was  imparted  to  the  0.25-in.- 
diameter  test  specimen.  The  pneumatic 
impact  data  also  are  given  in  Table  1 to 
enable  comparison  of  results  from  the  two 
systems. 

Apollo  Program  testing  is  now  being 
performed  with  50-ft  • Ib/in.^  impact  on  a 
0.25-in.-diameter  specimen.  Few  reactions 
have  occurred  at  fliis  low  impact  energy, 
tlius  a limited  number  of  data  are  included 
in  Table  2.  Many  of  tlie  materials  that 
exhibited  no  reaction  at  50-ft  • Ib/in.^  in- 
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Fig.  1—WSTF  m0ch0ncal  ImttaO  f»at 
chamber  Installed  on  bailc  AI3MA 
tester. 


dicated  reactions  at  200-ft  • Ib/in.'*.  The 
best  example  is  visible  in  Fig.  d,  which 
shows  the  reaction  residue  of  polyisoprene 
after  testing  at  1500-psia  oxygen  and 
20()-ft  • Ib/in.*  energy.  Figure  6 shows  the 
condition  of  the  12,000-psia  working  pres- 
sure, oxygen  supply  flex  line  after  the  test. 
Needless  to  say,  the  chamber  also  was 
damaged  extensively  during  this  test.  This 
samr  material  indicated  no  reaction  when 
tested  at  15fl0-psia  oxygen  and  50-ft  • ib/in.* 
ent  rgy.  No  study  of  material  reactivity  as 
a function  of  cleanliness  has  been  con- 
ducted on  the  mechanical  impact  sensi- 
tivity test.  All  specimens  are  cleaned  by 
using  techniques  that  are  identical  to  those 
used  for  pneumatic  impact  specimen 
preparation.  In  brief,  cleaning  is  accom- 
plished by  soaking  and  agitating  (not  ultra- 
.sonically)  solid,  nonporoiis  specimens  in  a 
mild  detergent  and  wiumed,  deionized 
water  solution  for  5 min.  They  then  are 
rinsed  thoroughly  with  deionized  water 
and  dried  with  filtered  nitrogen  and  pack- 
aged in  preclea  led  Teflon  bags.  Unwash- 
able  spec  nens  (liquids,  porous  nonmetal- 
lics)  are  tested  in  i he  as-received  condition. 

Pneumatic  Impact  Testing/  A diagram 
of  tlie  WSTF  pne  imatic  impact  test  sys- 
tem is  shown  in  Fi;(.  7.  The  specimen  cup 
^issembly  and  the  thermocouple  (Fig.  8) 
consist  of  stainless  steel  high  pressure  fit- 
tings. A specimen  0.188  in.  in  ^ameter  by 
0.075  in.  thick  is  common.  A high  speed 
valve  that  opens  in  approximately  2 ms 
provides  the  test  chamber  with  high  ve- 
locity oxygen  flow.  The  high  pressure 
reactor  maintains  the  volume  of  gas  at  test 
pressure  during  test  chamber  pressuriza- 
tion. The  low  pressure  oxygen  purge  con- 
ditions the  specimen  and  chamber  to  as- 
sure an  essentially  100  perceiit  concen- 
tration of  oxygen  during  the  test. 


Caseous  Oxygen  Pneumatic  Impact 
Sensitivity/  The  test  pressure  at  which  the 
specimen  is  to  be  tested  is  established. 
Oxygen  compression  equipment  pressur- 
izes the  reactor  to  the  test  pressure.  A test 
material  specimen  then  is  placed  in  the 
specimen  cup,  and  the  specimen  cup  as- 
sembly is  installed  loosely  on  the  specimen 
holder  fitting.  Low  pressure  oxygen  then 
purges  the  system  and  flows  aruur.J  the 
specimen  cup  assembly  for  60  s. 

The  spccimer  cup  then  is  tiglitened  and 
reactor  test  piessure  and  instrumentation 


Fig.  2—Pt  itograph  of  mechanical  Impact 
test  system. 


readiness  are  verified.  A galvanometer-type 
recorder  then  is  energized  tc  recxird 
chamber  pressure,  chamber  temperature, 
and  valve  cycle  times,  and  an  automatic- 
valve  sequencer  designed  to  provi^  iden- 
tical pressure  cycles  is  actuated.  The  se- 
quencer first  commands  the  high  speed 
valve  to  open  for  50  ms.  The  hi^  speed 
valve  is  closed  and  test  pressure  is  retained 
in  the  test  chamber  for  5 s.  The  sequencer 
then  opens  the  test  chamber  vent  valve  for 
5 s to  permit  the  test  chamber  to  return 
to  ambient  atmospheric  pressure  (approxi- 
mately 12.4  psia  at  WSTF).  This  pressure- 


vent  sequence  is  repeated  four  more  times 
for  a total  of  five  cycles  per  material  speci- 
men. The  specimen  the'',  is  removed  and 
inspected  for  evidence  of  reaction. 

Determination  of  Pneumatic  Impart 
Reaction/  Tests  to  date  have  displayed 
reactions  producing  etfects  ranging  from 
odor  and  slight  discoloration  to  total  com- 
bustion. Again,  based  on  specimen  residue 
observations  and  specimen  cup  tempera- 
ture records,  WSTF  considers  a specimen 
to  have  reacted  when,  upon  completion  of 
an  impact  test,  the  specimen  residue  ex- 
hibits discoloration,  charring,  burning,  or 
an  odor  indicative  of  a reaction. 

Pneumatic  Impact  Test  Results  and 
Discu.ssiori/  The  results  of  the  pneumatic 
impact  te.<  ting,  using  the  system  configura- 
tion shown  in  Fig.  7 at  test  pressures  up 
to  5(KX)  pda,  of  20  different  materials  are 
presented  in  Tables  1 and  2.  Comparison 
of  mechanical  impact  data  on  the  same 
materials  indicates  no  apparent  correlation 
between  the  two  test  methods. 

Test  specimen  cleanliness  is  extremely 
im[X)rtant  in  these  tests.  As  an  example, 
one  Teflon  specimen  tested  at  2(KX)  psia 
in  its  as-received  condition  was  consumed 
completely.  Another  specimen  of  material 
that  had  been  cleaned  with  Freon  showed 
no  reaction  up  to  5000  psia. 

Flash  and  Fire  Point  Testing 

Materials  used  in  physical  systems  gener- 
ally are  subject  to  exposure  to  an  electrical 
discharge  of  energy  in  the  form  of  a spark 
or  arc.  This  discharge  could  be  the  result 


Rg.  3— WSTF  mechanical  'mpact  test 
chamber. 
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Table  2— Gaseous  Oxygen  Low  Energy  Impact  Test  Results 


Mechanical 

Pneum^ittc 

Test 

Test 

Pressure^ 

Pressure, 

Material 

Energy,  n.lb/ln.^ 

psia 

Reactlons/Tests 

Remarks 

psia 

Reactlons/Tests 

Remarks 

Viton 

50 

4000 

0/1 

No  reaction 

3500 

0/4 

No  reaction 

rubber 

50 

5000 

0/4 

No  reaction 

4000 

1/3 

Total  bum,  odor, 

white  ash 

Red 

50 

5000 

0/4 

No  reaction 

1500 

0/4 

No  reaction 

fiber 

sheet 

2000 

1/2 

Total  burn. 

black  residue 

2500 

1/2 

Total  burn. 

black  residue 

3000 

4/4 

Total  bum. 

black  residue 

2T  adliesive 

50 

4500 

0/4 

No  reaction 

5000 

0/4 

No  reaction 

epoxy 

50 

5000 

1/3 

Total  bum. 

black  residue 

Virgin 

50 

5000 

0/4 

No  reaction 

4000 

0/4 

No  reaction 

teflon 

sheet 

4500 

4/4 

Total  burn,  no 

odor,  no  residue 

Neoprene 

50 

5000 

0/4 

No  reaction 

1000 

0/4 

No  reaction 

nibber 

1500 

2/3 

Total  bum,  odor. 

black  residue 

4500 

4/4 

Total  burn,  odor. 

black  residue 

Buna-N 

50 

5000 

0/4 

No  reaction 

1500 

0/4 

No  reaction 

rubber 

2000 

2/4 

Slight  odor,  no 

residue,  total 
burn 

".OOO 

4/4 

Slight  ouor,  no 

residue,  total 
burn 

Silicone 

50 

4500 

0/4 

No  reaction 

1000 

0/4 

No  reaction 

elastomer 

50 

5000 

1/2 

Strong  odor, 

1500 

l/I 

Total  burn,  no 

partial  burn 

residue,  no  odor 

Krytox 

. 50 

5000 

0/4 

No  reaction 

5000 

0/4 

No  reaction 

240AC 

grease 

Polyisoprene 

50 

1500 

0/4 

No  reaction 

500 

%f/2 

No  reaction 

sheet 

1000 

1/2 

Partial  burn 

and  odor 

1500 

4/4 

Partial  bum 

and  odor 

of  static  electricity  buildup,  electrical 
wiring  short  circuit,  high  voltage  arcing, 
or  other  such  phenomena.  The  flash  and 
fire  point  test  was  developed  to  determine 
the  relative  reactivity  of  materials  when 
subjected  to  a given  impulse  of  energy  in 
tire  form  of  an  electrical  discharge.  While 
tlie  test  pressure  and  the  atmospheric  mix- 
ture are  maintained  constant  and  the  tem- 
perature is  increased  at  a linear  rate,  an 
electrical  spark  is  discharged  periodically 
across  a spark  gap  located  above  the  test 
specimen. 

Test  Equipment/  Flash  and  fire  point 
testing  is  done  in  the  test  fixture  shown 
in  Fig.  9.  This  chamber  has  a volume  of 
approximately  0.5  liter.  A specimen  is 
placed  in  tlie  aluminum  specimen  cup  (2). 
A glass  chimney  (2)  is  used  between  the 
cup  and  the  spark  electrodes  (3)  to  prevent 


spark  arc  over  to  the  cup.  The  chimney 
also  is  used  to  direct  the  offgassed  products 
of  the  specimen  past  tlie  spark  electrodes. 
An  asbestos  washer  (4)  prevents  heat  sink- 
ing of  the  specimen  hy  the  stainless  steel 
test  chamber  (5).  A 1500-W  heater  (6)  is 
coiled  around  the  cup.  This  heater  is  in- 
sulated from  the  test  chamber  with  an 
asbestos  liner.  A thermocouple  (7)  monitors 
the  cup  temperature  and  provides  the 
control  temperature  signal  to  the  temper- 
ature rate  conholler  (S).  The  spark  gene  - 
ator  (9)  applies  the  spark  high  voltage 
across  the  high  voltage  chamber  feed- 
throughs (20).  The  temperature  rate  con- 
troller (S)  applies  sufficient  heater  power 
to  the  heater  coil  (6)  through  the  heater- 
power  chamber  feedthroughs  (22)  to 
maintain  a 25  F/min  temperature  rise  rate 
over  the  test  temperature  range.  A pressure 


port  (22)  supplies  the  test  atmospheric 
environment  and  evacuates  the  chamber. 
A safety  pressure  relief  valve  also  is  con- 
nected to  a port  opposite  the  one  shown 
as  22. 

Flash  and  fire  occurrence  can  be  moni- 
tored visually  through  tlie  glass  viewport 
(23)  and  electronically  by  the  photoelectric 
cell  detector  (24)-storage  oscilloscope  (25) 
arrangement.  The  flash  and  fire  occur- 
rences are  coupled  to  tlie  photocell  detec- 
tor tlirough  a quartz  rod  (26).  This  rod 
penetrates  the  viewport  through  a Teflon 
feedthrough  bushing  (27).  Chamber  pres- 
sure is  maintained  constant  by  the  120-liter 
ballast  tank  (18).  Figure  10  is  a photograph 
of  the  flash  and  fire  chamber. 

Flash  and  Fire  Point  Determination 
Test  Procedure/  A 0.5  ± 0.005-g  speci- 
men is  loaded  in  the  specimen  cup  and 
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Table  3— Flash  and  Fire  Point  Teel  Results' 


TmI 

PrMMira. 

pala 


Ramaflit 


t»m. 


Fig.  5— Reactfon  naklu*  of  polyi$opr»n». 


the  glass  chimney  is  installed.  The  spark 
electrodes  are  adjusted  to  0.75  ± 0.025  in. 
above  the  top  surface  of  the  specimen  and 
the  spark  gap  is  adjusted  to  0.125  ± 0.025 
in.  The  chamber  is  evacuated  to  at  least 
0.1  psia  and  liackfilled  to  the  required  test 
pressure  (Test  materials  with  low  vapor 
pressures  are  not  subjected  to  the  evacua- 
tion process.  For  these  materials,  the 
cham^r  is  first  purged  for  1 min  with  the 
test  atmosphere  at  ambient  pressure  and 
then  pressurized  to  the  test  pressure.).  The 
temperature  rate  controller  and  spark 
generator  are  energized. 

The  specimen  temperature  is  programed 
automatically  to  increase  from  room  tem- 
perature to  the  upper  test  temperature 
at  a 25  ^ 5 F/min  rate.  A 2 1-ms,  50  ± 

20-mJ  spark  (average  energy)  is  discharged 
for  each  4 ^ 1 F increase  in  temperature. 
Three  specimens  of  each  material  are 
tested.  The  chamber  is  cooled  and  the 
specimen  cup  and  fixture  are  cleaned  lie- 
fore  each  test  is  performed. 

The  chamber  is  monitored  visually  for 
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Table  3— (Continued) 


TmI 

Pr«Mur«. 

FiMh  Point. 

Fir*  Point. 

Teat 

pala 

dagF 

d«gF 

Flltw* 

Remarks 

50 

454 

4.54 

II 

100 

452 

452 

H 

500 

435 

435 

II 

1000 

4.30 

4.30 

II 

1500 

.300 

300 

II 

Vilon 

201 X) 

379 

379 

H 

5 

600 

None 

L 

25 

640 

874 

V) 

731 

828 

L 

50 

0(M 

6(M 

II 

l(K) 

501 

.501 

II 

.500 

513 

513 

II 

1000 

4H3 

483 

II 

1.500 

472 

472 

11 

Nicrotmuc  .VI 

20<X) 

40» 

469 

II 

1500 

713 

713 

II 

('hainlker  rupture 

occurred  from  igni- 
tion of  test  chamber 

Butyl  nibher 

5 

713 

None 

1. 

internal  components 

25 

656 

650 

1. 

50 

052 

6V) 

L 

50 

448 

446 

II 

100 

431 

431 

II 

500 
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II 

1000 

332 
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11 

1500 
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II 

Glass-filled 

2000 

202 
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II 

Teflon 

5 
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1, 

25 

874 

None 

1. 
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50 
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L 

5 

566 
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1, 

25 
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L 

50 

.520 
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L 

50 
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II 
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II 

500 
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II 
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II 
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II 
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II 
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Fig.  6— Flex  line  damage  due  tc  polylto- 
prene  reaction. 


Fig.  7— F'STF  pneumatic  Impact  teat  aya- 
tem. 


flash  points  and  for  fire  points.  Addition- 
ally, the  storage  oscilloscope  displays  a 
basic  “spark  backgrotuid"  for  each  spark 
occurrence.  A change  in  this  basic  pattern 
occurs  whenever  a flash  or  fire  occurs. 

Determination  of  Reaction/  The  flash 
point  of  a material  is  defined  as  the  lowest 
temperature  at  which  a material  will  give 
off  flammable  vapors  that,  when  mixed 
with  the  test  atmosphere  and  exposed  to 
the  spark  ignition  source,  will  provide  a 
nonself-su.staining  flash  or  flame.  The  fire 
point  of  a material  is  defined  <>i  the  lowest 
temperature  at  which  a material  will  give 
off  flammable  vapors  that,  when  mixed 
with  the  test  atmosphere  and  exposed  to 
the  spark  ignition  source,  will  continue  to 
bum  after  ignition. 

The  oscilloscope  displays  for  a fla.sh 
point  vary  consimrably;  however,  it  has 
lieen  possible  to  categorize  reactions  as 
shown  in  Fig.  11.  The  photographs  are  of 
actual  ocxrurrences,  whereas  the  drawings 
that  are  located  under  each  photograph 
represent  the  pattern  seen  on  the  oscillo- 
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Flq.  S—WSTF  pntumatic  Impact  tatl  sya- 
lam. 


scope  screen.  Figure  1 In  shows  a phenom- 
enon designated  as  the  "halo”  effect.  This 
terminology  is  taken  from  .\STM  Test  for 
Flash  and  Fire  Points  by  Cleveland  Open 
Cup  (D  92-57);  however,  whether  the 
physical  phenomena  that  have  occurred  in 
the  WSTF  test  are  identical  to  the  phe- 
nomena described  >n  the  ASTM  procedure 
is  not  known.  It  appears  that  the  spark 
supplies  sufficient  energy  to  the  offgassed 
vapors  so  that  i.^ni/ation  occurs,  yet  no 
flame  propagation  is  evident.  The  result, 
as  displayed  on  the  oscilloscope,  is  an 
increase  in  signal  amplitude  without  an 
increase  in  signal  duration  (with  respect 
to  the  basic  spark  pattern).  Visually,  th(- 
halo  effect  usually  is  evident  as  a bluish 
glow  around  the  spark  electrodes  coinci- 
dent with  the  spark. 


Fig.  10— P/K>to0r«p/>  of  Haah  and  Hra  chant- 
bar 


Figure  life  displays  a fla.sh  point.  The 
amplitude  of  the  signal  (as  monitored  by 
the  oscilloscope)  is  maintained  for  a longer 
period  of  time  than  is  that  of  the  Irasic 
spark.  The  signal  amplitude  can  be  greater 
or  less  than  the  amplitude  of  the  basic 
spark,  depending  upon  photocell  response 
to  the  light  wavelength  of  the  flash  and 
to  the  light  output  of  the  flash.  Becau.se 
the  oscilloscope  vertical  amplifler  is  d-c 
cx>upled,  a fire  is  indicated  by  a d-c  level 
increase  that  lasts  for  the  duration  of  the 
fire,  as  shown  in  Figs.  11c  and  lid. 

Flash  and  Fire  Test  Results  and  Discus- 
sion/ A comprehensive  study  of  the  re- 
peatability of  flash  and  fire  points  has  been 
accomplished  by  using  materials  chosen  as 
chemically  stable  standards.  Figure  12 


gives  the  test  rr  mlts  for  four  of  these  ma- 
terials. Spark  energy,  chamlier  pressure, 
spark  electrode  height  above  the  specimen, 
and  spark  gap  distaiice  were  maintained 
constant  throughout  the  tests.  The  test 
results  indicate  excellent  reproducibility. 

Preliminary  tests  indicate  that  the  fla.sh 
point  is  dependent  upon  .spark  intensity, 
test  pressure,  and  temperature  but  rela- 
tively independent  of  the  height  of  elec- 
trodes above  the  specimen.  The  flash  point 
dependence  upon  spark  inteasity  creates 
some  problems,  because  the  amount  of 
available  spark  voltage  must  be  increased 
and  spark  gap  distance  decreased  as  test 
pressure  requirements  increase  so  that  the 
spark  will  jump  the  gap.  This  results  in 
a change  of  energy.  Likewise,  as  the  tem- 
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TIME  - MSEC 

A.  "HALO“ EFFECT 


a "FLASH"  POINT 


TIME-  MSEC 

C.  "FIRE"  POINT 


■'  D FIRE  after  17  SECONDS 


Fig.  U— Typical  oaclllotcopa  diaplayt  and  actual  photograph*  of  Hath  and  fire  point  test 


perature  is  increasing,  the  voltage  required 
to  initiate  a spark  is  less;  thus,  spark  energy 
also  varies  with  temperature. 

VV.STF  now  is  performing  two  series  of 
flash  and  Are  tests.  The  first  series  is  desig- 
nated as  the  low  pressure  test  and  uses  the 
svstem  descrilred  herein.  Testing  to  50  psia 
and  l(XK)F  is  possible  with  this  system. 
The  second  series  uses  a test  chamber  of 
the  same  volume  but  with  much  thicker 
walls  and  a 5500-W  heater  power  capabil- 
ity. Testing  to  .KXH)  psia  and  1000  F is 
possible  with  this  high  pressure  test  system. 
Reactions  and  flash  and  fire  points  from 
the  two  systems  are  different.  This  differ- 
ence <s  attributed  to  the  increased  spark 
voltage  and  current  and  to  the  decreased 
spark  gap  distance  required  at  high  pres- 


sures to  enable  the  spark  to  cross  the  gap. 
.\nother  possibility  is  that  materials  may 
autoignite  before  the  flash  point  b reached. 

An  illustration  of  this  difference  is  shown 
in  Fig.  13,  which  shows  the  high  pressure 
flash  and  fire  chamber  after  the  severe 
reaction  incurred  while  testing  powdered 
Nicrobraze  50  alloy  at  1500  psia  in  a 1(X) 
percent  oxygen  atmosphere.  The  flash  and 
fire  points  occurred  simultaneoasly  at 
715  F.  The  intense  flame  temperature  from 
the  burning  specimen  ignited  the  spark 
electrodes  and  the  heater.  Burning,  in 
conjunction  with  the  corresponding  pres- 
sure increase,  forced  the  oxygen  inlet 
fitting  to  blow  out.  Molten  metal  was 
spewed  about  the  test  area,  causing  the 
damage  seen  in  the  photograph.  When 
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Fig.  M— Flash  and  fire  point  repeatability 
test 


tested  in  50-psia,  1(X)  percent  oxygen  with 
the  low  pressure  system,  the  same  material 
had  no  flash  or  fire  point.  The  basic  differ- 
ence in  the  two  systems  is  a factor  of  three 
to  four  increase  in  spark  generator  output 
for  the  high  pressure  system  as  well  as,  in 
this  instance,  a considerable  difference  in 
test  pressure. 

The  WSTF  has  perfonned  flash  and  fire 
pressure-profile  tests  as  well  as  materials 
screening  tests  on  many  materials.  Table 
3 gives  results  for  several  materials  tested 
at  various  pressures.  The  apparent  anomaly 
at  50  psia  between  data  from  the  two 
fixtures  is  attributed  to  the  required  change 
of  spark  generators  when  switching  from 
the  low  to  high  pressure  svstems.  As  was 
noted  previously,  the  high  pressure  tests 
require  much  more  spark  voltage  to  obtain 

{conHminI  an  page  lf2) 


Rg.  t3— Photograph  of  high  pressure  flash 
and  fire  chamber  alter  NIcrobrate 
50  reaction. 
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(continued  from  page  SI) 


Table  3— Effect  of  Pressure  on  Impact  Sensitivity  in  Gaseous  Oxygen 

% Reaction  at 

Material 

Thickness, 

Pressure,  N/cm-’ 

6.8  X 10‘> 

3.4  X 10“ 

68  X 10* 

34  X 10« 

Fluorinated  hydrocarbon 

0.188 

66.6 

50 

20 

0 

Fluorinated  silicone 

0..328 

100 

100 

50 

50 

Silicone 

0.152 

100 

100 

50 

Table  4— Impact  Sensitivity  of  Selected  Materials  in  Liquid  and  Gaseous  Oxygen  at 

10  kg*m 

Material 

Thickness, 

Pressure, 

% Reaction  in 

cm 

N/Iri'! 

lox 

gox 

Nvion 

0.008 

3.4  X 10“ 

20 

50 

Silicone 

0.152 

68  X 10“ 

100 

100 

Polytctralluoroethylene 

0.165 

3.4  X 10“ 

0 

10 

ChlorotrillHorocarbon  plastic 

0.317 

6.8  X 10“ 

0 

0 

2.  The  impact  sensitivity  of  materials  in 
gaseous  oxygen  varies  directly  with  pres- 
sure. 

3.  The  relative  rating  of  the  materials 
tested  in  lox  at  pressures  up  to  6.8  X 
10®  N/m®  is  the  same  as  lox  at  9.5  X 
10'‘N/m2. 

4.  This  tester  provides  flexibility  of  test 
conditions  for  evaluation  of  a wide  variety 


Assessment  of  Impact  Test  Techniques 
(continued  from  page  33) 

input.).  By  our  previous  definition  of  com- 
patibility, it  follows  that  there  are  two 
categories  of  compatible  materials:  those 
that  are  insensitive  and  those  that  are 
sensitive  but  do  not  propagate.  Incom- 
patible materials,  of  course,  are  those  tlrat 
exhibit  both  sensitivity  and  a tendency  to 
propagate. 

Clearly,  if  we  are  to  define  the  compati- 
bility of  a material  by  test,  we  must  meas- 
ure both  sensitivity  and  the  tendency  to 
propagate,  that  is,  the  potential  reaction 
intensity. 

Conclusions 

We  have  attempted  herein  to  review  the 
development  of  the  two  lox  impact  test 
methods  appearing  in  Part  18  of  the  ASTM 
Standards  and  to  present  some  of  the 
aspects  involved  in  using  such  tests  to 
choose  materials  for  lox  systems.  Hope- 
fully, we  have  presented  a conclusive  case 
to  the  effect  that  both  sensitivity  and  reac- 
tion intensity  measurements  are  necessary 
for  credible  choices  between  materials. 

Noting  that  one  of  the  above  metliods 
purports  to  measure  sensitivity  and  the 
otlier  yields  reaction  intensity,  it  would 
seem  that  the  use  of  both  would  solve  the 
problem.  We  have  attempted  to  show, 
however,  that  the  sensitivity  test  violates 
so  many  fundamental  aspects  tliat  its  in- 
ability to  yield  acceptable  precision  is  not 


of  materials  in  fuels  and  oxidizers. 

5.  The  abo\'e  data  are  tentative  and,  as 
such,  constitute  preliminary  test  results  for 
the  conditions  noted.  A much  more  com- 
prehensive test  program,  structured  to 
yield  statistically  meaningful  cardinal  data 
over  a wide  variety  of  materials  of  interest 
currently  is  in  progress  at  the  Marshall 
Space  Flight  Center.  B B H 


surprising.  The  reaction  intensity  test  ap- 
pears to  yield  meaningful  results,  but  tlie 
method  is  so  new  that  it  has  not  been  used 
outside  the  laboratory  where  it  was  de- 
veloped, and  we  know  nothing  about  its 
reproducibility.  Moreover,  even  if  the 
reaction  intensity  test  does  prove  to  be  re- 
producible through  interlaboratory  testing, 
it  will  not  constitute  a complete  measure 
of  compatibility;  precise  sensitivity  infor- 
mation also  is  needed.  Therefore,  we  must 
conclude  that  a new  test  for  sensitivity 
with  better  precision  than  now  available 
is  needed  urgently. 
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Determination  of  Flash  and  Fire  Points 
and  Impact  Sensitivity 
(continued  from  page  43) 

spark  propagation;  thus,  arcing  at  the 
points  occurs  during  tlie  spark  discharge. 
Because  this  arcing  causes  a higher  tem- 
perature spark,  it  is  expected  that  the  flash 
and  fire  points  occur  at  lower  tempera- 
tures. 

Another  interesting  observation  is  that, 
whereas  munerous  flashes  but  few  fires 
occur  witli  the  low  pressure  system,  flash 
and  fire  points  generally  occur  simulta- 
neously when  die  high  pressure  system  is 
used.  This  variance  is  attributed  to  the 
difference  in  spark  generators  or  perhaps 
the  greater  possibility  of  autoignition 
under  high  pressure  conditions.  WSTF  is 
performing  studies  to  determine  die  rela- 
tionship of  flash  and  fire  points  to  spark 
characteristics  as  well  as  autoignition 
properties  under  high  pressure  ojq'gen  en- 
vironments. 

It  should  be  pointed  out  that  a difficulty 
arose  when  we  attempted  to  specify  spark 
energy  as  a control  parameter.  Energy 
measurement  in  the  low  pressmu  system 
is  straiglitforwai’d  and  can  be  accomplished 
by  measuring  the  spark  current  and  voltage 
compared  to  time,  plotting  a power  enve- 
lope, and  then  obtaining  the  area  under 
the  curve.  Tliis  measurement  can  be  per- 
formed readily  because,  at  the  low  pres- 
sures involved,  die  spark  is  in  the  form  of 
a “normal  glow  discharge”  as  described  by 
Cobine®;  thus,  die  voltage  wave  form  is 
fairly  smooth  and  easy  to  define.  At  higher 
pressures,  however,  the  required  increase 
in  spark  voltage  causes  an  erratic,  frequent 
transition  from  normal  glow  to  arcing  dur- 
ing the  spark  period.  Because  different 
energies  exist  for  die  two  conditions,  even 
an  approximate  measurement  of  energy  is 
difficult.  Nonetheless,  a quantity  that  is 
measured  easily  is  spark  gap  current  as  a 
function  of  time,  which  can  be  displayed 
on  a store;;^. , oscilloscope  by  using  a current 
probe  or  a current  sampling  resistor.  Al- 
though this  current  measurement  does  not 
describe  directly  the  spark  energy  deliv- 
ered (as  is  desired),  it  does  give  a means 
for  calibrating  individual  spark  generators 
to  ensure  that  die  same  energy  profile  is 
used  for  different  test  setups. 

General  conclusions 

Gaseous  Oxygen  Impact  Testing/  Test- 
ing to  date  using  the  WSTF  mechanical 
and  pneumadc  impact  systems  has  pro- 
vided reproducible,  repeatable  data  for 
test  pressures  up  to  5000  psia  in  a 100 


“Cobine.  J.  D.,  Gaseous  Conductors,  Weary  end  Engi- 
neering AppliceHons,  Dover  Publications,  New  York,  1958, 
p.  250. 
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percent  gaseous  oxygen  environment.  The 
systems  now  are  being  used  to  provide  data 
for  screening  and  evaluation  of  materials 
considered  for  use  in  manned  spacecraft, 
high  pressure  oxygen  systems.  The  data 
indicate  no  correlation  between  gaseous 
oxygen  mechanical  and  pneumatic  impact 
test  results;  thus,  each  provides  valuable 
data  for  materials  evaluation.  However, 
there  are  materials  that  do  not  react  to 
either  test. 

Further  evaluation  of  both  test  methods 
is  required  before  standardization  can  be 
accomplished.  Variables  to  lie  investigated 
include,  for  mechanical  impact,  the  effects 
of  specimen  size,  specimen  configuration, 
impact  energy,  plummet  drop  height,  and 
specimen  temperature  upon  material  re- 
activity and,  for  pneumatic  impact,  the 
effects  of  specimen  size,  specimen  configu- 
ration, specimen  chemical  composition, 
system  response  time,  and  shock/adiabatic 
compression  upon  material  reactivity. 

Flash  and  Fire  Point  Testing/  The  low 
and  high  pressure  flash  and  fire  point 
determining  systems  also  have  provided 
repeatable,  reproducible  test  results.  Vari- 
ables requiring  close  control  are  distance 
between  spark  electrodes,  spark  output, 
and  chamber  pressure.  Two  of  the  out- 
standing characteristics  of  the  apparatus 
are  that  visual  flash  and  fire  ^ta  are 
augmented  with  electronically  obtained 
data  rnd  that  any  test  environment  com- 
patible with  the  test  chamlier  material  can 
be  used. 

Further  investigations  of  the  effects  of 
spark  output  upon  flash  and  fire  points  are 
required  to  estalilish  a realistic  standard 
value.  Once  this  has  been  accomplished, 
a standard  test  procedure  should  be  estab- 
lished. ■ ■ ■ 

A .Shock  Sensitivity  Tester 
{conHnueil  from  piigf  21) 
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|4|  tireen,  ]..  Leviite.  N.  &,  and  Sheehan,  \V.  R„ 
"Pblymen  for  I'le  In  Fluorine-Containing  Oat- 
dizers,"  Hulltiin  of  the  flrh  IJquid  fVopabkm 
SympraiHm.  C:hemical  Propulsion  Information 
AgetKy.  Sept.  1964. 

|5|  Rohertson.  A.  B..  TmmaiMom  of  the  Faraday 
Soriefy.  TFSOA.  Vol.  44.  1948.  p.  977. 

|8|  Mocek.  A..  Chrmitvl  Retieut.  CTIRF.A.  Vol.  62. 
1962.  p.  41. 

|7|  Zipperawyer.  M„  Chemlra,  Vol.  13,  I9S9.  p.  190. 
[8]  Cook.  M.  .A.,  Pock,  D.  M.,  and  McEwana.  W.  S.. 
Tranrartionr  of  the  Faraday  Society,  TFSOA.  Vol. 
56.  I960,  p.  1028. 

|9|  Utfidd  Ptoprllanl  Teat  Method),  Joint  .Army,  Navy, 
NASA,  .Air  Force  AA’orking  Group,  Chemicid 
Propulsion  Information  .Agency,  1960.  rvith 
supplements  at  irregidar  intervals. 

( f 0|  IJhftdd  hoprllanl  Teal  Method*.  Joint  Army,  Navy, 
NASA,  .Air  Force  AA’orking  Group,  Test  I.  "Cari 
‘Gap  Test  for  Shock  Sensitivity  of  Liquid  Moiro- 
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Jim.  10-12 — Pennsylvania  State  University, 
Biiilt-l'p  Roof  Design,  Roofing  Prolileins  and 
Their  Solution,  University  Park,  Pa.,  Fee — WO. 
Contact:  C.  Charriere,  .Architectural  Engineer- 
ing. Continuing  Education  Coordinator,  101 
Engineering  A Building,  Universitv  Park.  Pa. 
1BS02  or  Tele:  (814)  885-6394. 

Jim.  28-July  2 — American  Iron  and  Steel  In- 
stitute, C^old  Formed  Steel  Design,  Cornell  Uni- 
versity, Ithaca,  N.Y.,  Fee — $125.  Contact:  Prof. 
J.  C.  Snith,  Director  of  Continuing  Engineering 
Education,  251  Carpenter  Hall.  Cornell  Univer- 
sity, Ithaca,  N.Y.  148.50. 

Jun.  28-July  2 — Tustin  Institute  of  Technol- 
ogy, Inc.,  Viliration  and  Shock  Test  Fixture 
Design.  Los  Angeles,  Calif.,  Fee — $290.  Contact: 
Tustin  Institute  of  Technolojy,  Inc.,  22  E.  Los 
Oliros  St.,  Santa  Barliara,  C^alif.  9310.5  or  Tele: 
(805)  963-1124. 

July  12-16 — Mas.sachusctts  Institute  of  Tech- 
noloy^.  Strain  Cage  Techniques,  Cambridge, 
Mass.  Contact:  Director  of  the  Summer  Session, 
Rin.  E19^T56,  MIT.  Cambridge,  Mass.  02139. 

July  12-16 — University  of  -Southern  Califor- 
nia, Computer  and  Communication  Statistical 
Reliability,  Ixis  .Angeles,  Calif..  Fee — $300.  Con- 
tact: University  of  Southern  California  Univer- 
sity C^ollege,  Noncredit  Programs,  University 
Park.  Los  .Angeles,  Calif.  9fXK)7. 

July  19-23 — Engineering  Foundation  of  the 
United  Engineering  Trustees,  Inc.,  Clinical 
Engineering,  Deerfield  .Academy,  Deerfield, 
Mass.,  Fee — $100.  Contact:  Engineering  Foun- 
dation, 3«  E.  47th  St.,  New  York,  N.Y.  1(X)17. 

July  19-2.') — American  Society  for  Metals, 
Metallographic  Interpretation,  Red  Carpet  Inn, 
Milwaukee.  AVis.  Contact:  Dr.  AVilliam  M, 
Mueller,  Director  of  Education,  ASM,  Metab 
Park,  Ohio  4407,3. 

July  19-23 — Ohio  State  Ui.  versity,  .Appli- 
cations of  Human  Factor  Principles  in  Systems 
Design,  Coliunbiis,  Ohio.  Fee — $225.  Contact: 
R.  D.  Frasher,  Coordinator  of  Continuing  Engi- 
neering Studies,  Ohio  State  University,  2070  Neil 
.Ave.,  C^olumbus,  Ohio  4.3210  or  Tele:  (614)  422- 
7469. 

July  19-23 — Georgia  Institute  of  Technology, 
Computer  Engineering,  Course  I — Digital 
Process  Control,  Atlanta  Ga,  Fee — $2(X).  Con- 
tact: Director,  Dept,  of  Continuing  Education, 
Georgia  Institute  of  Technology,  .Atlanta  Ga 
30332  or  Tele:  (404)  8734211,  Ext.  343 

July  26-30 — Pennsylvania  State  Univenity, 
Fundamental  and  .Applied  Aspects  of  Metal 
Fatigue,  University  Park,  Pa.  Contact:  Pennsyl- 
vania State  Universitv,  University  Park,  Pa. 
16802  or  Tele:  (814)  865-8585. 

July  26-30 — Georgia  Institute  of  Technology, 
Computer  Engineering,  Course  II — Signal  Pioc- 
es-sing.  Passive,  Active,  and  Digital,  Fee — $200. 
Contact:  Director,  Dept,  of  Continuing  Educa- 

{rtmllnued  on  page  54) 


For  gradation  testing  of  stone,  slag,  coal, 
ores,  sand,  gravel  and  similar  materials,  or 
for  mass  separations  for  research  purposes. 
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e Low  maintenance;  near-zero  down- 
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clamping  e Optional  built-in  spe^  control 
accessory  e Optional  sand  attachment  for 
3"  sieves  e Size  range  4"  to  No.  200  a 
Uample  capacity  up  to  1 cu.  ft. 

Made  by  the  makers  of  the  GILSON  Testing 
Screen,  test-sizing  starxlard  of  the  industry 
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3 substantial  body  of  data  including  more  than  240^000  tests* 


TESULTS 


Ihe  results  obtained  by  applicatioi  of  the  foregoing  test  procedure 
to  a wide  variety  of  different  products  are  tabulated  according  to 
categories  in  Tables  I through  VIII, 

Ihere  are  two  ratinga  given  for  each  niaterialt  one  for  the  indi- 
vidual sample  or  lot  evaluated?  the  other  for  the  material  in  general. 

For  exarrple^  it  should  be  noted  that  Viton  "A"  has  an  overall  batch 
test  rating  even  tticsugh.  individual  Samples  or  batches  may  be  satisfactory 
or  unsatisfactory.  The  materials  are  rated  as  folloi'/s  when  evaluated 
in  accordance  with  tb.e  provisions  of  HSK3-SPEC-1063: 

Satisfactoiy  (S)  - Approved  for  LOX  service  if  cleaned  and/or 

processed  by  applicable  standarc3s. 

Jar  Test  (JT)  - Satisfactory  as  stated  above  v/ith  tlie  provision 
that  each  jar  or  sample  within  a manufactiuBr's 
'batch  must  be  indi.vidually  tested  and  found 
acceptable  0 

Batdi.  Test  (BT)  - Satisfactory  with  the  provisicn  that  each 

marmfacturer's  batch  Of  the  product  must  be 
individually  tested  and  found  acceptable, 

Ihccttplete  (I)  - Insufficient  test  experience  to  rate  sample 
a.dequately,  * 

liisatis  factory  (0)  - Capable  of  vigorous  burning  or  explodingf 

in  contact  witli  LOX, 

The  batch  test,  jar  test,  and  incartplete  categories  deserve  special 
mmtion,  }«5aterials  wtiich  are  basically  compatible  with  IDX  can  be 
dared  incotpatible  by  trace  aithunts  of  impurities.  The  policy  of  \TSfC 
is  to  rate  as  satisfactory  specific  lots  of  new  materials  found  to  be 
insensitive,  if  the  cheifiical  ccmposition  of  these  materials  is  aVciil- 
able.  However,  such  materials  generally  are  placed  in  the  batch  test 
category  until  tests  have  been  ccsroleted  ch  samples  frcrni  a sufficient 
nunber  of  different  lots  to  indicate  adequate  quality  control.  The 
large  nurrber  'of  materials  included  in  tlte  batch  test  category  reflects 
the  practice  of  testing  new  products  as  they  appear  an.  the  market  even 
vhen  no  immediate  applicatich  is  indicated,  Jlaterials  for  iwhich  the 
chemical  crmposition  is  not  available,  and  for  whidi  samples  fron  only 
Che  Of  two  lots  have  been  testedi  ate  placed  in  the  inccmplete  category* 


Such  materials  are  not  approved  for  IDX  service  until  additicnal  infor- 
mation becoTBs  avail^le*  In  addition,  it  has  been  found  that  variations  • 
can  occur  within  a given  lot  or  batcii,  Therefore,  it  is  necessary  to 
test  each  sample  within  a certain  batch  or  lot. 

Three  notes  of  caution  are  in  order,  (1)  Whenever  possible,  sl 
conplete  identification  is  made  of  the  materials  tasted.  Although  seme 
general  conclusions  can  be  drawn  relative  to  certain  classes  or  chemical 
families  of  materials,  it  is  definitely  unsafe  to  predict  the  behavior 
of  any  totally  ne^^?  product  on  this  basis.  Even  materials  normally  in- 
eirt>  to  K)X  can  be  rendered  unsafe  by  minute  amounts  of  processing  addi- 
tives, pigments,  etc«,  tliat  may  be  favored  by  one  raanufactiirer  or 
processor.  It  is  equally  msafe  to  define  a material  for  a specific 
application  in  liquid  oxygen  solely  on  the  basis  of  a military  or  otlier 
specification  for  a general  purpose  product,  since'  most  of  such  speci- 
fications do  not  limit  sufficiently  the  chemical  constitution  of  the 
product.  (2)  Assuming  there  is  freedom  from  deleterious  additives  or 
contaminants,  the  chemical  nature  of  the  product  primarily  governs  its  ■ 
behavior  bc^/ard  LOX.  For  these  reasons,  the  tabulated  test  data  are 
applicable  only  to  tiie  specific  proprietary  products'  '^ntucS 
not  apply  to  otl^FsimiXar  materials  or  to  other  products""^etxng  -the 
g'i?ne'''’''s^cl^Icatx^V”  ' (ietermined  tiVat'lrpa^^ 

specifications  bn  th®  fluorinated  plastics  are  not  sufficient  to  deter- 
mine that  they  are  of  virgin,  mfilled,  or  undyed  vrriety.  This  has 
necessitated  a change  in  sorre  of  the  ratings  listed  in  the  tables  to 
reflect  this  ccncern.  Fluorinated  plastics  are  generally  given  a rating 
of  batch  test  unless  it  has  a manufacturer  identification  number.  Under  no 
circumstances  should  a ratmg  of  satisfactory  be  inferred  fpr__all_polytet^ 
f luoroethylene , fluorinated  ethylene  propylene,  or  chlorotrifluorocaibon 
polymers  iinless  the  specific  manufacturer's  or  vendor's  product  has  been 
evaluated  in  its  use  thichness. 

'An  additicnal  factor  that  !?]ust  be  kept  in  mind  in  evaluating  the 
data  is  that  only  the  chemical  compatibility  of  the  material  x^/itli  o;<yqen 
systems  is  reported  crit^  apply  to  all  materials 

^lcTT  may  cxlatalct 'oj^ygenT"*  However,  uany  other  factors  usually  must  be 
considered  ^fore  a final  material  selection  can  be  made.  For  exarole, 
if  a lubricant  were  to  be  i:ised  on  an  0-ring  in  a valve  in  an  oj^gen 
system  at  lo?  temperature,  at  least  four  additional  factors  must  be 
investigated  as  follavs; 

1,  Corrosivity  of  the  lubricant  and  metal  ccrapcnents  which 
it  may  contact  during  storage  and  use, 

* • 

2,  Compatibility  of  the  lubricant  and  elastomer  0-ring  or 
other  seals, 

3,  Low  temperature  behavior  of  the  i\±>ricant. 
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4«  Lx±>ri«ity  of  the  material  under  operating  conditions* 

' NatuTcilly#  ttie  factors  to  be  caisidered  in  final  selection  of  any 
naterial  ajine  dependent  upon  the  service  intended.  Selection  and  evalu- 
ation of  these  factors  will  vary  widely.  Thus,  it  is  not  feasible  to 
attenrot  to  pirovide  .in  this  report  all  of  the  informaticn  necessary  to 
assess  fully  the  adequacy  of  a mat^ial  for  specific  applications. 

However,  unless  extenucithig  circumstances  exist,  this  Center  will  not 
approve  tlie  xase  of  ar^y  material  listed  as  "thsatis  factory*'  in  the  attached 
tables  in  ojq^gen  systems* 

Ihe  selecticn  of  the  specific  material  to  xise  amcng  those  rated  as 
satisfactory  will  depend  upon  the  particular  application  intended, 

•fhis  Center  should  be  ccnsulted  darectly  for  such  assistance. 


DISCUSSICN 


Lctoricants 

Lubricants  tested  for  impacrt:  sensitivity  in  IDX  are  s^cwn  in  Table 
1,  It  is  realized  that  none  of  ttie  fluids  or  greases  that  withstood 
the  impact  test  would  actually  functicn  as  lubricants  at  LOX  temperature 
(-297®F) , Hwever,  all  materials  withstanding  this  test  are  ccnsidered 
safe  for  use  in  gaseous  oxygen,  ;vhieh  also  is  a hazardous  envi.roninent. 
The  only  tyjte  of  li±>ricant  cap^le  of  functicning  at  lOX  tenpernture 
would  be  a solid  or  dry  film  lubricant.  Although  a nutrber  of  these 
appear  insensitive  to  impact,  their  adhesion  and  functional  diaracter- 
istics  at  LOX  temperature  have  not  yet  been  proven  through  use  at  this 
Center, 

All  petroleurarderived  lubricants  tested  to  date  have  proven  to  be 
impact  sensitive,  as  expected.  The  conventional  silicone  greases  and 
fluids  ccnstitaate  a similar  hazard. 

All  ecmpletely  flcjuriiiated  and/or  chlorinated  fluids  and  greases 
tested  to  date  have  proven  satis  fat^ry  for  LOX  service  from  ’the  stand- 
point of  iirpact  sensitivii^*  This  includes  materials  nav  being  marketed 
under  the  trade  names  of  "Fluorplube" , "Kel-P,"  and  "Halocari^cn*"  * 
Ha^ever,  any  specific  fluorocarbon  lubricant  for  which  no  data  are  tabu- 
lated should 'be  tested  prior  to  use  to -insure  tliat  its  inherent  ccm- 
patibility  will  not  be  affected  advejsely  by  additives  that  may  be 
present*  ^ ■ 

names  of  the^  manufacturers  of  all  prcprietnrcy  prodects  iTsentioned 
in  the  test  of  this  report  are  provided  in  Tables  1 through  8, 
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TABLE  I.  LUBRICANTS 


No. 

Energy. 

Batch 

Manufacturer 

Test 

' THIckncss 

Reactions/ 

Level 

Or  Jar 

Material 

Material 

orSource 

No. 

Composition 

Remarks 

Onch) 

No.  Tests 

Kg-M 

Rating 

Rating 

Aerolon  G Dty  Film  Lubricant 

Aciieson  Colloids  Company 

4072 

Colloidal  graphite, 

Spray  coat  on  stainless 

0/40 

10 

S 

BT 

Isopropanol  and  Freon 
Hand  12 

steel  inserts 

Aerolon  M Dry  Film  Lubricant 

Aclieson  Colloids  Company 

4074 

Colloidal  molydisulfide, 

Spray  coat  on  stainless 

0/40 

10, 

S 

BT 

Freon  1 1 and  12, 
isopropanol  and 
methylene  chloride 

steel  inserts 

Anderol  Lubricant  L-*i  18 

Lehigh  Cliemical  Company 

1445 

Molybdenum  disulphide 

Violent  explosion 

0.050 

1/8 

10 

u 

U 

and  veli'ide 

1/2 

5 

u 

U 

0/10 

2 

u 

U 

Andcro!  Grease  L-IS2 

Lehigh  Cliemical  Company 

1336 

0.050 

2/5 

1/15 

10 

5 

u 

u 

U 

U 

Anderol  Solvent  Resistant 

Lehigh  Chemical  Company 

1452 

0.050 

0/20 

5 

u 

U 

Grease  L-237 

• 

AnderolSyntlietic  Multi-Purpose 

Lehigh  Chemical  Company 

1446 

Test  halted  because 

0.050 

1/4 

10 

u 

U 

Grease  L-278 

of  reaction  violence 

Anderol  Grease  L-4I9 

Lehigh  Chemical  Company 

1338 

Violent  explosion 

0.05cf 

1/2 

I/I 

10 

5 

u 

u 

U 

u 

Anderol  Low  Temperature 

Leliigh  Chemical  Company 

1335 

0.050 

1/2 

10 

u 

u 

OilL-451 

VA 

5 

u 

tl 

Anderol  Tlrixotropic  Grease  J.-730 

' Leiiigli  Chemical  Company 

1443 

0.050 

2/8 

1/2 

I/IO 

10 

5 

u 

u 

u 

2 

u 

u 

Anderol  Syntlietic  Long  Fiber 

Lehigii  Chemical  Company 

1447 

0.050 

1/7 

5 

u 

0 

Grease  L»7S2 

U/13 

2 

u 

u 

Anderol  SynthetieLong  Fiber 

Lehigh  Chemical  Company 

1444 

Violent  explosion 

0.050 

2/20 

10 

0 

u 

Grease  L-754 

Anderol  Grease  (MIL-G-15793) 

Lehigh  Chemical  Company 

875 

0.050 

0/20 

10 

I 

1 

L-79J 

Anderol  Grease  L-79S 

Lehigh  Chemical  Company 

1339 

0.050 

2/9 

5 

u 

0 

Anderol  Fluid  JM368 

Lehigh  Cliemical  Company 

SII 

Haiogenated  hydrocarbon 

Experimental  product 

0.050 

0.'20 

10 

I 

BT 

Apiezon  L Grease 

A.H.  Thompson  Company 

739 

Long  chain  aliphatic 

0.050 

2/12 

10 

u 

U 

hydrocarbon 

2/2 

8 

u 

u 

‘ 

2/4 

5 

u 

u 

TABLE  I.  LUBRICANTS  (Continued) 


Msteiul 

Manutacturer 

orSource 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

^kzon  M Greue 

A,H.  Thompson  Company 

740 

Long  drain  ’aliphatic 

0.050 

2/12 

10 

u 

U 

ApiezonQ  Wax 

A.ll.  Tliompson  Company 

8726 

Long  chain  aliphate 

0.050 

10/20 

10 

u 

U 

Aro(;rorIM2i, 

Monsanto  Cliemical  Company 

8215 

Clilorinated  biphenyl 

Violent  Reactions 

0.050 

11/34 

10 

u 

U 

Bclco  Ko-Hamc  Grease 

Bel  Ray  Corporation 

5845 

0.050 

1/20 

10 

1 

I 

Belto  1245  Grease 

Bel  Ray  Corporation 

5840 

Polymers  of  triiluo! 

0.050 

0/20' 

10 

s 

BT 

vinyl  chloride 

Betco  12^0  Grease 

Bel  Ray  Cotporation 

5846 

Polymers  of  trifluoro- 

0.050 

0/20 

10 

s 

BT 

vinyl  chloride 

Bestoil 

Oster  Manufacturing  Company 

5649 

Violent  Reaction 

0.050 

10/20 

10 

u 

V 

9/20 

8 

u 

U 

14/20 

6 

u 

U 

11/20 

4 

u 

U 

6/20 

2 

u 

U 

2/20 

1 

u 

U 

Bestoil 

Oster  Manufacturing  Company 

8442 

Violent  Reactions 

0.050 

Sl/100 

10 

u 

u 

u 

u 

51/100 

6 

u 

u 

41/100 

4 

u 

u 

22/100 

2 

u 

u 

21/100 

1 

u 

u 

CBS  Dry  Film  Lubricant  5940 

Columbia  Broadcasting 

2723 

Copper,  silver,  and 

Coating  on  stainless 

0/19 

10 

BT 

s 

•Company  Laboratory 

molydisulfide 

steel  inserts 

CBS  Dry  Film  Lubricant  CLD  5940 

Columbia  Broadcasting 

3797 

Copper,  silver,  and 

Applied  to  stainless 

0/20 

10 

S 

s 

Company  Laboratory 

molydisulfide 

steel  inserts 

CcmiIubeOil220 

Celancse  Corporation 

1057 

Violent  reactions 

0.050 

2/5 

10 

u 

u 

Celvacene  Light  Vacuum  Grease 

Consolidated  Electrodynamics 

1788 

Violent  reactions 

0.050 

4/20 

10 

u 

u 

Corporation 

Cluysler-Ciiapman  Processed  Oil 

Chrysler  Corporation 

9832 

0.050 

0/20 

10 

3 

BT 

Chrysler-Chapman  Processed  Oil 

Clirysicr  Corporation  . 

10281 

0.050 

0/20 

!0 

s 

BT 

Cimcool  AL 

Cincinnati  Milling 

4408 

Hydrocarbon  oil  base 

0.050 

2/4 

10 

u 

u 

Products  Company 

1/1 

i/2 

7 

6 

u 

u 

U 

u 

0/20 

5 

V 

u 

Compound  Rust  and  Corrosion 

1616 

0.050 

3/20 

10 

u 

u 

Inhibiting  (M1L-C-12I78) 

TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Conducto  Lube  Grease 

Conducto  Lube  Company 

600 

Electrically  conductive 

2/5 

in 

U , 

grease 

1/4 

5 

U 

1/6 

1 

U 

Cosmoline  Grease  1044 

E.F.  Hougiiton  Company 

1337 

Violent  explosion 

0.050 

l/I 

10 

U 

CosmolubeNo.  I Grease 

E.F.  Hougiiton  Company 

793 

Violent  explosion 

0.050 

2/6 

10 

U 

Cosmolube  Grease  101 

E.F.  Houghton  Company 

794 

Violent  explosions 

0.050 

2/11 

10 

U 

Cusmolube  (M1L-L-4343A)  615 

E.F.  Hougiiton  Company 

798 

Violent  explosions 

O.OSO 

2/9 

10 

U 

I/li 

5 

U 

CTFE  Polymer  Oil 

Hauser  Research  and 
Engineering  Company 

6765 

Reprocessed  Oil 

0.5  ml 

1 

0/20 

10 

S 

CX-I  Lubricant 

Kennedy  Space  Center 

9156 

0.050 

14/20 

10 

U 

Daa  Dispersion  Dip  Coating  1 54 

Aciiesoii  Colloids  Company 

3451 

Colloidal  graphite  in 

Applied  to  stainless 

0/20 

10 

I 

alcohol 

steel  inserts 

Dag  Dispersion  155 

I Aclieson  Colloids  Company 

3448 

Colloidal  graphite  and 

Applied  to  stainless 

0/20 

10 

S 

f 

Triclene  D 

steel  inserts 

DagDispersion  210 

Aciiesoii  Coiloids  Company 

3453 

Colloidal  molydisullTde  in 

Applied  to  stainless 

4/20 

10 

U 

1 

isopropyl  alcohol 

steel  inserts 

2/5 

5 

U 

1 

0/20 

3 

U 

Dag  Dispersion  21 1 

Aclieson  Colloids  Company 

3449 

Colloidal  molydisulfide 

Applied  to  stainless 

0/20 

10 

S 

in  tricliloroethylene 

steel  inserts 

Dag  Dispersion  217 

Aciieson  Colioids  Company 

844 

Graphite  and  organic 
vehicle 

Violent  explosion 

1/10 

10 

U 

Desco  Formulation  TF-48 

Delta-Desco  Company 

9220 

Fluorocarbon  base 

Stem  packing 
lubricant 

0.050 

0/20 

10 

S 

Dow  Coming  Grease  3 

Dow  Corning  Corporation 

831 

Silicone 

0.050 

2/6 

10 

U 

.4/10 

8 

U 

1/14 

5 

U 

Dow  Corning  Grease  4 

Dow  Corning  Corporation 

809 

Silicone 

0.050 

3/13 

10 

U 

1/17 

5 

U 

Dow  CorningGrease  5 

Dow  Coming  Corporation 

832 

Silicone 

0.050 

2/2 

10 

V 

2/6 

5 

V 

Dow  Coming  Grease  6 

j Dow  Coming  Corporation 

835 

Silicone 

0.050 

2/3 

10 

u 

1/17 

5 

u 

TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarhs 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Materia] 

Rating 

Dow  Corning  Grease  7 

• Dow  Coming  Corporation 

930 

Silicone 

0.050 

2/2 

2/3 

10 

5 

U 

u 

U 

u 

0/15 

2 

u 

u 

Dow  Com'  ' Grease  U 

Dow  Coming  Corporation 

445 

Silicone 

0.050 

2/3 

10 

u 

u 

0/15 

5 

u 

u 

Dow  Corning  Grease  33 

Dow  Corning  Corporation 

159 

Silicone 

0.050 

2/1 1 

10 

u 

u 

(Light  Consistency) 

‘ 

1/6 

5 

u 

u 

0/20 

3 

u 

u 

DC-33  Grease  (Ught  Consistency) 

Dow  Coming  Corporation 

8412 

Silicone 

Cell  (II 

0.050 

26/100 

10 

u 

u 

LotM-347 

26/100 

8 

u 

u 

lu/IOO 

6 

u 

u 

8/100 

4 

u 

u 

3/100 

2 

u 

u 

0/100 

1 

u 

u 

DC-33  Grease 

Dow  Coming  Corporation 

10333 

Silicone 

0.050 

7/20 

10 

u 

u 

DC-33:  Grease  Lot  M-347 

Dow  Coming  Corporation 

7299 

Silicone 

Standard  grease  cups 

0.050 

4/20 

10 

u 

u 

(Ught  Consistency) 

7300 

Standard  grease  cups 

3/20 

7.62 

u 

u 

7301 

Standard  grease  cups 

1/20 

5.54 

u 

u 

7303 

Standard  grease  cups 

1/20 

4.16 

u 

u 

7302 

Standard  grease  cups 

0/20 

3.46 

u 

u 

DC-33  Grease  Lot  M-347 

7304 

Two  piece  cups 

0.050 

6/20 

10 

u 

u 

(Light  Consistency) 

7305 

Two  piece  cups 

5/20 

7.62 

u 

u 

7306 

Two  piece  cups 

2/20 

5.54 

u 

u 

7308 

Two  piece  cups 

1/20 

4.16 

u 

u 

7307 

Two  piece  cups 

0/20 

3.46 

u 

u 

Dow  Coming  33  Grease 

Dow  Coming  Corporation 

5641 

Silicone 

Light  consistency 

0.050 

5/20 

10 

g 

u 

u 

u 

u 

3/20 

6 

u 

u 

3/20 

4 

a 

u 

' 

0/20 

2 

u 

u 

0/20 

I 

u 

u 

Dflw  Coming  Grease  41 

Dow  Corning  Corporation 

829 

Silicone 

0.05U 

2/20 

10 

u 

u 

Dow  Corning  Grease  44 

Dow  Corning  Corporation 

158 

Silicone 

0.050 

2/20 

10 

u 

u 

Dow  Coming  Grease  55 

Dow  Corning  Corporation 

420 

Silicone 

0.050 

1/2 

I/A 

10 

5 

u 

u 

u 

u 

0/8 

2 

u 

u 

Dow  Corning  Fluid  200  (200  cs) 

Dow  Coming  Corporation 

177 

Silicone 

0.050 

7/20 

10 

u 

u 

Dow  Coming  Fluid  550 

Dow  Corning  Corporation 

838 

Silicone 

0.050 

2/8 

10 

u 

u 

TABLE  I.  LUBRKHANTS  (Continued) 


Material 

Manufacturer' 
or  Source 

Test 

No. 

Composition 

Remarks 

Tliickness 

(inch) 

No. 

Reactions 
No.  Tests 

Energy 

Level 

Kg.ni 

Batch 
or  Jar 
Rating 

.Material 

Katiiig 

Dow  Cornine  Fluid  560 

Dow  Coming  Corporation 

4636 

Silicone 

0.050 

dZw 

10 

U 

1’ 

7/20 

5 

U 

1' 

2/50 

4 

U 

1' 

2120 

3 

U 

1' 

0/(20 

1 

U 

U 

Dow  Cornins  Fluid  702 

Dow  Corning  Corporation 

383 

Silicone 

0.050 

2/9 

10 

U 

U 

1/5 

5 

U 

U 

Dow  Coming  Fluid  703 

Dow  Coming  Corporation 

384 

Silicone 

0.050 

2/4 

10 

U 

U 

Dow  Corning.  Fluid  7 10 

Dow  Coming  Corporation 

781 

Silicone 

0.050 

2/6 

10 

U 

11 

2/4 

s 

U 

u 

f 

2/JD 

3 

U 

u 

0/20 

2 

U 

u 

Dow  Corning  Fluid  710 

Dow  Coming  Corporation 

4730 

Silicone 

0.050 

2/6 

10 

U 

u 

• 

2/4 

5 

U 

u 

2/20 

3 

u 

u 

0/20 

2 

u 

u 

Dow  Coming  Valve  Seal  A 

Dow  Coming  Corporation 

444 

Silicone 

0.050 

2/20 

10 

U 

u 

Dow  Coming  High  Vacuum  Grease 

Dow  Corning  Corporation 

213 

Silicone 

0.050 

10/20 

10 

u 

u 

Dow  Coming  Electric  Motor  Grease 

Dow  Coming  Corporation 

593 

Silicone 

0.050 

1/6  . 

10 

u 

u 

1/20 

5 

u 

u 

Dow  Corning  E-4-31 12 

Dow  Coming  Corporation 

7451 

Fluorosilicone 

Experimental 

0.025  ml 

0/20 

10 

s 

1 

(Lot  B-1723-1) 

7451) 

Fiuorosiliconc 

Compound 

0.050  ml 

C/20 

10 

s 

1 

Dow  Coming  E-322-62-1-2 

Dow  Coming  Corporation 

785-J 

Fiuorosilicone 

0.050 

4/20 

10 

u 

u 

2/20 

5.6 

u 

u 

0/20 

4.9 

u 

u 

0/20 

4.2 

u 

u 

* 

0/20 

3.5 

u 

u 

Dow  Corning  E-322-62-1-3 

Dow  Corning  Corporation 

7965 

Fluorosilicono 

0.050 

•7/20 

10 

u 

u 

3/20 

5.6 

u 

u 

1/20 

4.9 

u 

u 

0/20 

4.2 

u 

u 

0/20 

3.5 

u 

u 

Drilube  701  (Oxylube) 

Voi-Shan  Manufacturing 

8266 

Coated  on  cadmium  plated 

0.050 

0/20 

10 

s 

s 

Company 

A 286  steel 

Drilube  701  (Oxylube) 

Dritube  Company  - 

2116 

MolydisuinUe  in  ethyl 

Spray  coating  on 

0/35 

10 

s 

s 

1469 

alcohol  and  ethyl  acetate 

stainless  steel  inserts 

TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Drilubc  702  lOxylubc) 

Drilube  Company 

1650 

MoIydisuinUc  in 
chromous  and  phosphoric 
acid 

0.050 

0/20 

10 

S 

s 

Drilube  703  (Oxylube) 

i ■ 

Drilubc  Company 

825 

Molydisulfide  in 
chromous  and  phosphoric 
acid 

0.050 

0/20 

10 

S 

S 

Drilube  Dip  Coating  90  / • 

: Drilube  Company 

1368 

Dip  coating  on  stainless 

2/3 

10 

U 

U 

/ 

/ 

Drilube  822  ' , 

steel  inserts 

1/17 

5 

U 

U 

Drilube  Company 

4490 

Fluorinatpd  silicone 

Dispensed  in  poly- 

0.010 

5/20 

10 

U 

U 

' V 

ethylene  tube 

Drilube  822  ■ ■ ' 

Drilube  Company 

4080 

FIuorinaTed  silicone 

Dispensed  in  poly- 

0.050 

0/20 

10 

U 

U 

ethylene  tube 

Drilube  Type  822,  MMS  N306A 

Drilubc  Company 

7589 

Fluorinated  silicone 

Twenty-four  tubes  tested; 

0.050 

0-2/20 

10 

U 

U 

(Lot  3034)  / 

sensitivity  varies  from 
tube  to  tube 

Dry  Lube 

V.Bt  Products.  Incorporated 

6641 

On  aluminum  discs 

0/20 

10 

I 

I 

DuMetal 

Oarlock.  Packing  Company 

814 

Teflon  and  sintered  metal 

For  bearing  surfaces 

0.063 

0/20 

10 

S 

BT 

Dumore  "0”  Cool: Bearing  Oil 

Dumore  Company 

1334 

0.050 

l/I 

10 

u 

U 

1/3 

5 

u 

U 

Duo  Vacuum  Pump  Oil 

Welch  Scientific  Company 

376 

0.050 

1/9 

10 

u 

U 

0/11 

7 

u 

U 

Ecoalube  Dry  Film  Lubricant 

Everlube  Corporation 

7824 

Organic  bonded  dry 

Air  dried  45  min. 

0.008 

19/20 

10 

u 

U 

film  lubricant 

1 hourat4Q0°F 

Electrofilm  Lubribond  A 

Electtofilm,  incorporated 

9430 

Organic  bonded  molydi' 
sulfide  and  graphite 

0.005 

8/20 

10 

u 

U 

Electrofilm  Lubribond  A 

Electrofilm,  Incorporated 

4433 

Resin  bonded  dry 

Air  dry.  Spray  coat  on 

3/20 

10 

u 

U 

film  lubricant 

stainless  steel  inserts 

2/20 

5 

u 

U 

. 

0/20 

3 

u 

U 

Electrolilm  Lubribond  B 

Electrofilm,  incorporated 

5874 

Dry  film  lubricant 

Stainless  steel  inserts 

10/20 

10 

u 

U 

(Batcli  171042  3-9-64) 

with  rcsiu  binder 

dipped  and  air  dried 

4/20 

10 

u 

U 

7/20 

6 

u 

u 

7/20 

4 

u 

u 

0/20 

2 

u 

u 

0/20 

I 

u 

u 

Electrolilm  Lubribond  M 

Electrofilm,  Incorporated 

6651 

Dry  film  lubricant  in 

Sample  sprayed  on 

0/20 

10 

s 

BT 

a volatile  carrier 

stainless  steel  inserts 

TABLE  I.  LUBRICANTS  (Continued) 


No. 

irnergy 

Batch 

Manufacturer 

Test 

Tiiickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kft'm 

Kaling 

Rating 

Electronim  Uibc-Lok  M-I266 

Electrofilm,  Incorporated 

5872 

Stainless  steel  inserts 

0/20 

10 

S 

nr 

dipped  and  air  dried 

0/20 

10 

S 

nr 

Electrofilm  tubribond  M 

Electrofilm,  Incorporated 

4432 

Spray  bomb  dry  film 

Air  dry.  Spray  coat  on 

0/20 

10 

s 

BT 

lubricant 

stainless  steel  inserts 

Elcctro-Moly  Powder  Grade  I 

Electrofilm,  Incorporated 

4625 

Molybdenum  disulphide 

Stainless  steel 

0/20 

10 

s 

s 

solid  lubricant 

inserts  used 

Elcetro-Moly  Powder  Grade  2 

Electrofilm,  Incorporated 

4624 

Molydisulfide  powder 

Stainless  steel 

0/20 

10 

s 

s 

Eleetro-Moly  PowderGrade  2 

Electrofilm.  Incorporated 

6647 

Molydisulfide  powder 

inserts  used 

0/20 

10 

s 

s 

Electronim  66-C 

Electrofilm,  Incorporated 

1310 

Molydisulfide  and 
organic  vehicle 

Spray  coating 

1/80 

10 

s 

11  r 

Eleclronim  I7-S 

Electrofilm,  Incoijoratcd 

981 

Solid  film  lubricant  with 
thermosetting  resin 

2/20 

10 

u 

u 

Electronim  99A 

Electrofilm,  Incorporated 

4426 

Resin  bonded  solid 

Dip  coat  on  stainless 

2/60 

10 

u 

u 

nim  lubricant 

steel  inserts 

Spray  Bomb  tubricanl  G 7.8  in 

Electrofilm,  Incorporated 

4425 

Dip  coat  on  stainless 

0/20 

10 

s 

BT 

A.C.  Propellant  Freon  12 

steel  inserts 

Electrofilm  1000 

Electrofilm,  Incorporated 

535 

Ceramic  bonded 
molydisulfide 

Spray  coating 

0./20 

10 

u 

It  • 

Electronim  1005 

Electronim,  Incorporated 

4431 

Ceramic-bonded 

Dip  coat  on  stainless 

0/20 

10 

s 

BT 

(Lot  No.  149S32) 

molydisulfide  solid 
film  lubricant 

steel  inserts 

Electrofilm  2006 

Electrofilm,  Incorporated 

534 

Molydisulfide,  synthetic 

Violent  explosions 

2/2 

10 

U 

U 

graphite  with  silicone 

2/2 

5 

u 

U 

and  formaldehyde  resins 

1/3 

3 

u 

U 

Electrofilm  ( ube-Lok  2306 

Electrofilm,  Incorporated 

6647 

Inorganic  bonded 

Stainle.ss  steel  inserts 

Smear 

0/20 

10 

s 

BT 

molydisulfide 

Hiectronim  Lubc^Lok  2306 

Electrofilm,  Incorporated 

5867 

Inorganic  bonded 

Stainless  Steel  inserts 

0/20 

11.3 

s 

BT 

(Batch  1678) 

molydisulfide 

dipped  and  air  dried 

■ 0/20 

10 

s 

BT 

Electrofilm  Lube-Lok 

Electrofilm,  Incorpomted 

4429 

Inorganic-bonded 

Dip  coat  on  stainless 

0/20 

10 

s 

BT 

No.  2306  (Lot  No.  146031) 

molydisulfide 

steel  inserts 

Electrofilm  Lube-Lok  2396 

Electrofilm,  Incorporated 

4256 

Molydisulfide  and 

Coating  applied  to 

0.001 

0/40 

10 

s 

BT 

graphite  with 
sodium  silicate 

stainless  steel  inserts 

Electrofilm  Lube-Lok  3396 

Electrofilm,  Incorporated 

5863 

Molydisulfide  graphite 

Stainless  steel  inserts 

0/20 

11.3 

s 

BT 

(Batch  1459) 

with  sodium  silicate 

dipped  and  air  dried 

0/20 

10 

s 

BT 

TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

— 

Composition 

Remarks 

Tliichness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Electrofilm  Lube-Lolc  2396 

Electrofilm,  Incorporated 

6648 

Molydisulfide  graphite 

Stainless  steel  inserts 

Smear 

0/20 

10 

S 

BT 

(Batch  145931) 

with  sodium  silicate 

Eiectrofilm  Liibe-Lok  2406 

Electrofilm,  Incorporated 

5865 

Inorganic  bonded  dry 

Stainless  steel  inserts 

0/20 

11.3 

S 

BT 

(Batch  1711) 

nim  lubricant 

dipped  and  air  dried 

0/20 

10 

Electrofilm  Lube-Lok  2406 

Electrofilm,  Incorporated 

6650 

Stainiess  steel  inserts 

Smear 

0/20 

10 

S 

BT 

(Batch  171142) 

, • 

Electrofilm  4396 

Electrofilm,  Incorporated 

2724 

Molydisuindc  and 

0.001 

7/20 

10 

U 

U 

graphite  with  vinyl 

4/20 

5 

U 

U 

binder 

3/20 

3 

U 

U 

0/20 

2 

U 

U 

Electrofilm  5396,  Diluted 

Electrofilm,  Incorporated 

7380 

Dry  film  lubricant 

Brushed  on  stainless 

2/20 

10 

U 

U 

(Batch  203353) 

with  resin  binder 

steel  inserts 

1/20 

9 

U 

U 

0/20 

8.31 

U 

U 

* 

0/20 

7.62 

U 

U 

0/20 

6.93 

U 

0 

Electrofilm  5396 

Electrofilm,  Incorporated 

4430 

Resin  bonded  solid 

Dip  coat  on  stainless 

3/20 

10 

U 

U 

fiim  lubricant 

steel  inserts 

Everlube  Dry  Film  Lube  81 1 

Everlube  Corporation 

6971 

Molydisulfide  and 

Stainless  steel  inserts . 

0/20 

10 

S 

s 

sodium  silicate  binder 

brush  coated,  24  hours 

air  dry 

Everlubc  Dry  Film  Lube  81 1 

Everlube  Corporation  ’ 

7361 

Molydisulfide  and 

Stainless  steel  inserts 

0/20 

10 

S 

S 

(Batch  020905) 

sodium  silicate  binder 

dipped  and  air  dried 

(I -inch  and  2-inch 

anvil  used) 

Everlube  811 

Everlube  Corporation 

1829 

Molydisulfide  and 

Dip  coating,  cured  at 

• 0/20 

10 

S 

S 

sodium  silicate 

400'F 

Everlube  81 1 (Sample  No.  1) 

Everiubc  Corporation 

5417 

Dry  film  lubricant 

Dip  coating  on 

0/20 

10 

S 

s 

consisting  of  moly- 

stainless  steel  inserts 

disidfidc  and  inorganic 

binder 

Everlube  SI  1 (Sample  No.  2) 

Everlube  Corporation 

5418 

Dry  film  lubricant 

Dip  coating  on 

0/20 

10 

S 

s 

consisting  of  raoly- 

stainless  steel  inserts 

disulfide  and  inorganic 

binder 

Everlube  811-B2 

Everlube  Corporation 

4424 

Dry  film  lubricant 

Dip  coating  on 

0/20 

10 

s 

s 

consisting  of  moly- 

stainless  steel  Inserts 

disulfide  and  inorganic 

binder 

cn 

o 


TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

EveriubeSUB 

Everlube  Corporation 

4306 

Molydisulfide  and 

Coating  applied  to 

0/20 

10 

S 

s 

sodium  silicate 

stainless  steel  inserts 

Esso  Grease  M-lOO  Super  MIL  ASU 

Esso  on  Company 

1317 

0.050 

3/10 

10 

U 

u 

I/IO 

5 

U 

u 

Pel  Pro  C-lOO 

Felt  Products  Company 

3761 

Molydisulfide  and 

0.010 

2/3 

10 

U 

u 

organic  vehicle 

1/4 

4 

U 

u 

• 

1/3 

3 

U 

u 

1/5 

2 

U 

u 

0/7 

I 

U 

u 

Flexonic  Bearing 

Gariock  Packing  Company 

7208 

Lead  impregnated  Teflon 

0.121 

0/20 

10 

S 

BT 

P/N  6080-295-fiO 

with  copper  backing 

Fluid  DomeP/N  A-1S431-76 

Gilmore  Industries 

7944 

Violent 

0.050 

7/20 

10 

U 

U 

Fluorocarbon  Lubricant  9S-1 

Dixon  Corporation 

5572 

Fluorocarbon;  Teflon 

0.050 

0/20 

10 

S 

BT 

(Lot  12) 

■ 

niled 

Fluorocarbon:  Lubricant  95-1 

Dixon  Corporation 

5571 

0.010 

0/20 

10 

s 

BT 

(Lot  12) 

Fluorocarbon  Lubricant 

Dixon  Corporation 

7447 

Fluorocarbon 

Three  tubes  tested 

0.050 

0/20 

10 

s 

BT 

No.  95-1  (Tube3) 

Fliioro-Cliem  A0369  (Oil) 

Hal  :bon  Products 

6969 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

BT 

Corporation 

Fluoraclicmicat  FC-75 

Minnesota  Mining  and 

448 

Fluorinated  cyclic  ether 

0.050 

0/20 

10 

s 

S 

Manufacturing  Company 

FluorocIiciAical  FC-tOI 

Minnesota  Minlngand 

939 

0.050 

0/20 

10 

s 

S 

Manufacturing  Company 

Fluorocliemical  FC-43' 

Minnesota  Mining  and 

447 

Heptacosalluoro' 

0.050 

0/20 

10 

s 

S 

Manufacturing  Company 

tributylamine 

Fluorinated  Grease 

Minnesota  Mining  and 

2149 

0.005 

. 0/20 

10 

s 

s 

Manufacturing  Company 

Fluorocliemical  FX-45 

Minnesota  Mining  and 

3233 

0.050 

0/20 

10 

s 

s 

Manufacturing  Company 

Fluorolube  FS-S 

Hooker  Cliemical  Company 

8257 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Fiuorolube  FS-S 

Hooker  Cliemical  Company 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

.s 

s 

Fluorolube  T-4S 

Hooker  Chemical  Company 

1173 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

TABLE  I.  LUBRICANTS  (Continued) 
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Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Fiaora!ubeT-80 

Hooker  Chemical  Company 

9895 

Chlorofluorocarbon 

0.050 

0/20 

to 

S 

S 

FIuoroIubcT-80 

Hooker  Chemical  Company 

1852 

Chlorofluorocarbon 

Three  batches  tested 

0.050 

0/60 

10 

S 

S 

FIuoroIubeT-80 

Hooker  Chemical  Company 

3335 

From  Allpax  treating  bath 

Four  batches  tested 

0.050 

0/20 

10 

S 

S 

FiuoroIubeT-80 

Hooker  Chemical  Company 

6756 

Chlorofluorocarbon 

Taken  from  Allpax  bath 

0.5  ml 

0/20 

10  ' 

S 

S 

FUioroIube  T*80 

Hooker  Chemical  Company 

6972 

Chlorofluora  carbon 

Taken  from  Allpax  bath 

0.5  ml 

0/20 

10 

S 

S 

FluorolubeT-80CS-27-63 

Hooker  Chemical  Company 

4663 

Chlorofluorocarbon 

0.050 

0/20 

10 

S 

S 

Fliiorolube  T-80 

Hooker  Chemical  Company 

5892 

Chlorofluorocarbon 

Taken  from  Allpax  bath 

0.5  ml 

0/20 

10 

S 

S 

Fluorolube  HO-I2S 

Hooker  Chemical  Company 

5878 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

S 

s 

Fliiorolube  HO-12S 

Hookec  Chemical  Comp  aiy 

4827 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

S 

S 

Fluorolube  MO-IO 

Hooker  Chemical  Company 

5891 

Chlorofluorocarbon 

O.OSO 

0/20 

10 

S 

S 

Fluorolube  GR-544 

Hooker  Chemical  Company 

2208 

Chlorofluura  carbon 

0.050 

0/20 

10 

s 

s 

Fluorolube  LG 

Hooker  Chemical  Company 

3876 

Chlorofluorocarbon 

Two  batches  tested 

0.050 

0/20 

10 

s 

s 

Fluorolube  GR-362 

Hooker  Chemical  Company 

437 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Fluorolube  GR-362 

Hooker  Chemical  Company 

2528 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Fluorolube  S-30 

Hooker  Chemical  Company 

4422 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

(Lot  No.  2-7-63) 

Fluorolube  S-30 

Hooker  Chemical  Company 

4355 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

(Lot  No.  2-7-63) 

Fluorolube  350 

Hooker  Chemical  Company 

3760 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Fluorolube  350 

Hooker  Chemical  Company 

4423 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

(Lot  No.  6-7-62) 

Fluorosillconc  Fluid  No.  1 

Dow  Coming  Corporation 

6997 

Fliiorosilicone 

0.5  ml 

5/20 

10 

u 

u 

6998 

3/20 

8 

6999 

2/20 

6 

7181 

3/20 

4 

Fluorositicone  Fluid  No.  2 

Dow  Corning  Corporation 

6996 

Fluorosilicone 

0.5  ml 

2/20 

10 

u 

u 

7182 

3/20 

8 

7183 

, 

1/20 

6 

Fliiorosilicone  Fluid  No.  3 

Dow  Coming  Corporation 

6953 

Fluorosilicone 

0.5  ml 

3/40 

10 

u 

u 

7184 

2/20 

10 

7185 

3/20 

8 

7186 

2/20 

6 

TABLE  I 


LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kslm 

Batch 
or  Jar 
Rating 

Material 

Rating 

Fluorosilicone  Fluid  No.  4 

Dow  Coming  Corporation 

6995 

Fluorosilicone 

0.5  ml 

0/20 

10 

S 

I 

Fluorosilicone  Fluid  No.  5 

Dow  Coming  Corporation 

6994 

Fluorosilicone 

0.5  ml 

2/24 

10 

U 

U 

7188 

0/20 

8 

Fluorosilicone  Fluid  No.  6 

Dow  Coming  Corporation 

6993 

Fluorosilicone 

0.5  ml 

2/20 

10 

U 

U 

7189 

0/20 

8 

Fluorosilicone  Fluid  No.  7 

Dow  Coming  Corporation 

6992 

Fluorosilicone 

0.5  ml 

J/20 

10 

S 

1 

Fluorosilicone  Fluid  No.  8 

Dow  Coming  Corporation 

6991 

Fluorosilicone 

0.5  ml 

1/20 

10 

U 

U 

7190 

2/20 

8 

7191 

1/20 

6 

FS-1265.Lot  49,  lO.OOOcs 

Dov/  Coming  Corpcfation 

5830 

Fluorosilicone 

0.5  ml 

1/80 

10 

S 

U 

FS-1265.L0IS8.  lO.OOOcs 

Dow  Coming  Corporation 

6261 

Fluorosilicone 

0.5  mi 

4/20 

10 

U 

U 

FS-l26S.Lot73,  IO.OOOCS  ; 

Dow  Coming  Corporation 

6454 

Fluorosilicone 

0.5  ml 

6/20 

10 

0 

U 

FS-i26S.LotE-322-S8 

Dow  Coming  Corporation 

7581 

Fluorosilicone 

Sample  No.  G 

0.5  n*. 

3/20 

10 

u 

U 

7580 

Fluorosilicone 

Sample  No.  D 

0.5  ml 

3/20 

10 

u 

U 

7579 

Fluorosilicone 

Sample  No.  C 

0.5  .Til 

2/20 

10 

u 

U 

7578 

Fluorosilicone 

Sample  No.  B 

0.5  mi 

0/20 

10 

S 

U 

7577 

Fluorosilicone 

Sample  No.  A 

0.5  ml 

3/20 

10 

u 

U 

7576 

Fluorosilicone 

Sample  No.  A 

0.5  ml 

1/20 

10 

I 

U 

FS126S 

Dow  Coming  Corporation 

4637 

Fluorosilicone  oil 

Viscosity  200  cs  at 

0.050 

2/26 

10 

u 

U 

(Lot  No.  23)  Jar  No.  1 

25°C 

1/20 

5 

u 

U 

3/20 

4 

u 

U 

1/20 

3 

u 

U 

FS-1265,  Lot  E 32262M 

Dow  Coming  Corporation 

7657 

Fluorosilicone 

0.050 

2/20 

10 

u 

0 

FS-1265,  Lot  E32262N 

Dow  Coming  Corporation 

7658 

Fluorosilicone 

O.OSO 

0/20 

10 

s 

U 

XF-I-0184  Fluid 

Dow  Coming  Corporation 

4865 

Fluorinated  silicone 

0.050 

5/20 

10 

u 

U 

(Lot  28)  Jar  No.  1 

7/20 

5 

u 

U 

.1/20 

4 

u 

U 

0/20 

3 

u 

u 

XF-1-0266 

Dow  Coming  Corporation 

5037 

Fluorinated  silicone 

Viscosity  300  cs  at 

0.050 

2/20 

10 

u 

u 

(Lot  3S) 

25°C 

3/20 

8 

0 

u 

1/20 

5 

u 

u 

0/20 

4 

u 

u 

XF-l-0267 

Dow  Coming  Corporation 

5031 

Fluorinated  silicone 

Viscosity  1000  cs  at 

0,050 

4/60 

10 

u 

u 

(Lot  34) 

- 

25”C 

1/20 

9 

u 

u 

‘ 

0/20 

8 

u 

u 

TABLE  I.  LUBRICANTS  (Continued) 


XR-6-7012  Fluid 
(Lot  L-9)  Jar  No.  1 


XG-S-0032(Lot  1) 
XG-5-0033  (Lot  I) 

XG-5-0034  (Lot  1) 
FS1265 

(Lot  26)  Jar  No.  I 


FSI265 

(LQt34)JarNo.  1 


FSI26S 

(Lot  34)  Jar  No.  2 


FSI26S 

(LotY53S)JarNo.  1 


FS126S 

(LotYS3S)JarNo,2 


FSI265 

(LotYS40) 

FS1280 
(Lot  ID) 

FS1280  (Lot  2E) 

FSI280tLot3F) 


Manuracturcr 
or  Source 

Dow  Coming  Corporation 


Dow  Coming  Corporation 
Dow  Coming  Corporation 

Dow  Coming  Corporation 
Dow  Coming  Corporation 

P^W  Coming  Corporation 

Dow  Coming  Corporation 

Dow  Coming  Corporation 
Dow  Corning  Corporation 

Dow  Coming  Corporation 

Dow  Corning  Corporation 

Dow  Coming  Corporation 

Dow  Coming  Corporation 
Dow  Coming  Corporation 


No. 

Energy 

Batch 

Test 

Tliickness 

Reactions/ 

Level 

or  Jar 

Materia 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

4629 

Fluorinatcd  silicone 

0.050 

9/20 

10 

U 

0 

6/20 

5 

•U 

0 

2/20 

4 

U 

0 

0/20 

3 

U 

0 

5295 

FS1265  and  silica 

0.050 

2/60 

10 

U 

0 

5291 

FS1265andASU 

thickener 

0.050 

2/40 

10 

U 

0 

5293 

FS1265  and  Teflon 

0.0SU 

2/60 

10 

U 

0 

4634 

Fluorosilicone 

Viscosity  300  cs  at 

0.050 

2/20 

10 

U 

0 

25°C 

5/20 

5 

U 

0 

3/20 

4 

U 

0 

0/20 

3 

0 

0 

4646 

FI.,orosilicone 

Viscosity  1000  cs  at 

0.050 

3/60 

10 

U 

0 

25°C 

0/20 

9 

U 

0 

0/20 

8 

0 

0 

3/20 

5 

0 

0 

0/20 

3 

0 

0 

4642 

Fluorosilicone 

Viscosity  1000  cs  at 

0.050 

2/60 

10 

0 

0 

25°C 

0/20 

8 

0 

0 

0/20 

6 

0 

0 

0/20 

5 

0 

0 

4654 

Fluorosilicone 

Viscosity  140  cs  at 

0.050 

4/20 

10 

0 

0 

25”C 

6/20 

5 

0 

0 

1/20 

4 

0 

0 

4650 

Fluorosilicone 

Viscosity  140  cs  at 

0.050 

2/9 

10 

0 

0 

25°C 

1/33 

5 

0 

0 

2/20 

4 

0 

0 

0/20 

• 3 

0 

0 

4843 

Fluorosilicone 

Viscosity  10,000  .s 
at2S“C 

0.025  • 

1/60 

10 

s 

0 

4628 

Fluorosilicone 

Viscosity  1 0,000  cs 
at2S°C 

0.050 

0/40 

10 

s 

D 

4620 

Fluorosilicone 

Glass jar 

0.050 

2/28 

10 

0 

0 

4785 

Fluorosilicone 

Glass jar 

0.050 

0/20 

10 

s 

0 

4784 

Fluorosilicone 

Glass jar 

0.050 

2/44 

10 

0 

0 

TABLE  I.  LUBRICANTS  (Continued) 


CJ) 


No. 

Energy 

Batch 

Material 

Manufacturer 

Test 

Tliickness 

Reactions/ 

Level 

or  Jar 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

FS1280(Lgt5H) 

Dow  Coming  Corporation 

4782 

Fluotcsilicone 

Glass jar 

0.050 

2/25 

10 

U 

U 

FSI280  (Lot  12) 

Dow  Coming  Corporation 

4871 

Fluorosilicone 

Glass jar 

0.050 

2/38 

10 

U 

U 

FS-l280,Xot26 

Dow  Coming  Corpoiation 

6008 

Fluorosilicone 

0,050 

0/20 

■ 10 

S 

U 

FS-1280,Lot36,Tubs  I 

Dow  Coming  Corporation 

5651 

Fluorosilicone 

0,050 

0/20 

10 

S 

u 

FS-I2S0,Lot36,Tube2 

• Dow  Coming  Corporation 

5650 

Fluorosilicone 

0.050 

0/20 

10 

S 

u 

FS-1281 

Dow  Coming  Corporation 

6207 

Fluorosilicone 

0.050 

0/20 

10 

S 

u 

FS-1281,Lot27,JarNo.  1 

Dow  Coming  Corporation 

6009 

Fluorosilicone 

0.050 

3/20 

10 

U 

JT 

Jar  No.  2 

0/20 

10 

S 

JT 

FS-1281,  Lot  31 

Dow  Coming  Corporation 

5947 

Fluorosilicone 

0.050 

6/20 

10 

u 

JT 

FS-1281,  Lot  32 

Dow  Coming  Corporation 

6036 

Fluorosilicone 

0.050 

0/20 

IQ 

s 

JT 

FS-1281,  Lot  33 

Dow  Corning  Corporation 

7000 

Fluorosilicone 

0.050 

0/20 

10 

s 

JT 

FS-1281,Lot28 

• Dow  Coming  Corporation 

3621 

Fluorosilicone 

Sensitivity  varies 
from  jar  to  jar 

0.050 

0-5/20 

10 

JT 

FS-1281.  Lot  28 

Dow  Coming  Corporation 

4308 

Fluorosilicone 

0.005 

4/9 

10 

u 

JT 

• 

4/9 

5 

u 

JT 

3/24 

3 

u 

JT 

• 

1/11  • 

1 

u 

JT 

FS-1281,  Lot  35,  Jar  B 

Dow  Coming  Corporation 

7906 

Fluorosilicone 

0.050 

11/200 

10 

u 

JT 

FS-1281,  Lot  36, 
Jars  ME-5  to  ME-15 

Dow  Coming  Corporation 

8089 

Fluorosilicone 

Three jars  accepted 

0.050 

0-3/20 

10 

- 

JT 

FS-1281,  Lot  35, 

Dow  Coming  Corporation 

10022 

Fluorosilicone 

Two  jars  accepted 

0.050 

0-5/20 

10 

JT 

JarsKSC-lOS  to  KSC-111 

FS-1281,  Lot  36, 

Dow  Coming  Corporation 

8178 

Ruorosilicone 

Ei^tjars  accepted 

0.050 

0-3/20 

10 

JT 

JarsCB-S3toCB-73 

FS-1281,  Lot  37, 
JarsKSC-I  to  KSC-48 

Dow  Coming  C^poration 

7677 

Fluorosilicone 

Twenty-five  jars  accepted 

0.050 

0-5/20 

10 

- 

JT 

FS-1281.  Lot  37, 

Dow  Coming  Corporation 

7834 

Fluorosilicone 

0.050 

9/100 

10 

JT 

JarKSC42 

FS-I2Sr,Lot  37, 

Jars  CB-5G  to  CB^52 

Dow  Coming  Corporation 

8152 

Fluorosilicone 

One  jar  accepted 

0.050 

0-2/20 

10 

- 

JT 

FS-1281,  Lot  37. 

Dow  Coming  Corporation 

7847 

Fluorosilicone 

Five  jars  accepted 

0.050 

0-3/20 

10 

JT 

iars  AR-2  to  AR-14 

• 

f 


TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Tost 

No. 

Composition 

Remarks 

Tiiickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

FS- 1281,  Lot  38. 
JaisCB-74toCB-193 

Dow  Corning  Corporation 

8373 

Fluorosilicone 

Twenty-two  jars  aaepted 

0.050 

0-5/20 

10 

- 

JT 

FS-128l,Lot,18. 

JarsME-17toME-28 

Do  Coming  Corporation 

8239 

Fluorosilicone 

Tliree  jars  accepted 

0.030 

0-.3/20 

10 

- 

JT 

FS-i28l,Lot38, 
Jars  AR-I  toAR-IO 

Dow  Coming  Corporation 

8698 

Fluorosilicone 

Six  jars  accepted 

0.050 

0-3/20 

10 

- 

if 

FS-I281.Lot39.JarIK;-l 

Dow  Coming  Corporation 

7882 

Fluorosiiiconc 

0.050 

3/20 

3/20 

2/20 

0/20 

0/20 

10 

5.6 

4.9 

4.2 

3.5 

U 

JT 

FS-I28I,Lot  39,Jar  DC-2 

Dow  Corning  Corporation 

7887 

Fluorosilicone 

0.050 

5/20 

2/20 

1/20 

0/20 

0/20 

10 

5.6 

3.5 

2.8 

2.1 

u 

JT 

FS-I281,  Lot  39, 
JatsKSC-!IStaKSC-U9 

Dow  Coming  Corporation 

10030 

PIiiorosiHcone 

None  accepted 

0.050 

1-4/20 

10 

u 

JT 

^'S•128r,Lo^39. 

JaisKSCM9loKSC-107 

Dow  Coming  Corporation 

7163 

9275 

Fluorosilicone 

Thirty-two  jars  accepted 

0.050 

0-4/20 

10 

- 

JT 

FS-1281,  Lot  40, 
JarsME-SetoME-SS 

Cow  Coming  Corporation 

9136 

Fluorosilicone 

One  jar  accepted 

0.050 

0-3/20 

10 

JT 

1 8-1281,  Lot40, 
JarsKSC-2StoKSC-40 

. Dow  Coming  Corporation 

8648 

Fluorosilicone 

Six jars  accepted 

0.050 

0-4/20 

10 

JT 

FS-1281.  Lot4l. 
JarsME-29toME-S2 

Dow  Coming  Corporation 

8732. 

Fiaorosilicune 

FiTteunjars  ucceptcci 

0.050 

0-3/20 

10 

- 

JT 

FS-1281,  Lot  41, 

Jats  l EST-l  to  TEST-1 2 

Dow  Coming  Corporation 

8786 

Fluorosilicone 

1 

Nine  jars  accepted 

c.aso 

0-3/20 

10 

- 

JT 

FS-1281.Lot44. 

JarsCB-194toCB-211 

Dow  Coming  Corporation 

10046 

Fluorosilicone 

Tliirteen  jars  accepted 

0.0SQ 

0-3/20 

10 

- t 

JT 

FS-1281,  Lot  E-322-62-Q 

Dow  Coming  Corporation 

7656 

Fluorosilicone 

0.050 

3/20 

10 

0 

JT 

FS-1281,  Lot  E-322-62K-2 

Dow  Coming  Corporation 

7871 

Fluorosilicone 

0,050 

2/40 

2/20 

2/20 

0,'20 

0/20 

10 

7.7 

7.0 

63 

5.6 

u 

JT 

cn 

cn 


cn 

Oi 


TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Tliickness 

Reactions/ 

Level 

or  Jar 

Material 

Miiteriat 

or  Source 

No. 

Composition 

. Remarks 

(inch) 

No.  Tests 

Kg/nt 

Rating 

Rating 

FS-1281,Lot  Et322-62K-3 

Dow  Corning  Corporation 

7876 

Fluorosilieone 

O.OSQ 

2/20 

10 

U 

JT 

1/20 

7.7 

1/20 

7.0 

0/20 

6.3 

0/20 

5.6 

FS-I281,LotE-322-62-0 

Dow  Coming  Corporation 

7655 

Fluorosilicone 

0.05Q 

2/20 

10 

U 

JT 

FS-I281,LotE-322-62L 

Dow  Coming  Corporation 

7654 

Fluorosilieone 

0.050 

3/20 

10 

U 

JT 

FS-128J,LotE-32'’-62K 

Dow  Coming  Corporation 

7653 

Fluorosilicone 

O.OSQ 

0/20 

10 

S 

JT 

FS-l28I,LotE-322-62K 

Dow  Coming  Cotporation 

7651 

Fluorosilicone 

0.0S0 

2/20 

10 

U 

IT 

FS-l28l.lot33.JarK-l 

Dow  Coming  Corporation 

6223 

Fluorosilicone 

0.050 

0/20 

!0 

S 

JT 

JarK-2 

Fluorosilicone 

0,050 

2/32 

10 

U 

JT 

Jat  K-3 

Fluorosilicone 

0050 

2/20 

• 10 

U 

JT 

JarK-4 

Fluorosilicone  . 

0.050 

0/20 

10 

S 

JT 

JarK-S 

Fluorosilicone 

0.050 

0/20 

10 

s 

JT 

JarK-6 

» 

Fluorosilicone 

. 0.050 

2/37 

10 

u 

JT 

JarK-7 

Fluorosilicone 

0.050 

2/20 

10 

u 

JT 

JarK'8 

Fluorosilicone 

0.050 

0/20 

10 

s 

JT 

JarK-9 

Fluorosilicone 

0.QSQ 

0/20 

10 

s 

JT 

■ IarK-10 

Fluorosilicone 

0.050 

0/20 

10 

s 

JT 

JarK-ll 

Fluorosilicone 

0.050 

0/20 

10 

s 

JT 

JarK-12 

Fluorosilicone 

0.050 

0/20 

10 

s 

JT 

FS-I281,lot3S 

Do  w Coming  Corporation 

7001 

Fluorosiiicone 

0.050 

0/20 

1C 

s 

JT 

FS-I284I.ot35.JarA 

6763 

Fluorosilicone 

0.050 

2/34 

10 

u 

JT 

JarB 

6760 

Fluorosilicone 

0.050 

2/52 

10 

u 

JT 

JarC 

6758 

Fluorosilicone 

0.050 

2/37 

10 

u 

JT 

FS-l28t,Lot36,Jarl 

Dow  Coming  Corporation 

7468 

Fluorosilicone 

0.050 

3/20 

10 

u 

JT 

Jar  II 

7469 

Fluorosilicone 

0.050 

5/60 

10 

u 

JT 

FS-l28I,Lot37 

Dow  Comirig  Corporation 

7505 

Fluorosilicone 

0.050 

2/30 

10 

u 

JT 

FS-I2ai,LotE-322-59 

0/20 

10 

JT 

JarF 

Dow  Coming  Corporation 

7575 

Fluorosilicone 

0.050 

s 

JatE 

7573 

Fluorosilicone 

0.050 

3/60 

10 

u 

JT 

FS-1292  Grease,  Lot  45 

Dow  Coming  Corporation 

8719 

Fluorosilicone 

0.050 

2/100 

10 

u 

u 

FS-1 292  Grease,  Lot  52 

Dow  Coming  Corporation 

9774 

Fluorosilicone 

0.050 

2/20 

10 

u 

u 

FX  46  Grease  (Lot  I) 

Minnesota  Mining  and 
Manufacturing  Company 

3873 

0.0-0 

0/20 

10 

s 

BT 

FX-46  Grease  (Lot  I) 

Minnesota  Mining  and 
Manufacturing  Company 

3874 

0.002 

0/20 

10 

s 

BT 

TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Paorolube  S-30 

Hooker  Chemical  Company 

4355 

Chlorofluorocarbon 

0.050 

0/20 

10 

S 

S 

FluoroOlide 

Ciiemplast  Incorporated 

1876 

Teflon-Freon 

Two  batches  tested 

0/20 

10 

S 

S 

Garlock  Bearing  Material 

Garlock  Packing  Company 

5680 

0,130 

9/20 

10 

U 

BT 

Garlock  Bearing  Material 

Garlock  Packing  Company 

5679 

0.100 

0/20 

10 

S 

BT 

(with  Teflon  and  Lead  removed) 

Garlock  Ou  Metal 

Garlock  Packing  Company 

5850 

Teflon  and  sintered 

0.0125 

0/20 

10 

S 

BT 

(with  Brass  backing) 

metal 

- 

Goop-Higli  Purity  Swag  Lock  Tiiread 

Crawford  Fitting  Company 

4819 

Chlorofluorocarbon' 

0.010 

1/60 

10. 

s 

BT 

Lubricant  Antiseize  Compound 

with  Teflon  filler 

Grease  IGAA-MILiC- 10924) 

Sta-Vis  Oil  Company 

908 

0.050 

2/5 

10 

. u 

U 

2/10 

5 

— 

u 

0/5 

2 

“ 

U 

Grease  (GL'  MIL-G-3278A) 

Socony  Mobil  Oil  Company 

599 

Petroleum  base  grease 

0.050 

2/10 

10 

u 

U . 

Grease,  Lubricating,  O.D.  No.  00 

War;en  Refining  and  Chemical 

611 

Violent  reaction 

0.050 

1/20 

10 

u 

u 

Company 

Halocarbon  Oil,  Series  4-i  1 

Halocarbon  Products  Corporation 

5996 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Hatocarbon  Oil.  Series  4>I  IE 

Halocarbon  Products  Corporation 

5995 

Chlorofluorocarboti 

0.5  ml 

0/20 

ID 

s 

s 

Halocarbon  Oil,  Series  2.3/100 

Halocarbon  Products  Corporation 

4511 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Halocarbon  Oil,  Scries  10-25 

Halocarbon  Products  Corporation 

5994 

Qilorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil,  Series  I0-2SE 

Halocarbon  Products  Corporation 

6041 

Cliloro  fluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil,  Series  11-14  • 

Halocarbon  Products  Corporation 

6037 

Qilorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Gil,  Scries  11-I4E 

Halocarbon  Products  Corporation 

5993 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil,  Series  11-21 

Halocarbon  Products  Corporation 

1287 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil,  Series  1 1-21 E 

Halocarbon  Products  Corporation 

6040 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil,  Series  1 1-21 E 

Halocarbon  Products  Corporation 

7402 

Chlorofluorocarbon 

0.5  ml 

.0/20 

10 

s 

s 

Halocarbon  Oil,  Series  I3-21E 

Halocarbon  Products  Corporation 

6453 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil.  Series  13-2  IE 

Halocarbon  Products  Corporation 

6038 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

Halocarbon  Oil,  Scries  14-25 

Halocarbon  Products  Corporation 

5970 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

s 

s 

TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Kalocarbon  Oil,  Scries  14-25 

Halocarbon  Products  Corporation 

6042 

CiilorolTuoro  carbon 

0.5  ml 

0/20 

10 

S 

s 

Ualacarbon  Oil,  Series  14-25E 

Halocarbon  Products  Corporation 

6039 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

S 

s 

Halacarbon  Oil,  Series  20S 

Halocarbon  Products  Corporation 

5832 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

S 

s 

Halocatbon  Oil,  Series  208 

Halocarbon  Products  Corporation 

7395 

Chlorofluorocarbon 

0.5  ml 

0/20 

10 

S 

s 

llalacacbor.  Oil,  Series  208 

Halocarbon  Products  Corporation 

7394 

Chlorofluorocarbon 

0.Sral 

0/20 

10 

S 

s 

75%  Halocarbon  208  Oil  - 
25%  Bestoil 

Chemistry  Branch 

8505 

0.050 

6/20 

3/20 

4/20 

3/20 

2/20 

0/20 

10 

7.7 

5.6 

3.5 

1.4 

0.7 

u 

u 

80%  Halocaibon  208  Oil  - 
20%  Bestoil 

Chemistry  Branch 

8S9I 

0.050 

4/20 

3/20 

2/20 

2/20 

0/20 

0/20 

10 

7.7 

5.6 

4.9 

4.2 

3.5 

u 

u 

83%  Ualocarbon  208  Oil  - 
17%  Bestoil 

Chemistry  Branch 

8650 

0.050 

15/140 

13/140 

1/140 

0/140 

10 

9.1 

8.4 

7.7 

u 

u 

80%  Halocarbon  208  Oil  — 
20%  DC  200  Oil 

Chemistry  Branch 

8654 

0.050 

5/40 

10 

u 

u 

90%  Hiilocarbon  208  Oil  - 

10%  DC  200  on 

Chemistry  Branch 

8983 

0.050 

11/160 

9/160 

0/160 

0/160 

10 

9.1 

3.4 

7.7 

u 

u 

Halocarbon  Grease,  Series  MB3 

Halocatbon  Products  Corporation 

7059 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Halocarbon  Grease,  Series  2S-10M 

Halocarbon  Products  Corporation 

6045 

Chlorofluorocarbon 

0.050  • 

0/20 

10 

s 

s 

Halocarbon  Grease,  Series  25-20M 

Halocarbon  Products  Corporation 

6046 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Halocarbon  Grease  X90-1 0 

Halocarbon  Products  Corporation 

6043 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Halocatbon  Grease  X90-1SM 

Halocarbon  Products  Corporation 

6044 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Halocarbon  Grease  X90-15M-5A. 

Halocatbon  Products  Corporation 

6519 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Hulocarbon  Grease  25'SS 

Halocarbon  Products  Corporation 

10264 

Chlorofluorocarbon 

Three  batches  tested 

0.050 

0/60 

10 

s 

s 

TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch 

‘ Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

orJar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Halocarbon  Oil  13"21 

Halocarbon  Corporation 

989 

Chlorofluorocarbon 

0.050 

0/20 

■ 10 

S 

S 

Halocatbon  Oil  11-21 

Halocarbon  Corporation 

1287 

Chioronuorocarbon 

0.050 

0/20 

10 

S 

s 

Halocarbon  Grease  2S-20MS 

Halocarbon  Corporation 

1262 

Chlorofluorocarbon 

Contains  rust  inhibitor 

0.050 

0/20 

10 

S 

s 

Halocarbon  Grease  25-20MA 

Halocarbon  Corporation 

1261 

Chlorofluorocarbon 

Contains  rust  inhibitor 

0.050 

0/20 

10 

S 

s 

Halocarbon  Grease  2S-20MZ 

Halocarbon  Corporation  ; 

1244 

Chlorofluorocarbon 

Contains  rust  inhibitor 

0.050 

0/20 

10 

s 

s 

Halocarbon  Grease  2S-10MZ 

Halocarbon  Corporation 

1243 

Chlorofluorocarbon 

Contains  rust  inhibitor 

0.050 

0/20 

10 

s 

s 

Halocarbon  Grease  25-20M-SA 

Halocarbon  Corporation 

1831 

Chlorofluorocarbon  with 
a barium  sulfonate 
inhibitor 

0.050 

0/20 

10 

s 

s 

Houghton  Hi-Temp  Grease  2409 

E.H.  Houghtoa  Company 

4421 

Polyglycol 

0.050 

3/20 

10 

u 

u 

Invelco-33 

Drilube  Company 

1357 

0.050 

2/20 

10 

u 

u 

Johnson's  No.  250  J-Cool 

6653 

0.5  ml 

5/20 

10 

u 

u 

Kay  Lube  Dry  Film  Lube 

Kaynar  Manufacturing  Company 

7067 

Molydisulfide  with 
organic  binder 

Coated  inserts 

6/20 

10 

u 

u 

Kay  Lube  Dry  Film  Lube 

Kaynar  Manufacturing  Company 

7203 

Coated  inserts 

0.0024 

4/20 

7.62 

u 

u 

7207 

Coated  inserts 

0.0024 

0/20 

3.46 

u 

u 

KeFF  Polymer  Oil,  Lot  509 

Minnesota  Mining  anil 
Manufacturing  Company 

6755 

Chlorofluorocarbon 

’ 

0.5  ml 

0/20 

10 

s 

s 

Kel-F-90  Grease 

Minne.sota  Mining  and 
Manufacturing  Company 

5908 

Chlorofluorocarbon 

0.050. 

0/20 

10 

s 

s 

Kel-F-90  Grease.  Lot  532 

Minnesota  Mining  and 
Manufacturing  Company 

7002 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Kel-F-90  Grease;  Lot  534 

Minnesota  Mining  and 
Manufacturing  Company 

7401 

Chlorofluorocarbon 

0.050 

1/60 

10 

s 

s 

Kel-F  90Groase,  Lot  540 

Minnesota  Mining  and 
Manufacturing  Company 

9130 

Chlorofluorocarbon 

Three  jars  evaluated 

0.050 

0/60 

10 

s 

s 

KeI-F-90  Grease,  Lot  1224 

Minnesota  Mining  and 
Manufacturing  Company 

5988 

Chlorofluorocarbon 

0.050 

0/20 

,0 

s 

TABLE  L LUBRICANTS  (Continued) 


Muterinl 

Manufacturer 
or  Source 

Test 

No. 

^ [ 

Compositi<- 

Remarks 

Thickness 

(inch) 

. No. 
Reactions/ 
No.  Test'- 

.Energy 

Level 

Kg/m' 

n 

Batch 
or  Jar 
Rating 

Material 

Rating 

Kel-F-9Q  Grease,  Lot  529 
(witli  rust  inhibitor) 

Minnesota  Mining  and 
Manufacturing  Company 

6652 

Chlorofluorocarbon 

j 

D.050 

1 

0/20 

1 

10 

s 

s 

Kel-F-90  Grease 

Minnesota  Mining  and 
Manufacturing  Company 

3243 

Chlorofluorocarbon 

Two  batches  tested 

0.050 

0/20 

10 

s 

s 

KeI-F-9PGreri;e,LotS07 

Minnesota  Mining  and 
Manufacturing  Company 

4419 

Qilorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Kel-F-90  Grease,  Lot  1222  • 

Minnesota  Mining  and 
Manufacturing  Company 

5030 

Cliloronuoro  carbon 

0.050 

0/20 

10 

s 

s 

Kel-F-Grease 

L1477NB14781-9 

Minnesota  Mining  and 
Manufacturing  Company 

5482 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Kel-F-PolymerOil  Grade  KF-IQ 

Minnesota  Mining  and 
Manufacturing  Company 

4420 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Kel-F-PoIymerOU  Grade  KF-10 
(Lot  1273) 

Minnesota  Mining  and 
Manufacturing  Company 

5480 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Kel-F-PoIymerOil,  Lot  502 

Minnesota  Mining  and 
Manufacturing  Company 

5573 

Chlorofluorocarbon 

0.050 

0/20 

10 

s 

s 

Kel-FOilNo.  1 

Minnesota  Mining  and 
Manufacturing  Company 

451 

Chlorofluorocarbon 

0.050  : 

0/20 

10 

s 

s 

Kel-F-10-200  Wax 

Minnesota  Mining  and 
Manufacturing  Company 

356 

Chlorofluorocarbon 

0.050  ' 

0/20 

10 

s 

s 

Kel-F  PoiymerOilNo.  10 

Minnesota  Mining  and  • 

Manufacturing  Company 

2744 

Chlorofluorocarbon 

Two  batches  tested  ' 

0.050 

0/20 

10 

s 

s 

Kel-F-10,OU  Lot  516 

Minnesota  Mining  and 
Manufacturing  Company 

7586 

Clilorofluorccarbon 

1 

0.5  ml. 

0/20 

10 

s 

s 

Kel-F  Polymer  OH  KF-3 

. Minnesota  Mining  and  I 

Manufacturing  Company 

2721 

Cidorofluorocarbon 

Contains  rust  inhibitor' 

0.050  ■ 

1/60 

10 

s 

s 

Kel-F  Polymer  Oil  KF-1 

Minnesota  Mining  and 
Manufacturing  Company  ; 

2722 

Chlorofluorocarbon 

Contains  rust  inhibitor; 

0.050 

6/20 

10 

s 

s 

Kel-F  10  Polymer  Oil  Lot  1006-1 

Minnesota  Mining  and 
Manufacturing  Company 

2897 

Chlorofluorocarbon 

' 

0.050, 

t 

0/20 

10 

s 

s 

KX-262  NB-1247-36  i 

Minnesota  Mining  and 
Manufacturing  Company 

3604 

Chlorofluorocarbon 

0.050 

0/40 

10 

s 

s 

KX-24SLot2 

Minnesota  Mining  and 
ManufacturingCompany 

3606 

Chlorofluorocarbon 

. 

0.050 ' 

0/40 

10 

s • 

BT 

Kel-F  PoIymerOil  KF-10,  Lot523 

Minnesota  Mining  and 
ManufacturingCompany 

8385 

Chlorofluorocarbon 

; ' I 

0.050 

0/20 

10 

s 

S 

TABLE  I.  LUBRICANTS  (Continued) 


Material 

Manuracturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness. 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/.-n 

Belch 

orJtr 

Rating 

Ualerii) 

Rating 

KX-24S  Polymer  Oil 

Minnesota  Mining  and 
Manufactiinng  Company 

8599 

0.050 

0/20 

10 

S 

BT 

Kiyfox  143AA  Oil,  Lot  8 

E.I.  du  Font  de  Nemours 
and  Company 

9894 

Fluorocarbon 

0.050 

0/20 

10 

s 

s 

Ktytox  143AB  Oil,  Lot  16 

E.L  du  Font  de  Nemours 
and  Company 

9900 

Fluorocarbon 

0.050 

0/20 

10 

s 

S 

Kiytox  143AO  Oil,  Lot  12 

E.I.  du  Pont  de  Nemours 
and  Company  i 

9898 

Fluorocarbon 

0.050 

0/20 

10 

s 

S 

Krytox  1 43 AD  OiI»Lot6 

E.L  du  Pont  de  Nemours 
and  Company 

9902 

Fluorocarbon 

0.050 

0/20 

10 

s 

s 

Krytox  143AZOil,Lot3 

E.I.  du  Pont  de  Nemours 
and  Company 

9901 

Fluorocarbon 

ti.OSO 

0/20 

10 

s 

s 

Krj^tox340AB  Grease,  Lpt4 

E.Il  du  Pont  de  Nemours 
andGoqipany 

9896 

: Fluorocarbon 

0.050 

0/20 

10 

s 

s 

AC  Grease,  ton) 

and  Company 

9m 

Fluorocarbi 

o.tw 

0/W 

10 

s 

ER.|43ABOil,Lot6 

E.lV  du  Pont  de  Nemours 
and  Company 

8715 

Fluorocarbon 

K^tox  143.AB 

0.050 

0/20 

10 

s 

■ 

s 

PR-143ACOil,Lot6 

E.L  du  Pont  de  Nemours 
and  Company 

8714 

Fluorocarbon 

Krytox  143AC 

0.050 

0/20 

10 

S 

s 

PR-240AB  Grease.  Lot  4 

E.I.  du  Pont  de  Nemours 
and  Company 

8716 

Fluorocarbon 

Krytox  240AB 

0.050 

0/20 

10 

s 

s 

PR-240AC  Grease,  Lot  4 

E.L  du  Pont  de  Nemours 
and  Company 

8717 

Fluorocarbon 

Krytox  240AC 

0.050 

0/20 

10 

s 

s 

PR-240AC  Grease,  Lot  7 

E.I.  du  Pont  de  Nemours 
and  Company 

8841 

Fluorocarbon 

Ktytox  240AC 

0.050 

0/20 

10 

s 

s 

PR-240AC  Grease,  Lot  9 

E.I.  du  Pont  dc  Nemours 
and  Company 

9148 

riuorocurbon 

Ktytox  240AC 

0.050 

0/20 

10 

s 

s 

PR-143  Oil 

E.I  du  Pont  Je  Nemours 
and  Company 

7631 

Fluorocarbon 

0.5  ml 

1 

0/20 

10 

1 

s 

s 

PR-143  Oil 

E.I.  ilu  Pont  do  Noinoun 
and  Company 

7632 

Fluorocarbon 

Stainless  steel  inserts 

Smear 

0/20 

10 

s 

s 

PR-240  Grea--e 

E.I.  du  Pont  de  Nemours 
and  Company 

7633 

Fluorocarbon 

O.OSQ 

o/:o 

10 

s 

s 



g TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

1 (in6h) 

No.  Tests 

1 Kg/m 

Rating 

Rating 

Lapping  Compaiind  38-1200 

United  States  Products  Company 

I960 

0.050 

2/4 

10 

U 

0 

2/16 

5 

Liimid  0-Ring  1231,  Lot  54S 

Oil  Research  Center 

8619 

Teflon-chlorofluorocarbon 

0.050 

0/20 

10 

S 

BT 

Liiniid  0-Ring,  Lot  52S 

Oil  Research  Center 

7956 

Teflon-clilorofluorocarbon 

Three  tubes  evaluated 

0.050 

0/60 

10 

S 

BT 

Lubcco  90S  Dry  Film  Lubricant 

Hi  Shear  Corporation 

6980 

0.063 

0/20 

10 

S 

BT 

Lubcco  90S  Dry  Film  Lubricant 

Hi  Shear  Corporation 

6981 

0.063 

0/20 

10 

S 

BT 

Lubeco  90S  Dry  Film  Lubricant 

Parker  Aircraft 

8236 

0.050 

0/20 

10 

S 

BT 

Lube  Rex 

General  Cement  tympany 

597 

Hydrocarbon  grease 

0.050 

2/6 

10 

U 

u 

Liibriko  MD-T-419 

Masden-Lubricant  Company 

588 

Hydrocarbon  grease 

0.050 

.3/12 

10 

U 

U 

Lubriplate 

FiskeHrothers  Incorporated 

643 

Hydrocarbon  grease 

0.050 

2/10 

10 

u 

U 

Lubriseal 

A.H.  Thomas  Company 

637 

Hydrocarbon  grease 

0.050 

2/6 

10 

u 

U 

0/20 

5 

- 

- 

McLube  99 

McGee  Chemical  Company 

3895 

0.050 

0/40 

10 

s 

S 

McLidie  2010 

McGee  Chemical  Company 

3896 

Molydisuinde  with 
graphite  ami  Fluorolube 

0.050 

0/20 

10 

s 

BT 

McLube  2023 

McGee  Chemical  Company 

3897 

Molydisuinde  with 
graphite  and  Fluorolube 

0.050 

0/20 

10 

s 

BT 

Metco  Valveliibe 

Metallizing  Engineering  Co. 

562 

Hydrocarbon  grease 

Very  violent  reaction 

0.050 

1/20 

5 

u 

U 

Midwest  Research  Institute 

Midwest  Research  Institute 

3614 

Molydisuindes,  graphite. 

0/20 

10 

s 

S 

Dry  Film  Lubricant 

and  bismuth  in  sodium 
silicate  10:1:5/7 

Midwest  Research  Institute 
Dry  Film  Lubricant 

Midwest  Research  Institute 

3613 

MulydisuHide,  graphite> 
and  bismuth  in  sodium 
silicate  10:1:2:5/7 

0/20 

10 

s 

S 

Midwest  Research  Institute 
Dry  Film  Lubricant 

Midwest  Rcsearcli  Institute 

3612 

Molydisuinde,  gniphite, 
and  bismuth  in  sodium 

0/20 

10 

s 

S 

silicate  10:1:5/7 

Midwest  Rcsearcli  Institute 
Dry  Film  Lubricant 

Midwest  Research  Institute 

3611 

Molydisuinde  and 
graphite  in  sodium 

0/20 

10 

s 

s 

- 

phuspliate  10:1/7 

ML*554  Grease 

Kennedy  Space  Center 

8235 

0.050 

0/20 

10 

s 

I 

TABLE  I.  LUBRICANTS  (Continued) 


Material 

ManuPacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Miera&sl  riecss  SeS-l 

6638 

On  stainless  steel  inserts 

0/20 

10 

& tuuubta  vu. 

Microseal  Diy  Film  Lubricant  100-1 

Mlcroseal  Products  Sales 

4660 

. 

Stainless  steel  inserts 
used 

0/40 

10 

S 

s 

MLF-9  Dry  Film  Lubricant 

Midwest  Research  Institute 

6928 

MoIydisuIHde,  graphite, 
bismuth,  aluminum 
pliosphate 

On  stainless  steel  inserts 

0/20 

10 

s 

s 

MLF  Dry  Film  Lubricant 

Midwpst  Research  Institute 

8694 

Polyimide  bonded 

0.002 

10/20 

10 

u 

u 

MLF  Dry  Film  Lubricant 

Midwest  Research  Institute 

869S 

Polylmide  bonded 

0.002 

5/20 

10 

u 

u 

MLF-2  Dry  Film  Lubricant 

Midwest  Research  Institute 

8859 

Polyimide  banded  dry 
film  lubricant  containing 
antimony  oxide  and 
molydisulflde 

0.002 

0/20 

10 

s 

I 

Mogul  Taper  Vaivciube 

Metallizing  Engineering  Co. 

S6I 

0.050 

2/20 

10 

u 

u 

Mold  Release  Lubricant  S-122 

Miller-Stephenson  Company 

2736 

0/20 

10 

s 

s 

Molylube  Spray  Dry  Powder 
Lubricant  Can  No.  1 

DcI'Ray  Company  Incorporated 

5431 

Molydisulfide  in  spray 
bomb 

Sprayed  on  inserts 

0/20 

10 

s 

s 

Molylube  Spray  Dry  Powder 
Lubricant  Can  No.  2 

Bel-Ray  Company  Incorporated 

5430 

Molydisuliidc  in  spray 
bomb 

Sprayed  on  inserts 

0/20 

10 

s 

s 

Molylube  Spray  Dry  Powder 
Lubricant 

Bel-Ray  Company  Incorporated 

4418 

Molydisulfide  in  spray 
bomb 

Sprayed  on  inserts 

0/20 

10 

s 

s 

Molylube  Spray  Dry  Powder 
Lubricant 

Bel-Ray  Company  Incorporated 

4781 

Molydisulfide  in  spray 
bomb 

Sprayed  on  stainless 
steel  inserts 

0/20 

10 

s 

s 

Molylube  Spray  (Sample  No.  1) 

Bel-Ray  Company  Incorporated 

4777 

Molydisulfide  in  spray 
bomb 

Spniyed  on  stainless 
steel  inserts 

0/20 

10 

s 

s 

Mulylubc  Spray  (Sample  No.  2) 

Bcl-Ray  Company  Incorporated 

4776 

Molydisulfide  in  spray 
bomb  ^ 

Sprayed  on  stainless 
steel  inserts 

.-l.ll-fC  1 

0/20 

10 

- 

s 

s 

Molylube  Spray  (Sample  No.  3) 

Bel-Ray  Company  Incorporated 

4775 

Molydisulfide  in  spray 
bomb 

Sprayed  on  stainless 
steel  inserts 

0/20 

10 

s 

s 

Molylube  Spray  (Sample  No.  4) 

Bel-Ray  Company  Incorporated 

4774 

Molydisulfide  in  spray 
bomb 

Sprayed  on  stainless 
steel  inserts 

0/20 

10 

s 

s 

Molylube  Spray  (Sample  No.  5) 

Bel-Ray  Company  Incorporated 

4773 

Molydisulfide  in  spray 
bomb 

Sprayed  on  stainless 
steel  inserts 

0/20 

10 

s 

s 

TABLE  I.  LUBRICANTS  (Continued) 


Maleriil 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

MoIylubcH 

BeFRay  Company.  Incorporated 

9293 

GrapliitC'inoIydlsuinde 
in  an  Inorganic  binder 

Cured  at  175’C 
for  30  minutes 

0.004 

0/20 

10 

S 

BT 

Mbiyiube  Spray  Versatile 
Dry  Powder  Lubricant 

Bel-Ray  Company,  Incorporated 

6196 

Sprayed  on  stainless 
steel  inserts 

0/220 

10 

s 

S 

Molylube  1612 

Bel-Ray  Company.  Incorporated 

SS44 

0.5  ml 

3/60 

10 

u 

u 

Molylube 

BeFRay  Company,  Incorporated 

2735 

Molydisullide  iVcon 
propellant 

0/20 

10 

s 

BT 

Molylube  AR 

Bel-Ray  Company,  Incorporated 

2734 

Molydisulfide  and  binder 

8/80 

10 

u 

U 

Molub  Alloy  379,  Dry  Film 
Lubricant 

Imperial  Oil  arid  Grease 
Company 

8807 

0.050 

9/20 

10 

u 

U 

Molub  Alloy  369,  Dry  Film 
Lubricant 

Iniperial  Oil  and  Grease 
Company 

8808 

0.050 

17/20 

10 

u 

U 

MoIykotcG  Grease 

Alpha  Moiykole  Corporation 

716 

Molydisuilldcand 
petroleum  base  oil 

Violent  reactions 

0.05D 

3/4 

10 

0 

U 

Hblykote  Grease  MSS 

Alpha  Molykote  Corporation 

S18 

Molydisulfide  and 
organic  vehicle 

0.050 

2/20 

10 

D 

0 

Moiykole  Spray  Lube 

Alplia  Molykote  Corporation 

772 

Molydisulfide  witli 
Freon  propellant 

0/20 

10 

s 

BT 

McIykoteM-8800 

Alpha  Moiykole  rorporarii,.n 

3363 

- 

S/20 

2/20 

10 

5 

u 

u 

u 

u 

0/20 

3 

u 

u 

MolykoteX-IS 

Alpha  Molykote  Corporation 

3362 

iiodluin  silicate,  molydi- 
sulfldc,  and  graphite 

0/60 

10 

s 

BT 

Moiykole  Z 

Alpha  Moiykole  Corporation 

1655 

.Molydisuinde  powder 

Two  batches  tested 

0/20 

10 

s 

S 

MolykoleZ 

Alplia  Molykote  Corporation 

1654 

Without  stainless 
steel  inserts 

2/20 

10 

— 

— 

Moiykole  Z.  M1L-M-7866A 

Alpha  Molykote'Corporation 

6449 

Molydisulfide 

On  stainless  steel 
inserts 

0/20 

10 

s 

S 

Moly  Spray  Kote  Lubricant  Ko.  I 

Alplia  Molykote  Corporation 

4780 

Molydisulfide  in  spray 
bomb 

Sprayed  on  stainless 
steel  inserts 

2/60 

10 

u 

u 

Moly  Spray  Kote  Lubricant  No.  2 

Alpha  Molykote  Corporation 

4772 

Molydisuinde  in  spray 
bomb 

Sprayed  on  stainless 
steel  inserts 

0/20 

10 

s 

BT 

TABLE  I.  LUBRICANTS  (Continued)  . 

t ■ . * 


— 1 j ' 

r- 

No. 

Energy 

Batch 

Manufacturer 

Test 

1.  rK. 

Reactions/ 

Level 

or  Jar 

Material 

Material 

orSource 

No. 

Composition 

Remarks 

(inc* ) 

No.  Tests 

Kg/m 

Rating 

Rating ' 

Maly  Spray  Kote  Lubricant  No.  3 

Alpha  Molykote  Corporation 

4771 

Molydisulfide  in  spray 

Sprayed  on  stainless 

0/20 

10 

S 

BT 

bomb 

steel  inserts 

Moly  Spray  Kote  Lubricant  No.  4 

Alpha  .Molykote  Corporation 

4770 

Molydisuinde  in  spray 

Sprayed  on  stainless 

0/20 

10 

S 

BT 

bomb 

steel  inserts 

Moly  Spray  Kote  Lubricant  No.  5 

Alplia  Molykote  Corporation 

4769 

Molydisulfide  in  spray 

Sprayed  on  stainless 

0/20 

10 

S 

BT 

bomb 

steel  inserts 

Moly  Spray  Kote  Lubricant  No.  6 

Aiplia  Molykote  Corporation 

4882 

Molydisulfide  in  spray 

Sprayed  on  stainless 

4/20 

10 

u 

U 

bomb 

Steel  inserts 

Moly  Spray  Kote  Lubricant  No.  7 

Alpha  Molykote  Corporation 

4883 

Molydisulfide  in  spray 

Sprayed  on  stainless 

3/20 

10 

u 

U 

bomb 

steel  inserts 

Moly  Spray  Kote  Lubricant  No.  8 

Alpha  Molykote  Corporation 

4884 

Molydisuinde  in  spray 

Sprayed  on  stainless 

2/20 

10 

u 

U 

bomb 

steel  inserts 

Moly  Spray  Kote  Lubric.int  No.  9 

Alpha  Molykote  Corporation 

4885 

Molydisulfide  in  spray 

Sprayed  on  stainless 

0/20 

10 

s 

BT 

bomb 

steel  inserts 

Molynamet  E 

Lockrey  Company 

3239 

Molydisuinde,  teflon, 

7/60 

10 

u 

U 

and  toluene 

2/20 

5 

u 

U 

Oil-ES-Oa 

American  Ourafilm  Company 

4626 

Teflon  spray  bomb 

Sprayed  on  stainless 
steel  inserts 

0/20 

10 

s 

BT 

Orlox200P 

Bel-Ray  Company.  Incorporated 

5304 

0.050 

0/20 

10 

s 

BT 

Orlox  200  P 

Bel-Ray  Company,  Incorporated 

5839 

Aroclor,  graphite,  and 
molydisulfide 

0.050 

0/20 

10 

s 

BT 

Orlox  500  C 

Bel-Ray  Company  Incorporated 

5300 

0.050 

0/20 

10 

s 

BT 

Orlox  500  C 

Bel-Ray  Company,  Incorporated 

5843 

Fluorolube,  graphite, 
and  molydisuinde 

0.5  ml 

. 0/20 

10 

s 

BT 

Orlox  1800  P 

Bel-Ray  Company,  Incorporated 

5837 

Aroclor,  graphite,  and 
molydisuinde 

0.050 

3/60 

10 

u 

BT 

Orlox  1800  P 

Bel-Ray  Company,  Incorporated 

5302 

0.050 

0/20 

10 

s 

BT 

Oxylube 

Drilube  Company 

(See  Drilube) 

. . ^ • 

Parker  “O"  Lube 

Parker  Appliance  Company 

788 

■ 

- 

0.050 

2/5 

10 

u 

U 

FarkerWalerOil  Lube  Grease  50 

Parker  Appliance  Company 

274 

0.050 

1/2 

10 

u 

U 

1/2 

5 

— 

- 

1/4 

3 

- 

P.D.  785 

Frankford  Arsenal 

2079 

Mixture  of  peifluoro- 
trialkylamines 

t?  * : 'i.^ 

0.050 

0/20 

10 

s 

BT 

TABLE  L LUBRICANTS  (Continued) 


Material 

Manulacturer 
or  Source 

Test 

No. 

' Composition 

Remarks 

Tliiekness 
1 (inch) 

No. 

Reactions/ 
1 No.  Tests 

Energy 
Level 
1 Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

P.D.786 

Frankford  Arsenal 

2080 

Grease  consisting  of 
poIytetraHuorcethylene 
gelling  agent  (P.D.  787) 
and  perfluorotri' 
alkylamiiie  oil  (P.D.  785) 

0.050 

0/20 

10 

S 

BT 

P.D.  787 

Frankford  Arsenal 

2105 

Polytetralluoroetliylene 
gelling  agent 

0/20 

10 

S 

BT 

P.D.  788 

Frankford  Arsenal 

2081 

Grease  consisting  of 
P.D.  787  and  P.D.  789  ' 

0.050 

0/20 

10 

S 

BT 

P.D.  789 

Frankford  Arsenal 

2077 

Mixture  of  pcrfli  orotri- 
aikylamincs 

' 

0.050 

0/20 

10 

S 

BT 

P.D.  797 

Frankford  Arsenal 

3553 

Perfluorotrialkylamine 
base  oil  and  silica 
gelling  agent 

0.050 

0/20 

10 

s 

BT 

P.D.  791 

Frankford  Arsenal 

2106 

Purified  sample  of 
perfluorotrialkylamine 

0.050 

0/10 

10 

I 

I 

P.D.  792 

Frankford  Aisena! 

2078 

Grease  consisting  of 
graphite  gelling  agent 
and  perfluorotrialkyl^ 
amine  base  oil  (P.D.  789} 

0.050 

0/20 

10 

s 

BT 

P.D.800 

Frankford  Arsenal 

3561 

Perfluorotrialkylamine 
base  oil  and  silica 
gelling  agent 

0.050 

0/20 

10 

S 

BT 

P.D.  801 

Frankford  Arsenal 

3552 

Pertluorotrialkylamine 
base  oil  and  silica 
gelling  agent 

0.050 

0/20 

10 

s 

BT 

P.D.  808 

• Frankford  Arsenal 

3560 

Silica  gulling  agent 

0/20 

10 

S 

BT 

P.D.  809 

Frankford  Arsenal 

3563 

Silica  geliing  agent 

0/20 

10 

s 

BT 

P.D.  810 

Frankford  Arsenal 

3564 

Silica  gelling  agent 

0/20 

10 

s 

BT 

P.D.8II 

Frankford  Arsenal 

3570 

Special  grade  graphite 

0/20 

10 

s 

BT 

P.D.  812 

Frankford  Arsenal 

3569 

Perfluorotriaikylamine 

blend 

0/20 

10 

S 

BT 

P.D.  816 

Frankford  Arsenal 

3991 

Fluorinated  amine  oil 
and  fluorinated  polymer 
gelling  agent 

0.050 

0/20 

10 

s 

BT 

TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch . 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

P.D.817 

Frankford  Arsenal 

3992 

Fluorinated  oils  and 
polymer  gelling  agent 

0.030 

0/20 

10 

S 

BT 

P.D.  819 

Frankford  Arsenal 

3993 

Fluorinated  oil  and 
polymer  gelling  agent 

0.050 

0/20 

10 

S 

BT 

P.D.  820 

Frankford  Arsenal 

3994 

Fluorinated  polymer 

0.050 

0/20 

10 

S 

BT 

P.D.  821 

Frankford  Arsenal' 

3995 

Fluorinated  Polymer 

0.030 

0/20 

10 

S 

BT 

7628 

0.5  ml 

0/20 

10 

S 

BT 

P.D.  822 

Frankford  Arsenal 

3996 

Fluorinated  polymer 

0.050 

4/20 

10 

u 

BT 

PD-838 

Frankfori  Arsenal 

5893 

0.050 

0/20 

10 

S 

BT 

PD-838A 

Frankford  Arsenal 

7629 

0.050 

0/20 

10 

S- 

BT 

PD-838A 

Franktord  Arsenal 

7630 

Stainless  steel  inserts 

Smear 

0/20 

10 

s 

BT 

PD-839  Oil 

Frankford  Arsenal 

5971 

0.5  ml 

0/20 

10 

s 

BT 

PD-85S  Oil 

Frankford  Arsenal 

7641 

0.5  ml 

2/40 

10 

u 

U 

PD-8S6  Grease 

Frankford  Arsenal 

7637 

0.050 

0/20 

10 

s 

BT 

PD-8S7  Grease 

Frankford  Arsenal 

7639 

0.050 

0/20 

10 

s 

BT 

P.D.  826A 

Frankford  Arsenal 

7638 

0.050 

0/20 

10 

s 

BT 

Pyiiraul  AC  (Lot  E4) 

Monsanto  Chemical  Company 

4417 

0.030 

3/5 

10 

u 

U 

2/15 

5 

Polyslyeol  11-200  Lot  8-6 

Dow  Chemical  Company 

1940 

Polyglycol 

0.050 

0/20 

10 

1 

I 

QC-2-0093 

Dow  Coming  Corporation 

Fluorosilicone 

Sensitivity  varies  from 
jar  to  jar 

0.050 

0-5/20 

10 

JT 

JT 

QC-2-0026 

Dow  Corning  Corporation 

Fluorosilicone 

Sensitivity  varies  from 
jar  to  jar 

0.050 

0-3/20 

10 

JT 

JT 

QC-2-0026.Lot37 

Dow  Coming  Corporation 

7454 

Fluorosilicone 

Twenty-four  jars  tested 

0.050 

(M/20 

10 

JT 

JT 

- 

18  rejected 

* 

r.-;  ■ 

•it.i-rv  1 

> 1 

* I'**!*:  j 

! 

QC-2-0093, 1280,  Jar  No- 1 

Dow  Coming  Corporation 

7392 

Fluorosilicone 

0.050 

0/20 

10 

S 

JT 

Jar  No.  2 

7393 

0/20 

10 

s 

JT 

QF- 1-0065  Fluid  (2500  cs) 

Dow  Coming  Corporation 

1288 

Fluorosilicone 

0.050 

3/12 

10 

u 

u 

0/8 

5 

TABLB  I.  J.UBRICANTS  (Continued) 


TABLE  I.  LUBRICANTS  (Continued) 


No. 

Energy 

Batch' 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

M.'terial 

«al 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/in 

Rating 

Rating 

Slick  Spray  Lubricant 

Ca  Center  Research 

9149 

0.001 

0/6C 

10 

S 

BT 

S-122  Flucidcatbon  Lubricant 

Miller  Stephenson  Company 

9757 

0/20 

10 

S 

BT 

Syntex48 

Bel-Ray  Company  Incorporated  . 

5476 

0.050  • 

4/20 

10 

U 

U 

1/3 

9 

- 

- 

Syntex  54 

Bil-Ray  Company  Incorporated 

5478 

0.050 

0/20 

10 

S 

BT 

Syntax  Si 

Bel  Ray  Company  Incorporated 

5838 

Aroclor  1254 

■ 

0.5  ml 

0/20 

10 

s 

BT 

Tcmplube  Grease  124 

Mationat  Engineering  Products 
Company 

542 

0.050 

2/7 

10 

u 

U 

Ucon  Lubricant  SO  HB-280X 

Union  Carbide  Corporation 

3214 

Polyalkylene  glycol 

0.050 

4/20 

10 

u 

U 

, 

0/20 

5 

— 

Ucort  Lubricant  W-HB-280X 

Union  Carbide  Corporation 

785 

Polyalkylenc  glycol 

0.050 

2/2 

10 

u 

U 

1/18 

5 

- 

- 

Ucon  Lubricant  50  HB-280X 

Union  Carbide  Corporation 

3207 

Polyalkylene  glycol 

0.030 

2/20 

10 

u 

U 

Ucon  Fluid  LB-300X 

Union  Carbide  Corporation 

4416 

Polyalkylene  glycol 

0.050 

5/20 

10 

u 

u 

Ucon  FIuidS0-LB-6S 

Union  Carbide  Corporation 

433 

Polyalkylene  glycol 

0.050 

1/3 

10 

u 

u 

1/3 

5 

— 

— 

1/3 

3 

- 

- 

Ucon  Fluid  LB-135 

Union  Carbide  Corporation 

434 

Polyalkylene  glycol 

0.050 

1/2 

10 

u 

u 

Ucon  Lubricant  LB30CX 

Union  Carbide  Cltcmical 

4411 

Polyglycoi  base 

0.050 

5/20 

10 

u 

u 

Company 

lubricant 

Valve  Seal  A 

Dow  Coming  Corporation 

10335 

Silicone 

0.050 

7/20 

10 

u 

u 

Vcrsilube  Fluid  F-50 

General  Electric  Company 

238 

Silicone 

0.050 

2/2 

10 

u 

u 

2/2 

5 

- 

— 

Versilube  Fluid  G-300 

General  Electric  Company 

270 

Silicone 

0.050 

2/10 

10 

u 

u 

Viscasil  FluidSOOO 

General  Electric  Company 

552 

Silicone 

Violent  explosion 

0.050 

MP  * 

1/20 

10 

u 

u 

VyUax  525 

E.I.  du  Pont  de  Nemours  & 

7391 

Fluorucarbun 

Stainless  steel  inserts 

0/20 

10 

s 

BT 

Company^i  Incorporated 

Telomer  Dispersion 

Dipped  anddried24  hours 

Vydax  550 

E.I.  du  Pont  de  Nemours  & 

7390 

Fluorocarbon 

Stainless  steel  inserts 

0/20 

10 

S 

BT 

Company.  Incorporated 

Telomer  Dispersion 

Dipped  and  dried  24  hours 

Vydax  550 

E.I.  Pont  de  Nemours  & 

7211 

Fluorocarbon 

0.5  ml 

0/20 

10 

s 

BT 

Company,  Incorporated 

Telomer  Dispersion 

o 


I U Oi^U  I « .4  } «• 


TABLE  I.  LUBRICANTS  (Corxcluded) 


No.  1 Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/  Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Vydax  AR 

E.I.  du  Pont  de  Nemours  & 

7388 

Fluorocarbon 

Stainless  steel  inserts 

0/20 

10 

S 

BT 

Company,  Incorporated 

Telomer  Dispersion 

Dipped  and  dried  24  hours 

Vydax  AR 

E.I.  du  Pont  de  Nemours  & ■' 

7389 

« 

Fluorocarbon 

Stainless  steel  inserts 

0/20 

10  . 

S 

BT 

Company,  Incorpora  red 

Telomer  Dispersion 

Spray-Coated,  dried 
24  hours 

V/D-40  Stoprust 

Rocket  ajemical  Company 

2667 

Violent  explosions 

Spray  Film 

3/24 

10 

U 

U 

2/15 

5 

— 

- 

Wliytekote  505 

Alpha  Molykote  Corporation 

3469 

0.002 

ill 

10 

U 

U 

. 

1/1 

5 

-- 

— 

1/1 

3 

— 

— 

1/2 

1 

_ 

- 

Wire-lube  Fulling  Lubricarrt 

Ideal  Industries  Incorporated 

4080 

0.050 

0/20 

10 

I 

XLE-42  Fluid 

Union  Carbide  Corporation 

926 

Silicone 

0.050 

0/20 

10 

s 

I 

X520 

Union  Carbide  Corporation 

876 

Silicone 

0.050 

2/20 

10 

u 

u 

Sample  IlF 

Union  Carbide  Corporation 

1449 

7C%Ucon65LB 

0.050 

5120 

10 

u 

u 

4/20 

5 

— 

X-1 5 Inorganic  Bonded  Dry 

Alpha  Molykote  Corporation 

7362 

Stainless  steel  inserts 

0/20 

10 

S 

s 

Film  Lubricant 

. 

dip  coated 

X-1 5 Inorganic  Bonded  Dry 
Film  Lubricant 

Alpha  Molykote  Corporation 

6970 

Stainless  steel  inserts 
brush  coated,  24  hours 
air  dry 

0/20 

10 

s 

s 

XG-S-0034 

Dow  Coming  Corporation 

5833 

0.050 

2/100 

10 

s 

BT 

25%  Bestoil  - 
75%  Ilalocarbon  208 

- 

6966 

0.5  ml 

4/20 

10 

u 

U 

table  II.  SEALANTS  AND  THSEADING  COMPOUNDS 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

All-PHrpose  Tape-Unyte 

J.C.  Whitlam  Manufacturing  Co. 

6649 

Stainless  steel  inserts 

0.003 

0/20 

10 

S 

S 

Anderol  1333 

Lehigh  Chemical  Company 

704 

Antimony  compound  in 
fluoro-silicop.e  fluid 

Corrosive  to  aluminum 
alloys 

O.OSO 

0/34 

10 

S 

U 

Anti-scoring  Extreme  Pressure 
Lube  No.  3 

Chicago  Manufacturing  and  , 
Distributing  Company 

3772 

0.050 

2/20 

10 

U 

U 

Anti-scoring  Extreme  Pressure 
Lube  No.  3 

Chicago  Manufacturing  and 
Distributing  Company 

3773 

Tliin 

Aim 

10/20 

10 

U 

U 

Anti-seize  Compound  32-2 

Materials  Division, 
MSFC 

2192 

O.OSO 

0/20 

1 

10 

s 

BT 

AR-lElLot67) 

Materials  Division-, 
MSFC 

1462 

Arochlor  1254  and 
graphite 

0.050 

0/20 

i 

10 

S 

BT 

AR-IF 

Hayes  Aircraft  Corporation 

3129 

Arochlor  1254  and 
graphite 

O.OSO 

0/20 

10 

s 

BT 

AR-IF 

Hayes  Aircraft  Corporation 

4507 

0.050 

0/20 

10 

s 

BT 

Blue  Goop  Thread  Lubricant 

Crawford  Fitting  Company 

8216 

Chlorofluorocarbon  oil 
base 

0.050 

0/20 

10 

s 

! BT 

Conley  Teflon  Paste 

Conley  Corporation 

9139 

Tetrafluoroethylene 

base 

0.050 

0/20 

10 

s 

BT 

Dag  Dispersion  No.  217 

Acheson  Colloids  Company 

S4 

0.050 

1/10 

10 

I 

f 

DagOispeision  1730 

Achesqn  Colloids  Company 

Arochlor  1254  and 
graphite 

Thirty-three  batches 
tested 

0.050 

0/20 

10 

s 

BT 

Dag  Dispersion  1730,  Lot  500 

Acheson  Colloids  Company 

9122 

Arochlor  1254,  graphite 

Eight  tubes  evaluated 

0.050 

0/160 

10 

s 

BT 

Dag  Dispersion  1730,  Lot  500 

Acheson  Colloids  Company 

8709 

.Arochlor  1 254,  graphite 

Seven  tubes  evaluated 

O.OSO 

0/140 

10 

s 

BT 

Dag  Dispersion  1730,  Lot  500 

.Acheson  Colloids  Company 

9157 

Arochlor  1254,  graphite 

S<x  tubes  evaluated 

0.050 

0/120 

10 

s 

BT 

Dag  Dispersion  1730,  Lot  500 

Acheson  Colloids  Company 

9276 

Arochlor  1254,  graphite 

Four  tubes  evaluated 

0.050 

0/80 

10 

s 

BT 

Dag  Dispersion  1730,  Lot  500 

Acheson  Colloids  Company 

10285 

Arochlor  1 254,  graphite 

One  tube  evaluated 

0.050 

0/20 

10 

1 

s 

BT 

No.  ' 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Dag  Dispersion  1730,  Lot  SOI 

Aciieson  Coiioids  Company 

10286 

Arochlor  1254,  graphite 

Three  tubes  evaluated 

0.050 

0/60 

10 

S 

BT 

DagDispersion  1730 

Acheson  Colloids  Company 

0.050 

0/20 

10 

BT 

Lot  60-139 

5907 

Aroclor  1254  & graphite 

S 

LotSOO 

7072 

Aroclor  1254  & graphite 

0.050 

0/20 

10 

S 

BT 

LotSOl 

7005 

Aroclor  1254  & graphite 

0.050 

0/20 

10 

S 

BT 

DagPispersfem*  1730,  Lot  5Q0’ 

Acheson  Colloids  Company 

4662 

0.050 

0/20 

10 

S 

BT 

&sy  Wrap  HseJotat  Tape 

J.A.  Sexauer  Manufacturing  Co. 

4368 

Teflon 

No  adhesive 

0.003 

0/20 

10 

S 

BT 

PluoToseal 

Industrial  Plastic  pabricatiws 

48*: 

Water  dispersioi)  of 

0.050 

0,/20 

10 

s 

BT 

Incorporated 

Teflon  and  ammonia 

Liquid  O-ring  No.  1235 

Oil  Center  Research 

• 

0.050 

0/20 

10 

s 

BT 

Leak  Lock 

Highside  Chemical  Company 
Incorporated 

545 

Two  batches  tested 

0.050 

1/11 

10 

u 

U 

Loctite  A 

American  Sealants  Company 

827 

0.050 

2/7 

10 

u 

U 

2/2 

5 

— 

— 

LOX-Lube 

North  American  Aviation 

249 

Graphite  and  chlorinated 

Sensitivity  varies  from 

0.050 

10/20 

10 

u 

BT 

(SpecNA-2-20502) 

hydrocarbon 

batch  to  batch 

LO-K-Sealant  . 

North  American  Aviation 

1 Dixon  200-10  graphite, 

Sensitivity  varies  from 

0.050 

2/20 

10 

u 

BT 

(SpecNA-2.20502) 

85%  Arochlor  1254 

batch  to  batch 

LOX-Safe 

Redd  Incorporated 

7959 

Graphite  and  chlorinated 

.Sensitivity  varies  from 

0.050 

2/20 

10 

u 

BT 

hydrocarbon 

batch  to  batch 

LOX  Sealant 

Rolls  Royce  Limited 

935 

Graphite,  chlorinated 
hydrocarbon 

0.050 

0/20 

10 

u 

BT 

Oxyseal 

Parker  Appliance  Company 

217 

Graphite  and  chlorinated 

0.050 

6/10 

10 

u 

U 

hydrocarbon 

0/12 

3 

— 

Permatex  1516 

Permatex  Company  Incorporated 

861 

Graphite  and  chlorinated 
hydrocarbon 

0.050 

4/60 

10 

u 

U 

-A 

Plastic  Lead  Seal  No.  1 

Crane  Packing  Company 

234 

Lead  compounds  in 

0.050 

3/10 

10 

u 

U 

ndiber  binder . 

1/20 

8 

— 

— 

I/IO 

7 

— 

- 

TABLE  II.  SEALANTS  AND  THREADING  COMPOUNDS  (Continued)  . ^ 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

niickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch- 
er Jar 
Rating 

Material 

Rating 

Plastic  Lead  Seal  Mo.  2 

Crane  Packing  Company 

744 

Lead  compounds  in 

0.050 

2/6 

10 

U 

U 

runner  binder 

Plastic  Lead  Seal  No.  4 

Crane  Packing  Company 

236 

Lead  compounds  in 

0.050 

2/3 

10 

U 

U 

rubber  binder 

2/10 

5 

• — 

— 

,0/10 

3 

- 

- 

Potting  Compound  No.  420 

Cari  Biggs  Company 

S20 

0.050 

3/14 

10 

■ U 

U 

1/20 

5 

— 

— 

Rectorseal  25X-1 

Rector  Well  Equipment 

169 

Graphite  and  chlorinated 

! 0.050 

2/10 

10 

u 

u 

Company  Incorporated 

hydrocarbon 

Rcctorseal  No.  IS 

Rector  Well  Equipment 

Graphite  and  chlorinated 

0.050 

• 1-5/20 

10 

u 

Company  Incorporated 

hydrocarbon 

' 

Reddy-Lube  No.  2 

Redel  Incorporated 

245 

Graphite  and  chlorinated 

Sensitivity  varies  from 

0.050 

0-2/20 

10 

— 

BT 

hydrocarbon 

batch  to  batch 

Reddy-Lube  No.  2 

Redd  Incorporated 

Graphite  and  clilorinated 

Thin  samples 

3-5/20 

10 

u 

BT 

hydrocarbon 

1/12 

7 

— 

Sauereiser^  No.  1 

Sauereisen  Cements  Company 

744 

0.050 

■2/2 

10 

u 

U 

1/18 

5 

— 

. — 

Sauereisen  No.  SI 

Sauereisen  Cements  Company 

351 

O.OSO 

0/20 

10 

s 

BT 

Sauereisen  No.  S2 

Sauereisen  Cements  Company 

289 

O.OSO 

1/1 

10 

u 

U 

I/l 

7 

— 

— 

l/I 

5 

— 

1/2 

3 

- 

- 

Seal-Rite  No.  S 

Macksons  Company 

241 

Graphite,  aluminum 

Sensitivity  varies  from 

O.OSO 

0-2/20 

10 

BT 

silicate  binder,  and 

batch  to  batch 

carbohydrate  vehicle 

Sexaucr  "Easy  Wrap"  Pipe 

J.A.  Sexauer  Manufacturing 

5894 

Teflon 

Stainless  steel  inserts 

0.0035 

0/20 

10 

s 

S 

Joint  Tape 

Company 

. 

Sexauer  “Easy  W'rap”  Pipe 

J.A.  Sexauer  Manufacturing 

6389 

Teflon 

Stainless  steel  inserts 

0.0035 

0/20 

10 

s 

S 

Joint  Tape 

Company 

table  ir.  SEALANTS  AND  THREADING  COMPOUNDS' (eonciUded)- 

• I 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level- 

or  Jar 

Material 

Matcriiil 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/it) 

Rating 

Rating 

Sodium  Silicate  and  Graphite 

Materials  Division,  MSFC 

580 

Sodium  silicate  and 
graphite 

I 

0.050 

0/20 

10 

S 

BT 

Sodium  Silicate  and  Talc 

Materials  Division,  MSFC 

723 

Sodium  silicate  and 
talc 

0.050 

0/20 

10 

S 

BT 

Thread  Compound  No.  265 

Valley  Products  Company 

9295 

0.050 

2/20 

10 

u 

U 

Thread  Compound  No.  26S 

Valley  Products  Company 

507 

0.050 

2/37 

10 

u 

U 

Tliread  Lube 

Parher  Appliance  Company 

273 

0.050 

1/2 

10 

u 

U 

1/2 

7 

— 

— 

1/2 

5 

— 

— 

1/2 

3 

. - 

- 

TapeTite 

Blue  Seal  Cheniical  Company 

7919 

Sintered  Teflon 

0.004 

0/20 

10 

S 

BT 

Teflon  Thread  Seal  Tape  121 

Dodge  Fibers  Corporation 

8381 

Sintered  Teflon 

Eight  rolls  evaluated 

0.003 

0/160 

10 

S 

S 

Thread  Seal  Tape  No.  121 

Dodge  Fibers  Corporation 

6952 

0/20 

10 

s 

S 

Tliread  Seal  Tape  No.  121 

Dodge  Fiber  Company 

4371 

Teflon 

No  adhesive 

0.010 

0/20 

10 

s 

s 

Teflon  Tlircad  Sealant  S-22, 

Saunders  Engineering  Company  ' 

8620 

Sintered  Teflon 

Nine  roils  evaluated 

0.003 

0/180 

10 

S 

s 

Lot66AMEl-B 

T-Film  Tliread  Compound 

Hco  Engineering  Company 

820 

Teflon-water  dispersion 

0.050 

0/20 

10 

s 

BT 

Torq  Compound 

Torq  Manufaciuiing  Company 

5481 

Stainless  steel  inserts 
used 

0.050 

16/20 

10 

u 

U 

TFE  Fluorocarbon  Thread 

Raybestos-Maahattan  Company 

7058 

TFE  Teflon 

0.003 

0/20 

10 

s 

BT 

Sealing  Tape 

Universal  Tiuead  Seal  Teflon 

W.S.  Eliamban  and  Company 

2554 

Teflon 

0/20 

10 

s 

BT 

Ribbon 

X-Pando 

X-Pando  Corporation 

641 

Silicate  cement  , 

0.050 

0/20 

10 

s 

BT 

! 

TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS 


Material 

Manufacturer 
, or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No,  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

AI-220 

Anaconda  Wire  and  Cable 

7661 

Amide-imide  copolymer 

Applied  to  0.008-inch 

0.001 

8/20 

10 

U 

ir 

Company 

thick  aluminum 

Al-220 

Anaconda  Wire  and  Cable 

7662 

Amide-imide  copolymer 

Applied  to  0.02-inch 

0.007 

6/20 

10 

U 

U 

Company 

thick  copper 

Aluminum  anil  Mylar  Covering 

Fibrous  Glass  Jncorporated 

3799 

Aluminum  and  Mylar 

2/2 

10 

U 

U 

from  FibrpusiGIass  Insulation 

2/4 

5 

— 

— 

2/4 

3 

— 

— 

* 

2/4 

1 

— 

— 

2/7 

1/2 

- 

- 

Alsimag  Ceramic  Insulation  196 

American  Lava  Corporation 

1006 

Clinonstatite  crystals 

2/20 

10 

U 

u 

Anaconda  AIr200  Magnet  Wire 

Anaconda  Wire  and  Cable 

6925 

Copper  with  amide-imide 

Stainless  steel  inserts 

0.005 

6/20 

10 

u 

u 

Company 

copolymer  insulation 

Armstrong  Cork  Style  7326 

Armstrong  Cork  Company 

9792 

0.065 

6/20 

10 

u 

u 

3/20 

7.7 

1/20 

5.6 

2/20 

3.5 

1/20 

2.8 

0/20 

1.4 

Armstrong  Cork  Style  9250 

Armstrong  Cork  Company 

8711 

■ 0.131 

20/20  . 

10 

u 

u 

Ban-Roc  Mineral  Wool 

Johns  Manville  Corporation 

10247 

0.090 

0/20 

10 

s 

BT 

B-1 15  CoeKng 

Westinghouse  Corporation 

7665 

Applied  to  0.0G8-inch 

0.0005 

5/20 

10 

u 

U 

copper 

AWG  No.  22  Copper  Wire 

Genet?’  Electric  Company 

3197 

Aluminum  phosphate, 

0/20 

10 

s 

BT 

Coated  witir  Aluminum  Pho^hate 

asbestos,  and  copper 

Impregnated:  Felt  Asbestos 

Cable,  Type  4TX-22-1934 

Hi-Temp  Wires  Incorporated 

1705 

0/20 

10 

s 

BT 

i Cable,  Type  4TX-22-1934 

Hi-Temp  Wires  Incorporated 

1778 

3/20 

10 

u 

BT 

Outside  Covering 

Cable  Transonics,  Type  1932 

Suprenant  Manufacturing  Co. 

1706 

0/20 

10 

s 

BT 

TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


Material 

’ 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Ratirig 

Material 

Rating 

Chromel-AIumel,  Tefloa  Singles, 

Revere  Corporation  of  America 

1691 

Chromel-AIumel, 

3/20 

10 

U 

U 

Nylon  Wrap  . 

Teflon,  and  Nylon 

Chromel-AluniEl,  Teflon  Singles, 

Revere  Corporation  of  America 

1686 

Chromel-AIumel, 

2/2 

10 

U 

U 

AsbestosJacket 

Teflon,  and  asbestos 

2/2 

5 

— 

— 

2/10 

3 

— 

— 

1/6 

2 

— 

— 

Copper-Constantan  Sinterex 

Revere  Corporation  of  America 

1687 

Copper  Constantan, 

1/60 

10 

S 

BT 

Teflon  Tape  Cover 

and  Teflon 

Gopper-Constantan  Conductor 

Revere  Corporation  of  America 

1682 

Copper  Constantan,  and 

2/2 

10 

*T 

U 

witb  Polyvinyl  Insulation 

polyvinyl  plastic 

2/2 

.5 

— 

— 

1/1 

3 

— 

1/7 

2 

— 

— 

20-2Conductor Standard  No.  1741 

Alpha  Wire  Corporation 

1681 

3/4 

10 

U 

U 

Shielded 

• 

2/15 

5 

— 

— 

Cellular  Glass  Insulation  with 

Pittsbrrrg-Coming  Corporation 

6247 

Stainless  steel  inserts 

' 0.4 

17/20 

: 10 

u 

u 

■ Aluminum  Vapor  Barrier 

. 

Centaur  Insulation 

5972 

Stainless, steel  inserts 

0.4P7 

11/20 

10 

u 

u 

11/20 

8 

, . , 

14/20 

6 

’ 

• 

* 

20/20 

4 

■* 

, 18/20 

2 

. 

• 

9/20 

1 

Convair  Uquid  Hydrogen 

Convair  Division 

3189 

Phenolic  rerin,  fiber- 

0.313 

2/2 

10 

u 

u 

Insulation 

General  Dynamics 

glass  honeycomb,  epoxy 

11/11 

5 

— 

— 

fiberglass  sealer. 

\ 

20/20 

2 

— 

‘ 

epoxy  adhesive 

7/20 

1 

— 

• 

■ ■ f • 

. • • 

• 

0/20 

1/2 

-T 

— ■ 

Coast  Pro»Seal  777  Potting 

, Coast  Pro-Seal  Manufacturing 

' 5251 

Two  coats  sprayed  on 

0.025 

18/20 

10 

U- 

'u 

Compound 

Company  ' ' 

' * • 

aluminum  inserts  -•  - 

Coast  Pro-Seal  777  Potting 

Coast  Pro-Seal  Manufacturing 

5212 

One  coat  sprayed  on 

0.015 

15/20 

10 

u 

u 

Compound 

Company  , . . . 

1 

aluminum  discs 

TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch, 
or  Jar 
Rating 

Material 

Rating 

Coast  Pro-Seal  777P  Primer  and 

Coast  Pro-Seal  Manufacturing 

5213 

Sprayed  on  aluminum 

0.015 

17/20 

10 

U 

U 

One  Coat  Coast  Pro-Seal  777 

Company 

discs 

PotsinR  Compound 

Coast  Pro-Seal  776  Primerand  One 

Coast  Pro-Seal  Manufacturing 

5214 

Sprayed  on  aluminum 

0.015 

19/20 

10 

U 

U 

Coat  Proseal  777  Potting  Compound 

Company 

discs 

Corning  7052  Glass 

Coming  Glass  Compony  •' 

7858 

0.060 

0/20 

10 

s 

S 

CPRr-20InsuIation 

Chemical  Plastics  Research 

4362 

Density  4 Ibs/fF 

0.250 

10 

u 

U 

International  Corporation 

7 

— 

5 

— 

3 

— 

I 

- 

CPR-3I4Foam 

Upjolm  Company  • 

9810 

Isocyanate 

0.100 

3/20 

10 

u 

u 

CPR-3l4Foam 

Upjohr  Company 

9846 

Isocyanate 

0.500 

10/20 

10 

u 

u 

CPR-358-2Foam 

Upjoh  Company 

9883 

Isocyanate 

0.250 

4/20 

10 

u 

u 

CPR-368  Foam 

Upjohn  Company 

9830 

Isocyanate 

0.250 

2/20 

10 

u 

u 

CPR-9005-2Foam  ' 

Minnesota  Mining  and 

984! 

Isocyanate 

0.500 

7/20 

10 

u 

u 

Manufacturing  Company 

CPRrl02I-2Sn  Insulation 

Cliemical  Plastics  Research 

4573 

Polyurethane 

0.250 

3/40 

10 

u 

u 

International  Corporation 

2/40 

9 

■ — 

2/20 

8 

— 

0/20 

7 

— 

0/20 

5 

- 

; Dimplar  AIiiminizedMylar 

Quality  Electric  Company 

8377 

0.001 

15/80 

10 

u 

u 

^ Dynatliemi  D-65  Tape  witlv 

Kennedy  Space  Center 

7955 

Filled  polyurethane 

0.075 

0/20 

10 

s 

BT 

Fiberglass  Braid 

Dynariienn  D-65 

Dynatherni  Chemical  Corporation 

5667 

On  aluminum  discs 

0.008 

15/20 

10 

u 

BT 

to 

2/20 

5 

— 

0.010 

Dynatlu-rm  D-oS  plus  a Modified 

Dynathemi  Cheniic'.il  Corporation 

7178 

Stainless  steel  inserts 

0.045 

20/20 

10 

u 

U 

Fluorinated  Coating 

■<! 


TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


No. 

Energy 

Batch 

Manuracturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No  Tests 

. Kg/m 

Rating 

Rating 

Dyna therm  0-65  and  Fiberglass 
Tape  with  Dynatherm  No.  905 

Dynatherm  Chemical  Corp. 

7179 

Stainless  steel  inserts 

0.045 

20/20 

10 

U 

U 

Pynatherm  D-65  Tape 

Dynatherm  Chamical  Cpip. 

6258 

Stainless  steel  inserts 

0.038 

0/20 

12 

S 

BT 

0/20 

10 

Dyna^Therm  D6S 

Dyna-Therm  Chemical 

3668 

Filled  polyurethane 

8 to  10  mils  on 

15/20 

10 

U 

BT 

Corporation 

aluminum  discs 

2/20 

5 

— 

— 

Pyoa^nierm  D-65 

Dyna-Therm  Clieinicai 

?32I 

Polyurctliane,  sodium 

0.063 

0/40 

10 

S 

BT 

Corporation 

phosphate,  sodium 
borate,  and  carbon 

Dyna-Therm  D-65 

Dyna-Dierm  Ciiemical 

3250 

Polyurethane,  sodium 

0.125 

0/20 

10 

S 

BT 

Corporation 

phoqrhate,  sodium 
borate,  and  carbon 

Dyna*Thenn  D-65 

Dyna-Therm  Ciiemical 

3255 

Polyurethane,  sodium 

Aged  8 months 

0.063 

0/20 

10 

S 

BT 

Corporation 

phosphate,  sodium 
borate,  and  carbon 

Dyna'Therm  D-65  with  904  Coating 

Dyna-Dierm  Chemical 

3251 

Polyurethane,  sodium 

0.063 

0/20 

10 

S 

BT 

Corporation 

phosphate,  sodium 
borate,  and  carbon 

h - 

Dyna-Tlierm  D-904 

Dyna-Therm  Ciiemical 

2323 

Polyurethane 

0.050 

6/20 

l6‘ 

u 

U 

Corporation 

2/IS 

S 

— 

— 

0/20 

4 

- 

— 

Dyna-Tiierm  D-lOO 

Dyna-Therm  Chemical 

1801 

Polyurethane 

0.063 

2/20 

10 

IJ 

U 

Corporation 

■' 

1/40 

2 

— 

~ 

Dynatlierm  4327 

Dynatlierm  Ciiemical  Corp. 

5669 

Applied  on  aluminum  discs 

1/60 

10 

s 

BT 

Dynatherm  Custom  Compound, 

Dynatherm  Chemical  Corp.' 

LOX  Compalihic  Coating 
U-4327,  (New  Formulation) 
Batcli  54-89-l> 

• 

6955 

- 

Stainless  steel  inserts 
dipped,  air  dried 
48  hours 

2/20 

10 

u 

U 

Dynatlierm  C-4327 

6954 

Stainless  steel  inserts 

5/20 

10 

u 

U 

(New  Formulation) 

dipped,  air  dried 

Bateh  54-89-3 

48  hours 

TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 
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TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

TIuckness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Ks/m 

Rating 

Rating 

Fprffivar 

Astrionics  Laboratory 

7664 

Applied  to  0.016-inch 
thick  copper 

0.0004 

12/20 

10 

U 

U 

Poster  Fire  Resistive 

Benjamin  Foster  Company 

1017 

2/2 

10 

U 

U 

Coating  6CP30N 

2/5 

5 

— 

— 

2/2 

2 

- 

Foster  Flegfas  Bonding 

Benjamin  Foster  Company 

970 

0/20 

10 

S 

U 

Agent  82-JO 

Foster  Fire  Resistive  Coating 

Benjamin  FosterCompany 

1016 

2/2 

10 

u 

u 

6Qt65 

2/2 

5 

— 

— 

2/7 

2 

- 

- 

' Foster  Seallas  Insulation 

Benjamin  Foster  Company 

968 

2/4 

10 

u 

u 

Coating  31-96 

2/4 

5 

— 

— 

2/5 

2 

— 

— 

Frit  No.  1 

Lear  Siegler  Corporation 

4491 

80-85%  lead  oxide,  15% 
silicon  dioxide,  less 
than  5%  unknown  oxide 

Tested  on  nickel  strips 

* 

0/20 

10 

s 

s 

i Frit  No.  1 Modified  with 

tear  Siegler  Corporation 

4470 

Tested  on  nickel  strips 

0.025 

0/2G 

10 

s 

s 

; Cerium  Oxide 

Glass  Fitter  "B"  No.  621 

^ Owens-Coming  Corporation 

2357 

Glass 

0.063 

0/40 

10 

s 

s 

GlassNo.62l 

Owens-Corning  Corporation 

2378 

Glass 

0.063 

0/20 

10 

s 

s 

HexceII91LD 

Hexcell  Products  Company 

4234 

Honeycomb  phenolic 

0.063 

20/20 

10 

u 

u 

and  epoxy 

20/20 

5 

— 

— 

20/20 

3 

— 

— 

15/20 

1 

“ 

- 

Ilexcell  Polyurethane  Insulation 

Ilcxceii  Products  Company 

3680 

Polyurethane 

0.250 

20/20 

10 

u 

i) 

t414-2 

19/20 

5 

— 

— 

8/20 

3 

- 

— 

0/20 

2 

- 

- 

HRP  Honeycomb  Filled  with 

4570 

Bonded  to  20I4T-6 

0.250 

20/20 

10 

u 

u 

CPR-102I-2 

• 

aluminum  with  Aerobond 

20/20 

3 

— 

— 

430-7 

2/20 

1 

- 

- 

. ^ TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 

i ■■  ' ' -V.  ■ ' I ■ ■ ; '■  ^ ■ 


Material 

' 1 

’ , Manufagtutet 

. or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

. ‘No.' 
Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

' Batch 
or  Jar 
Rating 

Materia! 

Rating 

H-Film  Conductor  Cable 

4471 

fl-Film  insulation. 

0.030 

4/20 

10' 

U 

U 

. 5203 

copper^  conductor. 

0.030 

4/20 

10 

U 

U 

PEP  adhesive 

;H-Foam400 

E;U  dir  Pont  ds  Nemours  & 

5655 

Stainless  steel  inserts 

0.065 

0/20 

10 

S 

I 

Company,  Incorporated  , 

5654 

Stainless  steel  inserts 

0.11 

0/40 

10 

S 

I 

nWmjae 

E.I.  duPont  deNemours  & 

565^ 

Stainless  steel  inserts 

0.055 

0/20 

10 

S 

1 

Company,  Incorporated 

5657 

Stainless  steel  inserts 

0.13 

0/20 

10 

S 

I 

Inserts,  Fired  Durock 

Physical  Science  Corporation 

3220 

Lead  oxide,  cobalt 

0/20 

10 

S 

S 

Type  0117-063 

1 

oxide,  Aickel  oxide, ' ' 

and  bismuth  oxide 

rnsutation 

• 

5405 

Vitel  PE--20%  adhesive 

0.400 

42/120 

10 

U 

U 

and  resin  (polyester) 

22/100 

8 

— 

foam  Freon  blown  poly- 

25/100 

6 

_ 

urethane  in  the  skin  of 

71/100 

4 

— 

_ 

1/2  mil  Mylar  and  1/2 

78/100 

2 

_ 

— 

mil  aluminum 

55/100 

1 

- 

- 

Jsowood  • . • . . 

North  American  Aviation 

• 3209 

Quartz  spheres  and 

0.125 

15/20 

10 

u 

U 

• 

epoxy 

7/20 

7 

— 

— 

- 

2/20 

5 

— 

— 

■ • ■ ■ 

0/20 

3 

— 

JohnsrManville  Rock  Cork 

Johus-Mariville  Company 

800 

Mineral  fiber 

2/5 

10  • 

u 

0 

Insulation 

2/7 

5 

— 

— 

1/8  ■ 

2 

■- 

JoIiRS-M'anville  Thennobestos: 

Johns-Manville  Company 

795 

Calcium  silicate 

0/20 

10 

s 

s 

Insulation 

7ohns-Manvli!c  Tliemioniat 

Johns-Manvilie  Company 

3228 

Asbestos  felt  saturated 

0.063 

11/20 

10 

u 

u 

Style  2S1 

with  phenolic  resin 

6/20 

5 

_ 

and  inorganic  fllier 

5/20 

3 

— 

— 

‘ 

3/20 

2 

— 

— 

* 

0/20 

1 

- ■ 

■ - 

00 

(-1 
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TABLE  ni.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


Material 

Manufacturer 
• or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No, 

Reactions/ 
No.  Tests 

Energy 

I.evel 

Kg/m 

Batch 
or  Jar 
Rating 

M-aterial 

Rating 

Kaowool 

Babcock  andtViicox  Company 

2346 

Ceramic*'  > ■ 

Two  batches  tested 

2/20 

10 

U 

U 

0/20 

5 

- 

• - 

Kaowool 

Babcock  arid  Wilcox  Company 

2488 

Ceramic  fiber 

Heat  treated  2 hours 

0.063 

0/40 

10 

S 

BT 

: 

at  106o°F 

KaowQoI 

Babcock  and  Wilcox  Company 

6945 

Ceramic  fiber 

Heat  treated  2 hours 

0.415  • 

0/20 

10 

s 

BT 

at  1000“F 

Larbdyne  Foam 

Nortii  American  Rockwell 

9352 

Polyurethane 

NAA-3310-23-4 

0,050 

34/40 

10 

u 

U 

Corporation 

Magnolia  Foam  7015^1 

Magnolia  Plastics  Incorporated  ^ 

4558 

0.250 

20/20 

10 

u 

U 

20/20 

5 

• 

— 

17/20  . 

4 

— 

* 

4/20  - 

3 

— 

— 

• 

0/20 

2 

. “ 

- 

Marinite  23A 

Johns-ManviUe  Company 

5665 

Approx. 

0/20 

10 

s 

BT 

0i)625 

MiPtP-l’ibrous  FeIt:No«  108 

Jobns-Manville  Company 

4027 

Glass, 

0.125 

0/20 

10 

s 

BT 

MicroUte  Fiber  Class 

Johns-Manville  Company 

3126 

Fiberglass 

0.094 

0/20 

10 

s 

BT 

Insulatiprt 

MIcro-Quarta 

Johns-Manville  Company 

2347 

Quartz.fibets 

5/40 

4 ' 

u 

U 

Micro-Quartz 

Jphns-Manville  Company 

2382 

Quartz  ifibets 

Heat  treated  inserts  used 

I. 

1/20 

10 

I 

I 

ML  Enamel 

E.T.  du  Pont  dc  Nemours 

7666 

Applied  to  0.002-inch. 

0.001 

3/60' 

10 

u 

BT 

and  Company 

thick  aluminum- 

Potpsaum  Tilanate 

2221 

Potassium  titanate 

• 

0.063 

9/40 

10 

u 

U 

Potassium  Titanate 

2728 

Potassium  titanate 

Heated  4 hours  at 

0.063  . 

0/20 '• 

10 

s 

BT 

lOOO'F 

1 

■ 

RL*24Q5Foam, 

Ray  bestos  Manhattan 

6098 

0.402 

13/20 

10 

u 

U 

density  , . 

Corporation 

* 

11/20 

8 

— 

19/20 

6 

— 

— 

20/20 

4 

— 

— 

- 

18/20 

2 

— 

■ » 

2/20 

1 

- 

- 

TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


. Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 
(inch)  . 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar. 
Rating 

Material 

Rating 

RL  2405  Foam 

Raybestos-Manliattan 

5982 

3 mil  aluminum  foil. 

Stainless  steel  inserts 

0.500  : 

20/20  , 

10 

U 

U 

Corporation 

Adiptene  L-IOO 

14/20 

8 

20/20 

6 

20/20 

4 

, 14/20 

2 

0/20 

1 

Styrofoam 

Dow  Chemical  Company  • 

6237 

Stainless  steel  inserts  . 

0.401 

4/20  ■ 

10 

U 

U 

l/6#/ft*  density 

3/20 

8 

4/20 

6 

8/20 

4 

10/20 

.2 

7/20 

1 

Styrofoam 

Dow  Chemical  Company 

6322 

Stainless  steel  cups 

0.401 

2/20 

10 

U 

U 

1.6#/ft’  density  > 

. 

2/20 

8 

5/20 

6 

10/20 

4 

16/20 

2 

7/20 

r 

Silvered  Gpge  Twenty  Four 

Revere  Corporation  of 

1688 

Silvered  gage  twenty- 

0.594 

2/2 

10 

U 

u 

Conductor  Wire 

America 

four  conductor  wire, 

Inner  wire  insulation- 

revcothene.  Outer 

covering  Geon  Shield- 

Tinned  Copper 

Silicone  RTVFoqm  QR7131 

Dow-Coming  Corporation 

3769 

Silicone 

0.250 

4/20 

10 

U 

u 

3/20 

5 

— 

— 

0/20 

3 

— 

— 

Scotch  Foam ! Insulation 

Minnesota  Mining  and 

798 

Foamed  plastic 

0.060 

2/2 

10 

u 

u 

Manufacturing  Company 

2/12 

5 

— 

~ 

0/5 

3 

— 

Smootll  On  Cement 

Smooth  On  Manufacturing 

1646 

0.050 

0/20 

10 

s 

s 

Company 

Snap-On  Insuiatinn 

Gustin-Bacon  Company 

796 

Glass  fiber-organic  filled 

2/20 

10 

u 

u 

Stafoain  Insiiiation  AA202 

Dayton  Rubber  Company 

781 

- 

3/20 

10 

u 

u 

} 


TABLE  in.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


■■ ; 

Materi*! 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No.  . 
Reactions/ 
No.  Tests 

Energy 

Level 

K^m 

Batch: 
or  Jar 
Rating 

Material 

Rating 

SUfoam  Insulation  C-02 

Oayton  Rubber  Company 

782 

2/8 

io 

U 

• U 

2/4 

5 

— 

— 

0/8 

3 

— 

— 

Styrofoam  Insuiatisn  No.  33 

Styrofoam  Plastics  Corporation 

707 

Styrofoam 

2/3 

10 

U 

U 

3/4 

5 

Silvered  GageTwenty  Four 

Revere  Corporation  of 

1688 

Silvered  gage  twenty- 

0.594 

2/2 

10 

u . 

u 

Conductor  Wire 

America 

four  conductor  wire, 

Inner  wire  insidation- 

I ■ 

revcothene.  Outer 

covering  Geon  Shield- 

■finned  Copper 

Tenon  Type  2857,  No.  18 

• 

1690 

Teflon,  copper,  and 

0/20 

10 

S 

BT 

Strained  Copper,  Silver  Coated 

silver 

Tensolite  Alpha  Type  28 12-2 

Aipha  Wire  Corporation 

1684  . 

• 

2/11 

10 

u 

BT 

' 

2/3 

5 

. — 

— » 

1/6 

3 . 

“ 

— 

Tensolite  Alpha  Type  2812-4 

Alpha  Wire  Corporation 

1683 

0/20 

10 

S 

BT 

Type  2TX-22-1 934ZX  Wire  • 

Hi-Temp  Wires  Incorporated 

1679 

Stranded  silver-plated 

2/2 

10 

■u 

U 

copper  conductor  with  ■ 

1/1 

5 

— 

— 

extruded  Teflon  : 

2/12  ; 

3 

— 

— 

insulation,  shielded  in 

0/5 

2 

— 

tinned  copper.  Outside  , 

1680 

polyvinyl  chloride 

, 

2/H 

5 

— 

— 

1/9 

3 

— 

— 

Tliermo-Resist  69 

Thermo  Resist  Company 

3674 

Phenylated  nylon  . 

• 

11/20 

10 

u 

U 

’ 

..8/10 

5 

— 

— 

, , i . -;L-  . 

4/10 

3 

— ' 

— 

ThermofUTFElSizeNo.IO; 

^ RaycIadTubes  Incorporated" 

4810 

St'arriles^  steel  inserts 

0/20  “ 

10 

s , 

. ^ ^ 

Control  No.  G415-63-2) 

• ’ 1 * M 

used 

5 ■ * '•  I 

TliermoIagT-230 

: Emerson  Electric  Manufacturing 

5381 

Stainless  steeiinserts 

0.116;  : 

20/20 

10  . 

y 

' Company 

coated  withTEermolag 

TliernioIagT-500 

Emerson  Electric  Manufacturing 

5382 

Stainless  steel  Inserts 

0.015 

8/20 

10 

u 

u 

Compariy  . _ i , • , , 

coated  i^thfliermolag  , ^ 

‘ 

TABLE  III.  THERMAL  AND  ELECTRICAL  INSULATIONS  (Continued) 


Mateiial 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Unicrest  Insulation,  Outer 

United  Cork  Company 

788 

2/2 

10 

U 

U 

Covering 

2/2 

5 

— 

— 

2/3 

3 

— 

— 

Unicrest  Insulation 

United  Cork  Company 

747 

2/2 

10 

U 

U 

2/4 

5 

— 

— 

0/14 

3 

- 

— 

UnicrestType  S E Insulation 

United  Cork  Company 

709 

2/20 

10 

u 

u 

2/20 

5 

— 

— 

Vimasco  Insulation  Coating  WC-1 

Vimasco  Corporation 

921 

2/3 

10 

u 

u 

• • 

2/2 

5 

— 

2/4 

3 

— 

— 

Vimasco  Cation  Insulation 

Vimasco  Corporation 

919 

■ " 

3/20 

10 

u 

u 

Coating  500 

* 

WhiteMercury  Resistant 

W.P.  Fuller  and  Company 

4012 

Modified  silicone 

Baked  on  stainless 

Brush 

2/20 

10 

u 

u 

Electrical  Insulation  Coating 

steel  inserts 

coat 

168rW<20 

Wire,  Ceramic  Coated 

General  Cable  Corporation 

3218 

Ceramic  coated. 

23/40 

10 

u 

u 

Nickel-Clad  Copper 

nickel-clad  copper 

Wire,  Ceramic  Coated 

General  Cable  Corporation 

3322 

Ceramic  coated. 

20/40 

10 

u 

u 

Nickel-Clad  Copper 

nickei-clad  copper 

.9/20 

5 

— 

— 

"Wire  Coated  with  ML  Enamel 

General  Cable  Corporation 

4009 

0/20 

10 

s 

BT 

Wire  Coated  with  ML  Enamel  and 

General  Cable  Corporation 

4008 

0/20 

10 

s 

BT 

Covered  with  Felt  Asbestos 

ML  Wire  Enamel  RC-5019 

E.l.  du  Pont  de  Nemours  & . 

6769 

Hiin  coat  applied  on 

0/20 

10 

s 

BT 

Company,  Incorporated 

stainless  steel  inserts. 

air  dry  30  minutes,  bake  * 

60  min  at  10S°C,  bake 

10  min  at  400°C 

Wire:  MIL-W-16878C,TypeE 

1 

' 

(3  conductor  No.  20, 

6631 

Stainless  steel  inserts. 

0.163 

0/20 

10 

s 

BT 

twisted  and  shielded 

6629 

cleaned  with  triehloro- 

0.063 

0/20 

10 

s 

BT 

(complete  wire)! 

ethylene 

[3  small  conductor  wires] 

6630 

0.010 

0/20 

10 

s 

BT 

[outside  cover] 

Sanie  as  above 

1 

i 

TABLE  III.  thermal 

i ' 

! i i 

AND  ELECTRICAL  INSULATIONS  rConclukea^ 

4 

I 

i 

I : 

' ‘ • l’.  • • • .' 

1 • 
j ••  • • ; 

! 

, 

* 

• 

■ 

1 

j 

i ' ' 

1 

j • 

j 

i ■ ‘ s 

» J 

1 ^ i 

! ■ i 

: J 

• 4,  ( • 

L 

KOe 

, Energy 

s Batch 

; 

Manufacturer 

Test 

Thickness 

Reectipns/ 

Level 

'or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarlcs 

(inch) 

No.  Tests 

' Kg/m 

Rating 

Rating 

Wire:  MIL-C-2750tt-20T-3-N-6 

ITT  Suprenant,  Incorporated 

6636 

Same  as  above 

0.230 

0/20 

10 

■ s 

BT 

[Tefloa  covered,  3 conductor 

6633 

Same  as  above 

Ko.  20  twisted  and  shielded] 

• -r.  , 

[3  small;  conductor  wires] 

• 

• 6632 

Same  as  above 

0.082 

7/20 

10 

u 

•BT 

[]  sthali;  conductor  Wire] 

6634 

Same  as  above  ' 

0.0015 

0/20 

10 

S 

BT 

[Label] 

6635 

Same  as  above 

0.025 

0/20 

10 

s 

BT 

[Outside  cover] 

Zeolite  5A 

Kennedy  Space  Center 

9351 

0.050 

' 0/20 

10 

s 

BT 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES 


No. 

Energy 

Batch 

Manufacturer 

Test 

Tliickness 

Reactions/ 

Level 

or  Jar 

Material 

Muterial 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Aclar  22 

Allied  Chemical  Company 

.SSOS 

Chlorofluorocarbon 

Stainless  steel  inserts 
used 

0.020 

0/20 

10 

S 

S 

Aclar  22 

Allied  Cliemical  Company 

5309 

Chlorofluorocarbon 

Stainless  steel  inserts 
used 

0.010 

0/20 

10 

S 

S 

Aclar  22 

Allied  Chemical  Company 

5310 

Ciltorofluorocarbon 

Stainless  steel  inserts 

0.003 

0/20 

11.3 

S 

s 

• 

used 

0/20 

10 

- 

- 

Aclar  22A 

Allied  Chemical  Company 

4520 

Chlorofluorocarbon 

Stainless  steel  inserts 
used 

0.030 

0/20 

10 

s 

s 

Adar22A 

Allied  Chemical  Company 

4521 

Chlorofluorocarbon 

Stainless  steel  inserts 
used 

0.015 

0/20 

10 

s 

s 

Aclar  22A 

Allied  Chemical  Company 

4522 

Chlorofluorocarbon 

Stainless  steel  inserts 
used 

0.010 

0/20 

10 

s 

s 

Aclar  22A 

Allied  Chemical  Company 

3997 

Fluorohalocatbon 

Stainless  steel  inserts 
used 

0.005 

0/20 

10 

s 

s 

Aclar  22A 

Allied  Chemical  Company 

3998 

Fluorolialocarbon 

Stainless  steeel  insects 
used 

0.002 

0/40 

10 

s 

s 

Aclar  22C  Film 

Allied  Chemical  Company 

7062 

Fluorolialocarbon 

Stainless  steel  inserts 

0.0015 

0/20 

10 

s 

s 

Aclar  33C 

Allied  Clicmical  Company 

6643 

Fluorohalocarbon 

Stainless  steel  inserts 

0.001 

0/20 

10 

s 

s 

Aclar  33C 

Allied  Chemical  Company 

6645 

Fiuorohalocarbon 

Stainless  steel  inserts 

0.002 

0/20 

10 

s 

s 

Aclar  33C 

Allied  Chemical  Company 

6644 

Fluorolialocarbon 

Stainless  steel  inserts 

0.005 

.0/20 

10 

s 

s 

Aclar  Type  191  (MIL-F-22191) 

Allied  Chemical  Company 

4185 

Fluorohalocarbon  - 

Stainless  steel  inserts 

0.002 

0/20 

10 

s 

s 

Aero  Quip  Black 

Aeroquip  Corporation 

1012 

Erradiated  polyvinyl 

Liner  for  flex  hose 

2/4 

10 

u 

u 

chloride 

2/12 

5 

— 

0/4 

2 

- 

- 

Aero  Quip  Orange 

1011 

Teflon 

Liner  for  metal  flex  hose 

0/20 

10 

s 

BT 

Aerospace  Sealant  92-OlP 

Dow  Coming  Corporation 

7282 

• 

0.005 

6/20 

10 

u 

U 

6/20 

7.62 

4/20 

5.54 

2/20 

3.46 

1/20 

1.39 

V 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests. 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Aiuminum  discs  cemented  with 

5734 

0/20 

10 

S 

BT 

polyuretliane  and  edge  coated 

5736' 

0/20 

5 

S 

BT 

. with  Dynatherm  D-6S 

. Aluminum  discs  cemented  with 

5737 

0.5 

2/12 

10 

U 

BT 

polyurethane  and  potted  with 

• 

2/2 

8 

Dynatlierm  D-65 

1/20 

6 

Aluminized  Nylon 

6253 

i 

Stainless  steel  inserts 

0.003 

8/20 

10 

U 

U 

6255 

9/20 

10 

Aluminized  Mytar 

Kennedy  Space  Center  , 

9915 

Ten  sheets  stacked 

0.003 

7/20 

10 

U 

U 

Antco  Adhesive  F-88 

American  Consolidated 

3404 

Fluorohalocarbon 

0.050 

2/3 

10 

U 

U 

Manufacturing  Company 

2/11 

5 

0/20 

1 

- . 

~ 

Armstrong  Cement 

Armstrong  Products  Company 

657 

0,050 

10 

u 

U 

1/1 

5 

- 

- 

Araidite  £010  and  Catalyst  125 

CIBA  Chemical  Company 

. 743 

Epoxy 

0.050 

$13 

10 

u 

u 

2/4 

5 

- 

— 

2/2 

2 

- 

. - 

ArmalonPDX7700B 

Du  Pont 

4802 

Teflon  felt 

Bleach 

0.063 

0/20 

10 

s 

s 

Anaphrenc  (urethane  rubber) 

E.I.  du  Pont  de  Nemours  & 

6G67 

Stainless  steel  inserts 

0.172 

20/20 

10 

u 

u 

Company,  Incorporated 

Ben-IIar  Lacing  Tape 

Eently  Harris  Manufacturing 

7063 

Stainless  steel  inserts 

0.015 

0/20 

10 

s 

Company 

as  received 

B.F.C.  Transparent  Blue 

Better  Finishing  Company 

3840 

Film  on  stainless  steel 

2/10 

10 

u 

u 

Liquid  Envelope 

Incorporated 

inserts 

2/13 

5 

— 

. 

0/20 

2 

- 

- 

Blastguard  Tape  Grade  AAA 

H.K.  Porter  Company 

2327 

Treated  pressure 

0.125 

12/20 

10 

u 

u 

Incorporated 

• 

sensitive  tape 

2/H 

5 

— 

0/5 

3 

- 

- 

Blastape  MX4647 

Joiins-Manvillq  Company 

2328 

0.125 

0/20 

10 

s 

BT, 

Buna-N  Rubber 

- 

656 

2/3 

10 

u 

U 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


, . Material 

Manufacturer 

i or  Source  }. 

Test  . 
NO;  . 

Composition  i 

Remarks  ' 

..-TV 

Thickness 

(inch) 

. No.  • 
Reactions/ 
No.  Tests 

Energy 

level 

K^m 

Batch  ■ 
or  Jar’, 
.luting 

Material 

Rating' 

Butyl  Fairprene 

■ fi.I.  du  Pont  de  Nemours  & 

618  ' 

Fabric  impregnated 

4/6 

10 

’U 

U 

Company,  Incorporated 

with  butyl  rubber  ;■ 

2/20 

5 

- 

- 

Caram  Cement 

, Caram  Manufacturing  Company  ! 

5728 

1 part  E918A  butyl 

Cured  48  hours  at  room 

0.035 

18/20 

10 

U 

u 

adhesive.  Component  A, 

temperature 

. 18/20 

8 

1 part  E918B  butyl 

16/20 

6 

. • 

adhesive,  Component  Bj 

i 

! 

11/20 

4 

andT  part  toluene-  i 

! 

1/20 

3 

• 

j 

1 

0/20  , 

2 

Celcon 

Celanese  Corporation  ' 

5914  . 

\ 

0.003 

12/20 

10 

U 

u 

1 

9/20 

8 

1 

J 

•.  ; ’ . 

• • J 

5/20 

i 6 

t 

1 

1 

3/20 

4 

1 • 

' f 

.1:  * 

4/20 

2 

1. 

• 

■ 

1/20 

1 

Chetnlok  203,  Set  No.  1 

. Hughson  Chemical  Company 

6623 

f 

Stainless  Steel  inserts. 

0.062  ' 

4/20 

10 

u 

u 

, . . . ... 

‘ > «...  > • . 

cured  for  1/2  hour  at 

• . ; 

3/20 

8 

• 

50°C,lhourati00“C, 

2/20 

6 

: 

16hoursatl50°C 

' 

2/20 

4 

n 

0/20 

2 

0/20 

1 

Chemlok203,  Set  No.  2 

Hughson  Chemical  Company 

6616 

Stainless  steel  inserts 

3/40 

10 

u 

u 

■ - '1  • , . 

• . . t.y.  • 

cured  for  1/2  hour  at  ‘ 

2/60 

8 

SO’C,  1 hourat  100°C, 

0/20 

6 

1 hour  at  150°Ci  , 

0/20 

4 

! 

16houisat200'’C  ' 

* 

Chemlok  220-123 

Hu^ison  Chemical  Company 

6943 

Stainless  steel  inserts 

0.062  : 

5/20 

10 

u 

u 

2/20 

8 

; 

2/20 

6 

‘ 

’ 

3/20  . 

4 

• ' r 

- . 

0/20 

2 

' 

. 

0/20 

1 

Chemlok  220-205-  - ■ 

Hughson  Chemical  Company 

6937 

Stainless  steel  inserts 

0.064 

4/20 

10 

u 

u 

5/20 

8 

. ...  _ 

4/20 

6 . 

2/20 

4 

- 

0/20 

2 

•• 

t i 

0/20 

1 

TABLE  rV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Matedal 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

• No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Cottoa  Fabric  Treated  with  rape 

Hooker  Chemical  Company 

6979 

0.018 

19/20 

10 

U 

U 

13/20 

5 

2/20 

2 

0/20 

1 

CS  2727  Epoxy  and 

Chem-&al  Corporation 

6932 

100  gms  epoxy 

Air  Dried  72  hours 

0.050 

9/20 

10 

U 

U 

Accelerated  9817 

of  America 

21  gms  catalyst 

8/20 

S 

6/20 

6 

6/20 

4 

Coast  Pro  Seal  793 

Coast  Pro  Seal  Manufacturing 

2759 

Polyurethane 

• 0.063 

2/7 

10 

U 

u 

Company  ^ . 

Compound  Rubber  X-58 

Bacon  Industries  Incorporated 

280 

Teflon  impregnated 

2/3 

10 

U 

u 

silicone  rubber 

C328RTV 

Connecticut  Hard  Rubber 

4822 

Viton  base  adhesive 

0.015 

2/4 

10 

U 

u 

Company 

to 

2/6 

5 

_ 

0.025 

2/6 

3 

— 

— 

2/11 

2 

..  . 

• 

0/20 

I 

- 

Compound  TH'10S7  Rubber 

Stillman  Rubber  Company 

5729 

Phiorinated  silicone 

0.100 

15/20 

10 

U 

u 

10/20 

8 

— 

— 

11/20 

6 

— 

— 

3/20 

4 

— 

— 

0/20 

2 

- 

- 

Compound  TH-1057  Rubber 

Stillman  Rubber  Company 

2385 

Fluoro^ilicone 

0.063 

0/20 

10 

u 

u 

Crystal  MG  Inorganic  Paper 

Minnesota  Mining  and 

3195 

0.003 

2/20 

10 

u 

u 

Manufacturing  Company 

Crystal  MP  Inorganic  Paper 

Minnesota  Mining  and 

5196 

0.003 

0/20 

10 

s 

BT 

Manufacturing  Company 

Crystal  M Inorganic  Paper 

Minnesota  Mining  and 

3194 

0.003 

0/20 

10 

s 

BT 

Manufacturing  Company 

Ciyo-Mastic  IC-53I 

Insul-Coustic  Company 

9215 

Vapor  barrier 

0.025 

15/20 

10 

u 

U 

11/20 

7.7 

14/20 

5.6 

. 

14/20 

3.S 

‘ 

12/20 

1.4 

TABLE  IV.  PLASTICS,  ELASTOMERS.  AND  ADHESIVES  (Continued) 


1 


) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Tluckness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Matenal 

Rating 

Cycolao  LT-1000 

Marbon  Chemical  Corporation 

8513 

■Styrene 

0.010 

20/20 

10 

U 

U 

• 

20/20 

7.7 

20/20 

5.6 

18/20 

3.5 

14/20 

1.4 

CycoIacLT-1000 

Marbon  Chemical  Corporation 

8518 

Styrene 

0.020 

20/20 

10 

U 

U 

20/20 

7.7 

20/20 

5.6 

16/20 

3.5 

9/20 

1.4 

Cycolac  LT-1000 

Marbon  Chemical  Corporation 

8523 

Styrene 

0.030 

20/20 

10 

U 

u 

19/20 

7.7 

17/20 

5.6 

* 

13/20 

3.5 

10/20 

1.4 

Cycolac  LT-1000 

Marbon  Chemical  Corporation 

8528 

Styrene 

0.040 

19/20 

10 

U 

u 

20/20 

7.7 

14/20 

5.6 

8/20 

3.5 

3/20 

1.4 

C^fcolac  LT-1000 

Marbon  Chemical  Corporation 

8533 

Styrene 

0.050 

19/20 

10 

U 

u 

19/20 

7.7 

10/20 

5.6 

8/20 

3.5 

• 

1/20 

1.4 

Cycolac  LT-1000 

Marbon  Chemical  Corporation 

8538 

Styrene 

0.060 

20/20 

ib 

U 

u 

15/20 

7.7 

• 

19/20 

5.6 

* 

10/20 

3.5 

1/20 

1.4 

Cycolac  LT-1000 

Marbon  Chamical  Ciitporation 

■ 8543 

Styrene 

O.0S0 

15/20 

10  • 

U 

u 

' 

4/20  ? 

7.7 

* 

2/20 

5.6 

• . * 

3/20 

4.2 

2/20 

3.5 

' ■ ’ . . . 

2/20 

2.3 

0/20 

1.4 

<£> 

1-4 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND 'ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Spujce  , 

Test 

No. 

Composition 

Remarks 

Thickness 
n-ffeW  1. 

No.  - 
Reactions/ 
No.  Testa 

Energy 

Level 

..Kgim 

Batch 
or  Jar 
Rating 

Material 

Rating 

Dalbon  Fluorocarbon  Resin 

Diamond  Alkali  Company 

8795 

Polyvinyl  Fluoride 

Applied  on  stainless 

0.005 

9/20 

10 

U 

D 

steel  discs 

D.C.  274  Adhesive 

Dow  Cominc  Corporation 

640 

Silicone 

2/8 

10 

U 

U 

0/12 

5 

— 

- 

D.C.  325 

Dow  Coming  Corporation 

4480 

Silicone 

0.050 

3/3 

10 

U 

U 

2/11 

5 

— 

— 

1/13 

4 

— 

— 

1/2 

3 

— 

— 

0/21 

2 

- 

— 

DC  94-017 

Dow  Coming  Corporation 

7981 

Fluorosilicone 

0.050  ’■ 

2/20 

10 

u 

u 

DC  94-017 

Dow  Coming  Corporation 

7985 

Fluorosilicone 

0.075 

0/20 

10 

I 

V 

DC  94-017 

Dow  Coming  Corporation 

7984 

Fluorosilicone 

0.106 

4/20 

10 

u 

V 

DC  94-018 

Dow  Coming  Corporation 

7982 

Fluorosilicone 

0.050 

5/20 

10 

u 

u 

DC  94-018  ' 

Dow  Coming  Corporation 

7982 

Fluorosilicone 

0.084  ■ 

4/20 

10 

u 

u 

DC  94-018 

Dow  Coming  Corporation 

7986 

Fluorosilicone 

• 

0.100  i 

4/20 

10 

u 

u 

DC  94-019 

Dow  Coming  Corporation 

7983 

Fluorosilicone 

0.060 

3/20 

10 

u 

u 

DC  94-019 

. Dow  Coming  Corporation 

7988 

Fluorosilicone 

; 

0.090 

0/20 

10 

s 

BT 

DC  94-0 19 

Dow  Coming  Corporation 

7991 

Fluorosilicone 

0.224 

1/60 

10 

s 

BT 

DC  93-019 

Dow  Coming  Corporation 

8208 

Silicone  r.alative 

0.115  • 

4/20 

10 

u 

U 

material 

, 

1/20 

7.7 

0/20 

5.6 

DC  93-019  and  DC  94003 

Dow  Coming  Corporation 

8213 

Silicone  ablative 

• 

0.070 

6/20 

10 

u 

U 

• 

material 

4/20 

7.7 

u 

U 

8/20 

5.6 

Dow  Coming  No.  780  Sealant 

Dow  Coming  Corporation 

6931 

Silicone 

Air  dried  72  hours 

0.050  • 

16/20 

10 

u 

U 

10/20 

8 

— 

— 

9/20 

6 

— 

— 

8/20 

4 

— 

— 





4/20 

2 

— 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Remarks 

Thickness 

Reactions/ 

Level 

or  Jar. 

Material 

Matenal 

or  Source 

No. 

Composition 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Dodge  Fibers  Lacing  Tape 

7057 

Teflon 

Washed  in  F-33 

0.010 

0/20 

10 

S 

BT 

(E775-476) 

DipPakNo.  661 

Fidelity  Chemical  Corporation 

3762 

Cellulose  acetate 
butyrate 

0.063 

2/10 

10 

U 

U 

DipPakNo.  661 

Fidelity  Chemical  Corporation 
1 

3764 

Cellulose  acetate 

Stainless  steel  inserts 

0.001 

9/20 

10 

U 

U 

butyrate 

dipped  in  molten  Dip  Fak 

3/20 

2 

— 

— 

7/20 

5 

— 

0/20 

1 

- 

- 

Dp  PqntH  Film 

E.  I.  du  Pont  de  Nemours  and 
CompanVi  Incorporated 

3647 

0.002 

0/20 

10 

s 

BT 

Du  Pont  H Film 

E.  I.  du  Pont  de  Nemours  and 

4192 

0.002 

14/20 

10 

u 

U 

No.  67011  (361A) 

Company,  Incorporated  • 

2/20 

5 

— 

2/20 

3 

— 

— 

0/20 

1 

- 

- 

DuPontHT-1  No.67014(171A) 

E.  I.  du  Pont  de  Nemours  and 

4198 

0.010 

4/4 

10 

u 

U 

Company,  Incorporated 

4/4 

5 

' — 

— 

2/8 

1 

— 

- 

Du  Pont  HT-1  Felt  No.  1280-74-0 

E.  1.  du  Pont  de  Nemours  and 

4195 

0.125 

2/2 

10 

u 

u 

Company,  Incorporated 

2/2 

5 

— 

— 

2/14 

2 

— 

— 

1/20 

1 

— 

— 

Du  Pont  HT-I  No.  380  369-370 

E.  I.  du  Porit  de  Nemours  and 

4197 

0.030 

2/2 

10 

u 

u ■ 

Company,  Incorporated 

2/2 

5 

— 

— 

2/2 

2 

— 

— 

3/3 

1 

- 

Du  Pont  No.  97-001 A 

E.  I.  du  Pont  de  Nemours -and 

3596 

0.005  FEP  laminated  to 

0.010 

0/20 

10 

s 

s 

Company,  Incorporated 

TFE  fabric  and  metaiized 
with  aluminum 

Du  Pont  No.  506A112 

E.  I.  du  Pont  de  Nemours  and 

3595 

Armalon  and  FEP 

o.qofcui 

. 0/20 

. 10 

s 

s 

Company,  Incorporated 

dispersion  coated, glass 

Du  Pont  ML  Film 

E.  I.  du  Pont  de  Nemours  and 

3558 

0.008 

2/20 

10 

u 

BT 

Company,  Incorporated 

0/20 

5 

— 

g ‘ table  IV.  plastics;  elastomers,  and  adhesives  (Continued) 


n 

No. 

Energy 

Batch 

' 

Manufacturer 

Test 

Remarks 

Thiclmess 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

(inch) 
1_ 

No.  Tests 

Ksim 

Rating 

Rating 

Qu  Pont  ML  Film 

E.  1.  du  Pont  de  Nemours  and 
Company,  Incorporated 

3536 

0.004 

0/40 

10 

S 

BT 

Du  Pont  ML  Film 

E.I.  du  Pont  de  Nemours  and 
Company,  Incorporated 

3555 

0.002 

0/40 

10 

S 

BT 

Dynatlisrm  D-63A  Primer 

Dynatherm  Chemical  Corporation 

9427 

0.005 

7/20 

10 

u 

U 

6/20 

7.7 

— 

- 

4/20 

5.6 

- 

Dynatherm  D-4327,  Lot3Q017 

Dynatherm  Chemical  Corporation 

9806 

39  percent  solids 

0.010 

2/20 

10 

U 

BT 

3/20 

7.7 

— 

Dynathenn  D-4327,  Lot  30017 

Dynatherm  Chemical  Corporation 

9808 

10  percent  solids 

0.010 

0/20 

10 

s 

BT 

DynalUerm  0-4327,  Lot  10356 

Dynathenn  Ciiemical  Corporation 

8839 

Ten  coats  brushed  on 

0.009 

3/20 

10 

V 

BT 

stainless  steel  discs 
with  30  min.  drying 
between  coats  72  las. 
drying  after  final  coat. 

Dynatlierm  D4327,  Lot  10346 

Dynatherm  Chemical  Corporation 

8S3Q 

Stainless  steel  discs 

0.011 

6/20 

10 

V 

BT 

dip  coated,  dried  for 

4/20 

7.7 

— 

— 

45  hours 

3/20 

7.0 

— 

2/20 

6.3 

0/20 

5.6 

- 

- 

Dynatherm  D4327,  Lot  10346 

Dynatherm  Chemical  Corporation 

8836 

Stainless  steel  discs. 

0.007 

12/40 

10 

u 

BT 

dip  coated  and  oven  dried 
at  95°F  for  12  hours 

Dynathenn  D4327,  Lot  1 0346 

Dynatherm  Chemical  Corporation 

8773 

Stainless  steel  discs, 
dip  coated  and  air  dried 
for  72  hours 

0.004 

5/20 

10 

u 

BT 

Dynathenn  D4327,  Lot  10346 

Dynathenn  Chemical  Corporation 

8663 

Stainless  steel  discs, 
dip  coated  and  air  dried- 
for  24  hours 

0.002 

• 3/20 

10 

u 

BT 

Dynathenn  D4327,  Lot  10346 

Dynatherm  Chemical  Corporation 

8804 

Stainless  steel  discs. 

0.002 

3/20 

10 

II 

BT 

dip  coated  and  air  dried 
for  18  hours 

Dynatherm  D4327,  Lot  10346 

Dynatherm  Chemical  Corporation 

8664 

Stai  'les.  steel  discs. 

0.002 

4/20 

10 

u 

BT 

• 

dip  coated  and  air  dried 
for  30  minutes 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No.- 

Energy 

Batch 

Manufacturer 

Test 

Remarks 

Thickness 

Reactionsy 

Level 

orJar 

Material 

Material 

or  Source 

No. 

Composition 

finch) 

No.  Tests 

ICg/m 

Rating 

Rating 

Dytjathsrin  P-4327,  Lot  10346 

Dynatherm  Chemical  Corporation 

8801 

Stainless  steel  discs, 
dip  coated  in  10  percent 

0.002 

0/40 

10 

S 

BT 

solid  D-4327  and  air 
dried  for  18  hours 

Dynatheiin  D4327 

Dynatherm  Chemical  Corporation 

4381 

Brushed  on  stainless 
steel  inserts  and  air 
dried 

0/60 

10 

S 

BT 

E-Bbnd  Rubber  Sealant 

International  Epoxy 

4199 

Epoxy  and  polysulfide 

LP/32  activator 

0.050 

10/20 

10 

U 

U 

Corporation 

14/20 

5 

— 

— 

10/20 

1 

— 

— 

EC1944B 

Minnesota  Mining  and 

2745 

0.063 

3/20 

10 

u 

U 

Manufacturing  Company 

0/20 

S 

— 

— 

Bcco  Bond  No.  45  and 

Emerson  and  Cuming 

742 

Epoxy  Cement 

Violent  reactions 

0.050 

2/2 

10 

u 

u 

Catalyst  No,  IS 

Incorporated 

2/2 

5 

— 

• 

2/2 

2 

— 

EC^1252  Adhesive 

Minnesota  Mining  and 
Manufacturing  Company 

8252 

0.050. 

20/20 

10 

u 

u 

Eimac  221 

Eitel  McCpllough, 
Incorporated 

7729 

Polypheny! 

0.28Q 

6/20 

10 

u 

u 

Epoxy  Topping;  without 

Toch  Brotheis  Company 

8374 

0.35 

■ 11/20' 

10 

u 

u 

Seal  Coat 

• 

Epoxy  Topping  with  Seal  Coat 

Toch  Brothers  Company 

8375 

.0.40 . 

.11/20 

■ 10 

u 

u 

Epil’ond  123  and  Hardner  952A 

Furane  Plastics  Incorporated 

741 

EpC'XJs  Cement 

Vioient  reactions 

0.050 

5/20  ■ 

10 

u 

u 

Epon  Glass  Terminal  Board 

• 

659 

2/3 

10 

u 

u 

•1/1 

5 

— 

Epoxy  Potting  Compound 

Bendix  Corporation 

1945 

Epoxy 

O.OS3 

1/j'  . 

10 

u 

u 

1 ■ 

. 1/1  .- 

1 5 . 

~ - 

— 

■ 

1/1 

2 

— 

— 

Epoxy  Riled  Glass  Fabric 

General  Electric  Company 

3790 

Epoxy<31ass 

Type  G.E.E. 

0.063 

19/20 

10  • • 

u 

u . 

(MlL-P-18177) 

Grads  G-lO 

4/20 

S-. 

3/20  - 

2 

• r~ 

— 

• 

• 0/20 

■ r 

~ * 

TABLE' IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


I 

Material 

Manufacturer 

orSource 

Test 

No. 

Composition 

Remarks 

Thiclmess 

(inch) 

No, 

Reactions/ 
No.  Tests 

Etjergy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Epoxy  Filled  Glass  Fabric  ‘ 

General  Electric  Company 

4289 

Epoxy<31ass 

Type  G.E.E. 

0.063 

20/20 

10 

U 

U 

{MIL-P-18I77) 

Grade  G-iO 

' 

Epon  901 

Shell  Chemical  Company 

5432 

1 1 parts  curing  agerrt 

0.050 

27/40 

10 

U 

U 

B-3  to  100  parts  resin. 

10/40 

8 

— 

. — 

Cured  1/2  hour  at 

4/20 

6 

— 

— 

240°F,then  1-1/2 

5/20 

4 

— 

— 

hours  at  350°F 

2/20 

.2 

— 

— 

0/20 

1 

— 

— 

Eimac  221 

Eitel-McCullough, 

7587 

Parapoly  phenyl 

Total  6/20 

Approx. 

6/20 

10 

U 

U 

Incorporated 

0.2 

Estane  S470X-1 

Goodyear  Corporation  <■ 

7552 

Stainless  steel  inserts 

0.005 

13/20 

10 

U - 

u 

Molded  at  290'’F 

washed  with  F-33 

7/20 

7.62 

— 

— 

8/20 

5.54 

— 

— 

2/20 

3.46 

— 

/ — . 

2/20 

1.39 

— ■ 

— 

Estane  5470X-1 

Goodyear  Corporatipn 

7552 

Stainless  steel  inserts 

0.010 

12/20 

10 

u ■ 

u 

Molded  at  290“F 

! 

washed  with  F-33 

9/20 

7.62 

— 

7/20 

5.54 

— 

— 

2/20 

3.46 

— 

— 

1/20 

1.39 

— ■ 

— 

Estane  5470X-1 

Goodyear  Corporation 

7552 

Stainless  steel  inserts 

0,020 

6/20 

10 

'u  • 

u 

Molded  at  290”F 

washed  with  F-33 

1/20 

7.62 

■ — 

— 

6/20 

5.54 

— 

— 

3/20 

3.46 

— 

— 

1/20 

1.39 

— 

— 

Estane  5470X-I 

Goodyear  Corporation 

7552 

Stainless  steel  inserts 

0.030 

8/20 

10 

u 

u 

Molded  at  290°F 

washed  with  F-33 

7/20 

7.62 

— 

— 

, 

6/20 

5.54 

— 

4/20 

4.85 

— 

2/20 

4.16 

— 

- 

■ . 0/20 

3.46 

0/20 

2.77 

- 

- 

Estane  S470X-1 

Goodyear  Corporation 

7552 

Stainless  steel  inserts 

0.040 

4/20 

10 

u 

u 

Molded  at  290° 

washed  with  F-33 

2/20 

7.62 

— 

- 

1/20 

5.54 

— 

i/20 

4,85 

- 

- 

0/20 

4.16 

— 

- 

1 

0/20  . 

3.46 

■ 

TABLE  IV.  PLASTICS, -ELASTOMERS,  AND  ADHESIVES  .(Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Extane5470X-l 
Molded  at  290°F 

Goodyear  Corporation 

7552 

Stainless  steel  inserts 
washed  with  F-33 

Estane5470X-l 
Molded  at  290°F 

Goodyear  Corporation 

7552 

Stainless  steel  inserts 
washed  with  F-33 

EstaneS470X-l 
Molded  at  290“F  ' 

• 

» 

Goodyear  Corporation 

7552 

Stainless  steel  inserts 
washed  with  F-33 

Ethyl  Cellulose 

6354 

Ethyl  cellulose 

Stainless  steel  inserts 

— 

Ethyl  Cellulose 

6354 

Ethyl  cellulose 

Stainless  steel  inserts 

Ethyl  Cellulose 

1 

6354 

Ethyl  cellulose 

Stainless  steel  inserts 

Ethyl  CelluloK 

> > . 

6354 

Ethyl  cellulose 

Stainless  steel  inserts 

No.  Energy 
Thickness  Reactions/  Level 

(inch)  No.  Tests  Ki/m 


10 

7.62 

6.93 

6.24 

5.54 

5.54  : 


TABLE  IV.  PLAuSTICSj  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

! Manufacturer 

1 or  Source 

1 

Test’ 

No. 

Composition 

Remarks 

Tliickness 

(inch) 

Ethyl  Cellulose 

! 6354 

Ethyl  cellulose 

Stainless  steel  inserts 

0.050 

Ethyl  Cellulose 

6354 

Erhyl  celluloses 

Stainless  steel  inserts 

0.060 

Ethyl  Cellulose 

r 

6354 

Ethyl  cellulose 

Stainless  steel  inserts 

0.080 

Ethylene  Propylene 
Compound  E-617-9 

Parker  Seal  Company 

9894 

0.078 

Exon-461 

Firestone  Plastics  Company 

7785 

Polyvinyl  chloride 
resur 

0.080 

Exon-461 

Firestone  Plastics  Company 

7813 

Polyvinyl  chloride 
resin 

0.060 

Exon-461 

Firestone  Plastice  Company 

7g06 

Polyvinyl  chloride 
resin 

0.050 

TABLE  IV.  PLASTICSi  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

ManuPacturer 
or  Source 

Test 

No. 

Comporition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

EKon-461 

Firestone  Plastics  Company 

7799 

Poly.inyl  chloride 

0.040 

6/20 

10 

U 

U 

resin 

5/20 

7.7 

- 

3/20 

5.6 

— 

- — 

0/20 

28 

— 

— 

0/20 

2.1 

— 

— 

0/20 

1.4 

— 

— 

Exon-461 

Firestone  Plastics  Company 

7792 

Polyvinyl  chloride 

0.030 

9/20 

10 

u 

U 

resin 

5/20 

7.7 

— 

6/20 

5.6 

— 

— 

2/20 

3.5 

— 

— 

0/20 

2.8 

— 

— 

0/20 

2.1 

— 

— 

Exon-461 

Firestone  Plastics  Company 

7785 

Polyvinyl  chloride 

0.020 

10/20 

10 

u 

u 

resin 

10/20 

7.7 

— 

— 

7/20 

5.6 

— 

^ • 

3/2( 

3.5 

— 

— 

1/20 

2.8 

- 

— 

0/20 

2.1 

— 

— 

Exon-461 

Firestone  Plastics  Company 

7784 

Polyvinyl  chloride 

0.010 

11/20 

10 

u 

u 

resin 

8/20 

7.7 

— 

— 

8/20 

5.6 

- 

— 

3/20 

3.5 

— 

— 

2/20 

1.4 

— 

— 

1/20 

0.7 

— 

— 

Exon-461 

Firestone  Plastics  Company 

4614 

PVC 

0.032 

4/20 

10 

u 

u 

Exon-461 

Firestone  Plasties  Company 

4615 

PVC 

0.020 

2/20 

10' 

u 

u 

Exon-461 

Firestone  Plastics  Company 

4616 

PVC 

0.022 

2/20 

10 

u 

u 

Exon-461 

Firestone  Plastics  Company 

4377 

PVC 

0.088 

2/80 

10 

u 

u 

Fairprene  85-001 

Du  Pont 

4609 

Viton  A on  1 16  glass 

Stainless  steel  inserts 

O.Oil 

5/20 

10 

u 

u 

used 

FEP  120 

Du  Pont 

4585 

Teflon  suspension 

Material  coated  on 

0/20 

10 

s 

BT 

fluorinated  ethylene 

brass  disc;  stainless 

propylene 

steel  inserts  used 

- ^ 

100 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


I 1 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

■Batch 
or  Jar 
Rating 

Materia! 

Rating 

Fibroua  Glass  Tubing 

Taylor  Fibre  Company 

3812 

Epoxy-Glass 

0.063 

2/2 

lb 

U 

U 

2/2 

5 

— 

— 

2/3 

2 

- 

- 

Fibrous  Glass  Tubing 

Taylor  Fibre  Company 

3810 

Epoxy-Glass 

0.063 

2/2 

10 

U 

u 

2/2 

5 

— 

2/3 

2 

- 

Fiberglass  Epoxy  Pipe 

Test  Laboratory 

8770 

0.22 

20/20 

10 

u 

u 

Fiberglass  Plus  A Fluoro- 

7177 

Glass,  coated  with 

Stainless  steel  inserts 

0.012 

20/20 

10 

u 

U ■ 

silicone  Coating 

fiuorinated  vinyl 

resin 

Fiberglass  Thread 

Coming  Glass 

7180 

Glass  with  parafln  wax 

Stainless  steel  inserts 

Q.033 

20/20 

10 

u 

u . 

lubricant 

FluoroHex-T  Extruded  Hose 

Resistoflex  Corporation 

6957 

Teflon  with  0.05% 

0.050 

0/20 

10 

s 

BT 

carbon  black 

Fiuoroglass  E-77S-303 

John  L.  Dore  Company 

4376 

Teflon  and  ground  glass 

0/20 

10 

s 

S 

Flaymbar  477 

Ocean  Chemical, 

9842 

0.010 

14/20 

10 

u 

U 

Incorporated 

Fluoro-Ray  Ceramic 

Rayb  estos-M  anhattan 

9775 

Ceramic  Filled  TFE 

0.025 

2-4/20  ■ 

10 

u ■ 

BT 

Filled  TFE,  Batchess 

Company 

101, 102, and  103 

Fluoro-Brown 

John  L.  Dore  Company 

1393 

Reprocessed  Teflon 

0.063 

0/20. 

10 

s 

BT 

Ruorcl  Elastomer  0-Ring, 

Seal  Eastern  Company 

10239 

. 0/20 

10 

s 

BT 

Size  006 

Fliiorel  Elastomer  0-Ring, 

Seal  Eastern  Company 

10240 

4/20 

10 

u 

BT 

Size  016 

Fluorcl  Elastomer  0-Ring 

Seal  Eastern  Company  . | 

10241 

4/20 

10 

u 

BT 

Size  160 

Fiuorosilicone 

Dow  Coming  Corporation 

9957 

Fiuorosilicone 

0.070 

7/20 

10 

u 

U 

LS-53-24-300 

101 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 
. No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

FliiorelKX2141 

Minnesota  Mining  and 

2262 

0.094 

0/20 

10 

S 

U 

Manufacturing  Qpmpany 

Fluorel-EIastomer 

Minnesota  Mining  and 

1318 

Chlorofluoro-carbon 

Five  batches  tested 

0.063 

0/20 

id 

S 

U 

(orange,  brown,  black, 

Manufacturing  Company 

1067 

white) 

Fluorolin  Tape  101 

Joclin  Manufacturing 

773 

3 mil  Teflon  and  3 mil 

2/3 

10 

U 

U 

adhesive 

2/17 

5 

— 

— 

Fluorolin  Tape  303 

Joclin  Manufacturing 

770 

6 mil  Teflon 

2/2 

10 

U 

u 

Company 

impregnated  glass 

2/6 

5 

— 

— 

fibers  and  4 mil 

0/12 

2 

— 

— 

adhesive 

Fluorolin  Tape 

Joclin  Manufacturing 

771 

3 mil  aluminum  foil 

2/3 

10 

u 

V 

company 

4 mil  Teflon, 

0/2 

5 

— 

— 

2 mil  adhesive 

2/4 

2 

“ 

— 

FM  1 000  Adhesive 

Blodmingdale  Rubber 

4057 

Nylon  Epoxy 

Violent  reactions 

0.010 

17/20 

10 

U • 

u 

Company 

11/20 

5 

— 

— 

9/20 

2 

— 

— 

Garlock  8573,  Lot  65, 

Aerospace  Mechanical 

8600 

Filled  Teflon 

0.105 

0/20 

10 

s 

BT 

AME-8N 

Equipment,  Incorporated 

Garlock  8573 

Garlock  Packing  Company 

7943 

Filled  Teflon 

0.097 

0/20 

. 10 

S 

BT 

Garlock  8573 

Garlock  Packing  Company 

9155 

Filled  Teflon 

0.117 

0/20 

10 

s 

BT 

G.E.  Formulation  II 

General  Electric  Company 

3863 

Potting  compound  of 

Sample  B 

0.028 

2/2 

10 

u 

U 

Adiprene  L - 100  parts 

2/8 

5 

— 

— 

Castor  oil  - 10  parts 

2/9 

3 

— 

— 

Teflon  7X- 100  parts 

2/10 

2 

— 

*- 

Quadrol  - 5.7  parts 

0/20 

1 

G.E.  Formulation  II 

General  Electric  Company 

2952 

Sample  C 

0.034 

2/5 

10 

u 

U 

0/20 

5 

— 

— 

G.E.  Formulation  II 

General  Electric  Company 

3866 

Sample  D 

0.043 

6/20 

10 

u 

U 

2/8 

5 

- 

— 

0/20 

1 

..-I 

— 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued)  - 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness ' 

Reactions^ 

‘ Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

G.E.  Formulation  II 

General  Electric  Company 

2951 

Sample  E 

0.063 

0/20 

10 

I 

U 

G.E.  Formulation  II 

General  Electric  Company 

2955 

Sample  F 

0.Q70 

0/20 

10 

I 

U 

G.E.  Formulation  II 

General  Electric  Company 

3869 

Sample  F aged  1 year 

0.070 

2/4 

10 

U 

U 

2/4 

7 

— 

— 

0/20  ■ 

5 

— 

— 

G.  B.  Formulation  II 

General  Electric  Company 

3871 

Patting  compound  of 

Sample  G 

0.105 

2/20 

10 

u 

U 

Adeprene  L • 100  parts 
Castor  oil -10  parts 
Teflon  7X  - 100  parts 
Quadrol- 5.7  parts 

0/20 

8 

G.  E.  Formulation  II 

General  Electric  Company 

2743 

Sample  H 

0.125 

0/20 

10 

1 

u 

G.E.  Formulation  I 

General  Electric  Company 

2945 

Potting  compound  of 

0.063 

2/11 

10 

u 

u 

Adeprene  L- 100  parts 

1/3 

5 

— 

■“ 

Castor  oil  - 10  parts 

0/11 

3 

— 

— 

Quadrol  - 5.7  parts 

0.125 

3/0 

10 

— 

— 

0/20 

• 5 

G.E.  Formulation  III 

General  Electric  Company  , , 

2954 

Potting  compound  of 

0.152 

0/20 

10 

s 

u 

' • VV  • 

Adeprene  I.  - 100  parts 
Castor  oil  - 10  parts 
Quadrol -4.5  parts 
Fluorolube  - 30  parts 

G.E.  Formulation  IIIA 

General  Electric  Company 

3040 

Same  as  above  except 

0.063 

6/20 

10 

u 

u 

Fluorolube  increased 

2/7 

5 i 

— 

— 

to  45  parts 

■ 0/20 

3 • 

— 

— 

G.E.  Formulation  IIIA 

General  Electric  Company 

3041 

Same  as  above  except 

0.032 

10/20 

10 

u 

u 

Fluorolube  increased 

2/4 

5 

— 

— 

to  45  parts  . ■ 

0/20 

3 

— 

“ 

Gen-Fle.\  Plastic  Tubing 

General  Cements  Company 

1678 

2/4 

10 

u 

u 

No:  603 

2/2 

5 

““ 

1/14 

2 

~ 

— 

Gliri  Air  ; 

Glidden  Company 

1900 

. 

0.063 

5/8 

10 

u 

u 

1/1 

5 

— 

— 

- 

• l/I 

2 

— 

- 

1/1 

1 

— 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Tluckness 

Reactions/ 

Level 

or  Jar 

Material 

Material  ; 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Glass  Lacing  Tape 

Dodge  Fiber  Corporation 

6068 

Glass  with  Teflon 

Stainless  steel  inserts 

0.010 

1/60 

10 

S 

BT 

NO.075127B476 

coat 

Glass  and  Ceramic  Adhesive 

Dow  Coming  Corporation 

9831 

Silicone  base 

Cured  for  24  hours 
at  room  temperature 

0.050 

9/20 

10 

U 

U 

Glass  Resin  100 

Illinois  Glass  Company 

10040 

0.050 

20/20 

10 

U 

U 

Gylon  S-50-S 

Garlock  Packing  Company 

10265 

Filled  Teflon 

0.100 

p/20 

10 

S 

BT 

Gylon 

Gariock  Packing  Company 

8718 

Filled  Teflon 

0.095 

0/20 

10 

S 

BT 

GR266,2It/2FEP 

Du  Pont 

5566 

Code  10-63-13 

0.002 

0/20 

10 

S 

BT 

Gudebrade  Style  256 

Gudebrade  Silk  Company 

7075 

Teflon  TFE 

As  received 

0.010 

1/60 

10 

S 

BT 

(Lacing  Tape) 

6391 

Halon  TFE,  Batch  3-41-3 

Allied  Chemical 

7466 

0.066 

0/20 

10 

s 

BT 

Corporation 

7467 

0.070 

0/20 

10 

s 

BT 

Heat  Shrink  LS-53 

Dow  Coming  Corporation 

5925 

OCiO 

20/20 

.10 

u 

U 

5924 

0.063 

17/20 

10 

u 

U 

5923 

9.125 

9/20 

10 

u 

U 

H Cement 

W.T.Bean 

5440 

H cement  applied  to 
stainless  steel  inserts 
over  dried  at  140°P 

0.010 

p/20 

10 

s 

BT 

for  IS  minutes;  then  at 
600°F  for  30  minutes 

H-FiIm295-lA-3 

Du  Pont 

5191 

0.001 

11/20 

10 

u 

BT 

11/20 

3 

— 

— 

«" 

4/20 

7 

— 

— 

■0/20 

6 

— 

H-Film  147-2A-2 

Du  Pont 

5193 

0.003 

•4/20 

10 

u 

BT 

5/20 

8 

— 

— 

♦ 

a<i*:  1 • ■ 

• 2/20  ■ 

6 

— 

— 

0/20 

4 

— 

— 

H-Film  380-2-2 

Du  Pont 

5568 

Aged  24  hours  at 
300°C 

0.002 

0/20 

10 

s 

BT 

104 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

J 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

■Energy 

Level 

K^m 

Batch . 
or  Jar 
Rating 

Material 

Rating 

H-Film  380-2-2 

DuPont 

5567 

No  extra  drying 

0.002 

4/20 

10 

U 

BT 

H-Film  227-lA-l 

Du  Pont 

' 5195 

0.005 

4/20 

10 

U ' 

BT 

8/20 

8 

— 

— 

0/20 

7 

- 

- 

0/20 

6 

- 

- 

H-Film 

Custom  Component  Switches, 

6642 

0.001 

0/20 

10 

S 

BT 

Incorporated 

Hercocel  A 

Hercules  Powder  Company 

7729 

0.080 

2/20 

10 

U 

U 

■ 3/20 

7.7 

— 

— 

3/20 

7.0 

— 

— 

0/20 

6.3 

— 

— 

- 

. 0/20 

5.6 

- 

- 

Hercocel  A 

Hercules  Powder  Company 

7734 

0.060 

■ 3/20 

10 

. u 

U 

2/20 

7.7 

— 

— 

2/20 

5.6 

— 

— 

0/20 

4.9 

— 

- 

0/20 

4.2 

— 

— 

Hercocel  A 

Hercules  Power  Company 

7739 

0.050 

4/20 

10 

u 

u 

3/20 

7.7 

— 

— 

2/20 

5.6 

- 

- 

2/20 

4.9 

— 

0/20 

4.2 

— 

— 

0/20 

3.5 

- 

— 

Hercocel  A 

Hercules  Powder  Company 

7746 

0.040 

4/20 

10 

u 

u 

4/20 

7.7 

— 

— 

• 1/20 

5.6 

— 

— 

1/20 

4.2 

— 

— 

■ 0/20 

3.5 

— 

— 

0/20 

2.8 

~ 

Hercocel  A 

Hercules  Powder  Company 

7752 

0.030 

5/20 

10 

u 

• u 

■ 6/20 

— 

2/20 

— 

2/20 

— 

9 

— 

0/20 

KSi 

^Di 

— 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 
Level  • 
Kg/ni 

Batch 
or  Jar 
Rating 

Material 

Rating 

HercoccI  A 

Hercules  Powder  Company 

7758 

0.020 

10/20 

10 

U 

U 

9/20 

7.7 

— 

— 

8/20 

5.6 

— 

■ — 

3/20 

3.5 

— 

— 

0/20 

2.8 

— 

— 

0/20 

2.1 

- 

Hercocel  A 

Hercules  Powder  Company 

7765 

0.010 

10 

U 

U 

6/20 

7.7 

6/20 

5.6 

2/20 

4.9 

0/20 

4.2 

0/20 

3.5 

Hercocel  A 

Hercules  Powder  Company 

7772 

0.005 

8/20 

10 

U 

7/20 

7.7 

6/20 

5.6 

2/20 

3.5 

2/20 

2.8 

• 

1.4 

H 

H 

Hinac  Gl-FS  Coating 

6006 

Applied  by  Boeing, 

3/40 

10 

u 

u 

Wichita 

Hinac  G-IS 

Pennsalt  Company 

6061 

15/20 

10 

■U 

u 

HT-3  High  Temperature 

Organocerams  Inc. 

7202 

0.012 

5/20 

10 

u 

u 

Sealant 

2/20 

7.62 

2/20 

5.54 

2/20 

4.85 

Threshold 

0.012 

0/20 

4.16 

0/20 

3.46 

HT-S  Higli  Temperature 

Organocerams  Inc. 

7196 

0.050 

2/20 

10 

u 

u 

Sealant 

1/20 

7.62 

— 

6.93 

— 

. 6.24 

— 

HI 

5.54 

H 

— . 

HT-424  Adhesive 

E.  I.  du  Pont  de  Nemours  and 

4220 

Epoxy  phenolic 

Violent  reactions 

0.013 

20/20 

10 

u 

u 

Company,  Incorporated 

20/20 

5 

20/20 

3 

6/20 

1 

illBlil 

g TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Hypalon  Rubber 

E.  I.  du  Pont  de  Nemours  and* 

3958 

0.094 

2/3 

10 

U 

V 

Company,  Incorporated 

2/S 

5 

- 

2/6 

3 

— 

— 

1/8 

2 

- ■ 

- 

Hypalon-Asbestos 

E.  I.  du  Pont  de  Nemours  and 

1959 

0.063 

2/10 

10 

U 

U 

Company,  Incorporated 

1/10 

s 

- 

- 

Hypalon  Rubber 

E.  I.  du  Pont  de  Nemours  and 

1946 

0.094 

2/2 

10 

u 

u 

Company,  Incorporated 

2/4 

5 

— 

2/7 

3 

— 

0/7 

2 

- 

- 

Hysol  Cement  6020 

Houghton  Labs  Incorporated 

1003 

Epoxy  Cement 

Violent  reactions 

0.050 

2/3 

10 

u 

u 

2/2 

5 

u 

u 

2/4 

. 2 

Kel-F  (Plasticized) 

Minnesota  Mining  and 

3320 

Polytrifluorochloro- 

0.032 

0/20 

10 

s 

BT 

Manufacturing  Company 

ethylene 

Kel-F  (Unplasticized) 

Minnesota  Mining  and 

822 

Polytrifluorochloro- 

0/20 

10 

s 

BT 

Manufacturing  Company 

ethylene 

Kel-F  Plastics,  Unplasticized 

Minnesota  Mining  and 

7648 

0.075 

0/20 

10 

s . 

BT 

Manufacturing  Company 

Kel-F  (Slieet)  Cadillac 

Cadillac  Plastic  Company 

6071 

0.63 

0/20 

10 

s 

BT 

Plastic  Lot  No. 

A30994  . 

Kel-F  AMS3650Part  No.  20M302S2 

6072 

Stainless  steel  inserts 

0.042 

0/20 

IG 

s 

BT 

Kel-F  FX-703 

Minnesota  Mining  and 

7978 

Fluorochemical  lacquer 

Baked  on  stainless 

0.002 

0/20 

10 

s 

BT 

* 

Manufacturing  Company 

steel  inserts  at 

250°C  for  2 hours 

Kel-F  L-1380 

Minnesota  Mining  and 

3999 

Polytrifluorochloro- 

0.005 

0/20 

10 

s 

BT 

Manufacturing  Company 

ethylene 

Kel-F  L-1381 

Minnesota  Mining  and 

4006 

Prfytrifluorochloro- 

O.OOS 

0/20 

10 

s 

BT 

Manufacturing  Company 

ethylene 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufactm  ,r 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

I^vel. 

Kg/m 

Batch 
or  Jar. 
Rating 

Material 

Rating 

Kel-F  Film  Type  8105 

Minnesota  Mining  and 
Manufacturing  Company 

4003 

Polytrifluorochtoro- 

ethylene 

0.005  ^ 

0/20 

10 

S 

BT 

Kel-F  Film  Type  KX202 

Minnesota  Mining  and 
Manufacturing  Company 

4000 

Potytrifluorochloro- 

ethylene 

0.002 

0/20 

10 

S 

BT 

Kel-F  Film  Type  KX8110 

Minnesota  Mining  and 
Manufacturing  Company 

4004 

Polytrifluorochloro- 

etliylene 

0.01G 

0/20 

10 

S 

BT 

Kel-F  Film  Type  8210 

Minnesota  Mining  and 
Manufacturing  Company 

4002 

Polytrifluorochloro- 

ethylene 

0.010 

0/20 

10 

s 

BT 

Kel-F  Film  Type  8205 

Minnesota  Mining  and 
Manufacturing  Company 

4001 

Polytrifluorochloro- 

etbylene 

0.005 

0/20 

10 

s 

BT 

Xel-F8i  Plastic 

Minnesota  Mining  and 
Manufacturing  Company 

3045 

Polymer  based  on 
clilorotrilluoro  carbon 

0.063 

0/20 

10 

S 

BT 

Kel-F800  (Pressurized  can) 

Sprayon  Products, 
Incorporated 

2601 

Spmyed  on  stainless 
steel  inserts.  Dried 
72  hours 

, 

2/60 

.10 

u 

BT 

Kel-F  800  Spray 

Sprayon  Products, 
Incorporated 

7979 

Chlorofluorocarbon 

Baked  on  stainless 
steel  inserts  at 
250°Cfor2hours 

0.002 

0/20 

10 

S 

BT 

Kel-F  800  Spray 

Sprayon  Products,  * 

Incorporated 

5713 

Stainless  steel  inserts 
Spray-coated,  aged 
17  days 

0/20 

10 

s 

BT 

Kel-FSOO  Resin 

Minnesota  Mining  and 
Manufacturing  Company 

1421 

Polytrilluorochloro- 

ethylene 

0.063 

0/20 

10 

s 

BT 

Kel-F800  Plastic 

Minnesota  Mining  and 
Manufacturing  Company 

3060 

Polytrifluoroehloro- 

elhylene 

■ 0.053 

0/20 

10 

S 

BT 

Ke!-F8G0  Plastic 

Minnesota  Mining  and 
Manufe-turing  Company 

3319 

Polytrifluorochloro- 

ethylene 

Soaked  in  petroleum 
ether  and  dried 

0.125 

6/20 

10  ■ 

u 

BT 

Kel-F-800  Hot  Melt  Primer  and 
Kel-F-800  Impregnated 
Glass  Clotii 

Huglies  Aircraft  Company 

0.063 

3/4 

0/16 

10 

5 

u 

U 
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’table  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued)  " ~ 


• 'Material 

Manufacturer 
• 'or  Source 

Test 

No. 

i 

Compos!  tibn 

, Remarks 

Thickness 
(inch)  . 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/ra 

Batch  '• 
or  Jar  : 
Rating 

Material 

Rating 

Kel-FHotMe!tPriraerand  1 

Hugljea'Aircraft  Company 

4475 

0.063 

2/2 

10 

U 

U 

Polyurethane  Impregnated 

. 

2/2 

5 

- 

— ■ 

Glass  Cloth  ‘ 

2/2 

3 

— 

— 

. J.  ••  • 

^ ■ .*/  ‘ 

0/14 

1 

Kel-F-800  Hot  Melt  Primer  • 

Hugiies  Aircraft  Company 

4374 

Stainless  steel  inserts 

0.063  : 

2/7 

10 

U 

U 

used 

1/2 

5 

— 

— 

- 

. • V ‘ • i 

1/3 

3 

— 

— 

0/8 

1 

— 

T 

Kel-F  Primer  640  Top  Coat  ' 

Minnesota  Mining  and 

4809 

' . * ; •/!  * i-  ^ i-  ■' 

, Sprayed  on  stainless 

0/20 

lo 

s 

S 

L-143KKX636)  ; 

Ma'nufaqturing  Company 

< Steel  inserts 
s 

r 

K>i:640  Primer  KX635  Top  Coat  i 

Minnesota  Mining  and 

4808 

...  t-  . 

• Sprayed  on  stainless 

0/20  ■ 

10 

s 

s 

Manufacturing  Company 

; steel  inserts  ; 

KeI-F-PN2S  Primer  , 

Minnesota  Mining  and ' 

1676 

• 1 : ' ■ «•  .»• 

One  coat  sprayed  on 

6/20 

• 10 

S ■ • 

s' 

• 1 ' • 

Manufacturing  Con\pany 

. stainless  steel  inserts 

KeI-FPN25  Primer  and  ' 

Minnesota  Mining  and 

1675 

• ‘•■'’i- ■ ■ ' ' * ‘ 

Two  coats  sprayed  on 

6/20 

lo 

s 

is 

NW-25TN  Coating  < 

Manufactunng  Company 

stainless  steel  inserts 

Kel-F  DispeKion  625  '' 

Minnesota  Miping  and 

3518- 

Polytrjfluprophlorp- 

' Film 

p.005  , 

. 0/20 

IQ  . 

..S 

s 

Mariufacluring  Company 

, etliylene  ' 

• 

1 

* 

Ket-F'bishersion  KX6^3  ' ' 

Minnesota  Mining  and 

4005 

Polytrifluorochlpro- 

. Film 

.0.003  ' 

C/20 

i? 

s 

s. 

» 

tomifacturing  Company 

1 ethylene 

1 

Kel-F  Elastomer  ' ' ‘ • 

Minnesota  Mining  an'"  , 

3852 

Polytrinuprochloro- 

q..’2S 

Olio 

' .10 

S 

s 

Manufacturing  Co.npany 

ethylene 

Kel-F  Elastomer.  j 

Minnesota  Minmg  and 

! 3853 

Polytrilluorochioro- 

1 

0.063  , 

0/20 

ip. 

s 

s 

Manufacturing  Comp  xiy 

. 

ethylene 

■ 

*. 

Koroseal  ' ’ 

B.F.  Goodricli  Company 

. 4286 

Vinyl  rubber 

0.125 

■ 2/2.0 

• 10 

u.,. 

u. 

krylon  Crystal  Clear  , 

Krylon  Incorporated 

. 3226 

Acrylic  resin  and 

0.002 

. 2/3 

10 . 

, u 

u. 

Spray  Coating 

aromatic  hydrocarbons 

2/6 

5 

. "■ 

- . . • • t 

0/20 

. 1 

•— 

— 

Kynar(RC-252S) 

Pennsalt  Chemical  Company 

2874 

Vinylidene  Fluoride 

0.063 

0/10  . 

.10 

1 

u 

Kynar 

Uie  Fluorocarbon  Company 

,5364 

Vlnyledine  fluoride  ■ 

0.016  ■ 

‘5/20 

10.  . 

u 

U • 

* 

2/20 

8 

. " ■ 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No, 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Patch 
or  Jar 
Rating 

Material 

Rating 

Kjnar 

The  Fluorocarbon  Company 

5364 

Vinyledine  fluoride 

0.016 

5/20 

10 

V 

,H 

(Lot  6210-9E;  Annealed) 

2/20 

8 

— 

■ — 

2/20 

6 

Kynar 

Tile  Fluorocaj-bon  Company 

5367 

Vinyledinc  fluoride 

0.032 

4/20 

11.3 

u 

U 

(Lot  S210-9EJ  Annealed) 

15/40 

10 

Kynar 

The  Fluorocarbon  Company  , 

5370 

Vinyledine  fluoride 

0.063 

' 2/20 

10  . 

u 

u 

(Lpt  621  ME;  Annealed) 

Kynar 

The  Fluorocarbon  Company. 

5361 

Vinyledine  fluoride  • 

0.025 

2/20 

10- 

TJ 

u 

(Lot  6210-9E!AnneaIed) 

1/20 

.1/20 

8 

6 

- 

- 

Kynar 

The  Fluorocarbon  Company 

4839 

Vinyledine  fluoride  • 

0.063 

i/60 

10 

s 

y 

(Lo£62!0-9E) 

Kynar 

Connecticut  Hard  Rubber 

4824 

Vinyledine  fluoride 

0.025 

21/40 

10 

u 

u 

Company 

Kynar 

Connecticut  Hard  Rubber  ‘ 

4834 

Vinyledine  fluoride 

0.Q25. 

18/20 

10 

u . 

u 

Company 

Kynar 

Connecticut  Hard  Rubber 

4836 

Vinyledine  fluoride 

0.002 

20/20 

10 

u 

u 

Cornpany 

Kynar 

‘'Connecticut Hard  Rubber  - 

4835 

Vinyledine  fluoride 

0.002 

20/20 

10 

U‘ 

u 

. Company 

Lamicold 

Minnesota  Mining  and 

3169 

Teflon  glass  clotli 

... 

0.125  . 

0/20 

10. 

s 

s 

, 

Manufacturing  Company 

Eefkoweld  109  Adhesive 

Leffingwell  Chemical 

10012 

Adhesive-activator  ■ 

Cured  2-1/2  hours 

0.050 

18/20 

10  : 

u 

u 

Company 

ratio  1 to  1 

at  150“F 

I-eno,  Weave  (Sample  No.  1) 

Connecticut  Hard  Rubber  ' 

5356 

Polytetrafluoroethylene 

0,015 

4/20 

10 

u 

BT 

Company 

fabric  impregnated 

3/20 

. 8 

— 

— 

with  Kynar 

3/20 

6 . 

— 

— 

3/20 

4 

— 

— . 

0/20 

2 

— 

— 

Leno  Weave  (Sample  No,  2) 

Connecticut  Hard  Rubber 

4831 

Polytetrafluoroethylene 

0.015 

0/20 

10 

1 

BT 

Company 

fabric  impregnated 

■ 

with  Kynar 

- 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Material 

Manufacturer  • 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Mrjterinl 

. or  Source 

No, 

■ Composition 

Remarks 

(iiicii) 

No.  Tests 

Kg/m 

Rating 

Rating 

Lenp  Weave  (Sample  No.  3) 

Connecticut  Hard  Rubber  ■ 
Company 

4832 

Polytetrafluoroethylene 
fabric  impregnated 
with  Kynar  • 

0,015 

1/20 

10 

I 

BT 

teno  Weave  (Sample  No;  4) 

Connecticut  Hard  Rubber 

4826 

Polytetrafluoroefliylene 

0.015  : 

0/20 

10 

S 

BT 

Company 

. 

fabric  impregnated 
With  Kynar  . 

Lexan  Polyeartoiwte  Resin 

General  Electric  Company 

2730 

Polycarbonate  resin 

0.063 

20/20 

16/20 

10 
5 : 

U 

U 

0/20 

2 

* ■ 

- 

3/17 

4 

— 

LiqiiM  Envelope, 

Setter  Finisltingand 

3854 

0.050 

2/2 

10 

u 

U 

Alwminnm  CoW  Spray 

Coating  Company 

2/2 

2/8 

5 

2 

— 

■ 0/20 

1 

— 

Liqoid  Envelope, 

Better  Finisliing  and 

3858 

0.050 

2/2 

10 

u 

u 

Aluminum  Cold  Spray 

CoafmgCompany 

2/2 

5 

675-29 1-A 

2/4 

2 

2/10 

1 

Liquid  Envelope, 
(^overlae  S,C.  224 

Better  Finishing  and 
Coating  Company 

3856 

Dip  coating  on  stainless 
steel  inserts 

3/20 

2/14 

10 

5 

u 

u 

0/20 

3 

■“ 

LS-S3 

Dow  Coming  Corporation 

5330 

Fluorosilicone 

0.070 

4/20 

10 

u 

u 

elastomer 

6/20 

8 

— 

— 

3/20 

6 

- 

— 

8/20 

4 

~ 

— 

LS-S3 

Dow  Coming  Corporation 

5334 

Fluorosilicone 

0.035 

11/20 

10 

u 

u 

elastomer 

10/20 

8 

— 

— 

6/20 

6 

— 

— 

1 

4/20 

4 

— 

— 

5/20 

2 

— 

— 

0/20 

1 

— 

— 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No, 

Composition' 

Remarks 

(inch) 

No.Tests 

Kg/m 

Rating 

LS-53 

Dow  Coming  Corporation 

5340 

Fluorosilicone 

0.016 

16/20 

10 

U 

u 

elastomer 

13/20 

8 

• — 

— 

9/20 

6 

- 

10/20 

4 

' - 

- 

6/20 

2 

— 

— 

2/20 

1 

— 

— 

0-Ring5,  Sample  No.  6071 

Nichols  En&neering  Company 

5732 

Dow  Coming  LS-53 
Modified  with  Teflon 

0.131 

17/20 

10 

. U 

u 

LS-63 

Dow  Coming  Corporation 

6047 

Washed  with  F-33 

0.055 

6/20 

10 

u 

u 

Alkaline  cleaned,  heat 
treated  at  180°C 
for  5 hours  and  at 
115°C  for  48  hours 
(stainless  steel  inserts) 

2/20 

8 

LS-63,  Lot  129 

Dovr  Coming  Corporation 

5935 

0.050 

4/20 

10 

u 

u 

LS-63,  Lot  129 

. Dow  Coming  Corporation 

5934 

0.063 

12/20 

10 

• u 

u 

LS-63,  Lot  129 

Dow  Coming  Corporation 

5933 

0.125 

3/20 

10 

u 

u 

LS-70 

Dow  Coming  Corporation 

5315 

Fluorosilicone  rubber 

0.070 

2/20 

10 

u 

u 

8/20 

8 

— 

• — 

4/20 

6 

— 

0/20 

4 

— 

- 

LS-70 

Dov/  Coming  Corporation 

5319 

Fluorosilicone  rubber 

0.035 

4/20 

10 

u 

u 

6/20 

8 

— 

— 

3/20 

6 

. — 

— 

8/20 

4 

~ 

- 

7/20  , 

2 

- 

— 

7/20 

1 

— 

— 

LS-70 

Dow  Coming  Corporation 

5325 

Fluorosilicone  rubber 

0.016 

16/20 

10 

u 

u 

15/20 

8 

• — 

— 

8/20 

6 

— 

— 

11/20 

4 

— 

— 

• 

4/20 

2 

- 

— 

LS-2249,  Lot  130 

Dow  Coming  Corporation 

5937 

0.050 



19/20 

10 

u 

u 

112 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m’ 

Batch 

or’Jar 

Rating 

Material 

Rating 

15-2249,101130 

Dow  Coming  Corporation 

5936 

0.063 

14/20 

10  , 

U 

U 

LS-2249,LotI30 

Dow  Coming  Corporation 

5938 

0.125 

6/20 

10 

U 

U 

MX.  Enamel 

E.  I.  du  Pont  de  Nemours  and 

5428 

A polyirnide  from  a 

0.005 

3/20 

10 

u 

BT 

Company,  Incorporated 

pyrolytic  anhydride 

Micarta 

Westinghouse  Electric 

5490 

Tested  in  cell  II 

0.063 

15/20 

. 10 

u 

U 

Corporation 

16/20 

8 

— 

- 

7/20 

6 

— 

— 

4/20 

4 

- 

Micarta  ■ • 

Westinghouse  Electric 

2530 

Phenolic  laminate. 

0.063 

16/20 

10 

u 

U 

Corporation 

fabric  base 

16/20 

5 

— 

— 

6/20 

2 

— 

— 

0/20 

I 

- ■ 

- 

Mox-TuffCiyogenio 

Moxness  Products, 

6262 

Stainless  steel  inserts 

0.097  ■ 

10/20 

10 

u 

u 

Material 

Incorporated 

Mylar  (from  Polyester 

6380 

Polyester 

17/20 

10 

u , 

u 

Powder) 

Mylar  (Doped  with  10% 

6381 

Polyester 

0.08 

7/20 

10  • 

u 

u 

FEPand  90%  PET) 

Mylar  A 

E.I.  du  Pont  de  Nemours  & 

6166 

Polyester 

Stainless  steel  inserts 

2/20 

10. 

u 

u 

Company,  Incorporated 

Vacuum  exposed  at 

5/20 

8 ; 

- 

250°F 

3/20 

6 

— 

1/20 

4 

— 

— 

0/20 

2 

- 

- 

Mylar  A 

E.I.  du  Pont  de  Nemours  & 

6669 

Polyester 

Stainless  steel  inserts 

0.003 

4/20 

10 

u 

u 

Company,  Incorporated 

Cleaned  with  Trike 

1/20 

7.62 

- 

- 

1/20 

5.54 

— 

— . 

1/20 

4.16 

— 

— 

0/20 

3.46 

- 

— 

Mylar  A 

E.I.  du  Pont  de  Nemours  & 

6691 

Polyester 

No  stainless  steel 

0.003 

4/20 

10 

u 

u 

Company,  Incorporated 

inserts  used,  cleaned 

1/20 

7.62 

with  Trike 

1/40 

6.93 

1/40 

6.24 

0/20 

5.54 

TABLE  IV.  PLASTICS,  ELASTOMERS,  ANP  ADHESIVES  (Continued)  . 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

1 

. Remarks 

Thickness 
(inch)  . 

No.  , 
Reactions/ 
No.  Tests 

Energy 

Level; 

Kg/m 

Batch 
or  Jar. 
Rating 

Material 

Rating. 

Mylar  A 

Eil.  du  Pont  de  Nemours  & 

6680 

Polyester 

Stainless  steel  inserts 

0.005  - 

11/20 

10 

U . 

U 

Company,  Incorporated 

cleaned  with  Trike 

7/20 

7.62 

■5/20 

5.54 

2/20  ■ 

3.46 

1/20 

'2.08 

Mylar  A 

'E.I.  du  Pont  de  Nemours  & 

6704 

Polyester 

Stainless  steel  cups 

0.005  . 

50/100 

10 

U 

U i 

Company,  Incorporated 

44/100 

8 

• ’ . I- 

*» 

34/100 

6 

. *1  • 

10/100 

■ 4 : 

: 

. 

* 

3/80 

2 

- 

0/2. 

.2  , 

i 

t 

Mylar  A 

S.l.  du  Pont  de  Nemours  & 

6562 

Polyester 

' No  stainless  steel 

0.005 

5/20 

10  . 

u 

u 

Company,  Incorporated 

6700 

. Inserts,  cleaned 

5/20 

7.62 

/ • : 

with  Trike 

2/20 

5.54. 

’ 

1/20 

4.16 

• 

2/20  : 

3.46  • 

• 

0/20 

3.46' 

J • 

1/20  , 

2.08 

Mylar  A 

E.I.  du  Pont  de  Nemours  & 

6522 

Polyester 

V Stainless  steel  inserts 

0.005 

50/100  ■ 

10 

u 

u 

Company,  Incorporated 

6742 

41/100 

3 

. 

22/100 

.6  ‘ 

■ • * I 

s 

12/100  . 

4 . 

■ 

1 

■ • • • 

3/100 

2 

• 

Mylar  A 

E.I.  dir  Pont  dc'Nemours  & 

6716 

Polyester  ' 

1 No  stainless  steel 

0,005  ; 

2/120 

10  ' 

Company,  Incorporated'  ' 

^ inserts 

Mylar  A 

'E.I.  du  Pont  de  Ncriiouts  & 

6148 

Polyester 

Stainless  steel  inserts 

0.006  ■ 

15/20 

■16 

'll  ! 

'v  • 

Company,  Incorporated 

6/20 

14  - 

• • \ 

• 

- 

7/20 

12 

• • • 

4/20 

10,  • 

* 

■ 

■ * . 

4/20'  : 

8 : 

..  . 

, 

, 

■ 0/20 

6 ; 

.. 

Mylar  A 

E.I.  du  Pont  de  Nemours  & ' 

6675 

Polyester 

Stainless  steel  inserts 

: 0.0075 

14/20 

10  ' 

u 

u " 

Company,  Incorporated 

cleaned  with  Trike 

10/20 

7.62 

14/20 

5.54 

6/20 

3.46 

* ■ t 

* , 

4/20 

2.08 
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TABLE  IV.  PLASTICS,  ELA  iOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

— 

Thicknes; 

(inch) 

No. 

Tteactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Mylar  A 

E.I.  du  Pont  de  Nemours  & 

656S 

Polyester 

No  stainless  steel 

• 0.0075 

2/20 

10 

U 

U 

Company,  Incorporated 

inserts,  cleaned  wish 

5/20 

7.62 

Trike 

1/20 

6.93 

1/40 

6.24 

1/40 

5.54 

1/20 

3.46 

1/40 

2.77 

Mylar  A 

E.I.  du  Pont  de  Nemours  & 

6686 

Polyester 

Stainless  steel  inserts 

o.oio 

18/20 

10 

U 

u 

Company,  Incorporated 

cleaned  with  Trike' 

14/20 

7.62 

14/20 

5.54 

,11/20 

3.46 

4/20 

2.08 

Mylar  A 

E,I.  du  Pont  de  Nemours  & 

6575 

Polyester 

No  stainless  steel 

0.010 

7/20 

10 

U 

V 

Company,  Incorporated 

inserts,  cleaned  with 

’7/20 

7.62 

Trike 

2/20 

6.93 

2/20 

6.24 

2/40 

5.54 

1/20 

4.85 

1/60 

4.16 

0/40 

3.46 

Mylar  D 

E.I.  du  Pont  de  Nemours  & 

6405 

0.003 

2/20 

10 

U 

u 

Company,  Incorporated 

1/20 

8 

’ Mylar  D 

E.I.  du  Pont  de  Nemours  & 

6588 

No  stainless  steel 

0.003 

5/20 

10 

u 

u 

Company,  Incorporated 

inserts,  cleaned  with 

4/20 

7.62 

Trike 

1/20 

6.93 

1/20 

6.24 

0/60 

5.54 

Mylar  D 

E.I.  du  Pont  de  Nemours  & 

6407 

Stainless  steel  inserts 

0.005 

2/20 

10 

u 

u 

■ Company,  Incorporated 

2/20 

8 

— 

— 

2/20 

6 

— 

— 

1/20 

4 

— 

— 

0/20 

2 

— 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  &urce . 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Mylar  D 

E.  I.  du  Pont  de  Nemours  and 

6595 

No  stainless  steel 

0.005 

3/20 

10 

U 

U 

Company,  Incorporated 

inserts,  cleaned  with 

2/20 

7.85 

— 

— 

Trike 

1/20 

6.93 

— 

— 

2/20 

6.24 

— 

— 

2/60 

5.54 

— 

— 

1/20 

3.46 

— 

— 

1/60 

2.77 

— 

— 

0/20 

2.08 

' — 

— 

Mylar  D 

E.  I.  du  Pont  de  Nemours  and 

6412 

Stainless  steel  inserts 

0.0075 

9/20 

10 

Li 

U 

Company,  Incorporated 

11/20 

8 

— 

— 

7/20 

6 

— 

— 

6/20 

4 

— 

— 

' 

2/20 

— 

- 

0/20 

1 

- 

— 

i Mylar  D 

E.  I.  du  Pont  de  Nemours  and 

6392 

No  stainless  steel 

0.0075 

3/20 

10 

U 

u 

Company,  Incorporated 

inserts,  cleaned  with 

1/20 

7.62 

— 

- 

6607 

Trike 

2/20 

5.54 

— 

— 

1/20 

5.54 

— 

— 

1/20 

4.85 

— 

— 

1/20 

4.16 

— 

— 

0/60 

3.46 

- 

- 

Mylar  D 

E.  I.  du  Pont  de  Nemours  and 

6418 

0.010 

14/20 

10 

u 

u 

Company,  Incorporated 

11/20 

8 

— 

— 

11/20 

6 

— 

— 

9/20 

4 

— 

— 

2/20 

2 

— 

0/20 

1 

- 

— 

Mylar  D 

E.  I.  du  Pont  de  Nemours  and 

6398 

No  stainless  steel 

0.010 

10/20 

10 

u 

u 

Company,  Incorporated 

inserts,  cleaned  with 

8/20 

7.62 

- 

- 

Trike 

6/20 

5.54 

— 

— 

1/20 

3.46 

— 

— 

2/20 

2.08 

- 

- 

0/20 

1.39 

- 

— 

Mylar  R22  Plastic  Film 

E.  I.  de  Pont  de  Nemours  and 

722 

Polyester  film 

• 

ft 

2/20 

10 

u 

u 

Company,  Incorporated  ^ 

t 

Mylar  Film 

E.  I.  du  Pont  de  Nemours  and 
Company,  Incorporated 

4545 

Polyester  film 

0.001 

4/20 

10 

' 

u 

u 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued)  ; ; 


, 

■ ; 

No. 

Energy 

Batch 

Manufacturer 

Test 

'•  i . . 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

• ■ ' Material 

or  Source 

No. 

. Composition 

Remarks 

, (inch) 

No.  Tests 

iKg/m 

Rating 

.Rating 

Mylar  Film 

E.  I.  du  Pont  de  Nemours  and 

■3414 

t 

.Vapor  coated  with 

,0.002 

4/20 

. 10 

. U 

U 

Company,  Incorporated 

aluminum  on  both  sides 

3/20 

5 

— 

— 

• 

400  A thick 

0/20 

3 

— 

— 

Mylar  Film 

E.  I.  du  Pont  de  Nemours  and 

|3444 

Vapor  coated  on  one 

0.006 

5/20 

' 10 

U 

u 

Company.  Incorporated 

side  with  200A  aluminum 

5/20 

5 

- 

— 

400  A aluminum  on  other  ' 

1 

0/20 

3 

— 

— 

side  ' , 

, 

Mylar  Film 

E.  I.  du  Pont  de  Nemours  and 

,3409 

1 Vapor  coated  with  400 

■0.002 

2/25 

. 10 

u 

u 

Company,  Incorporated 

A aluminum  on  one  side 

! 

0/20 

5 

— 

' — 

2/20' 

6 

• — 

Mylar  Film,';'.  ..  ^ 

« 

E.,J.  du  Pont  ds  PJemtiuts  and 

: 344.2 

Vapor  coated  with  400 

0.006 

2/23 

10 

u 

! U 

: Company,  Incorporated 

A aluminun  on  one  side 

. 

0/20 

5 

’Mylar,  Aluminized 

, B.  F.  Goodrich  Company 

:3397 

Aluminized  Mylar 

; 10 

u 

: U 

reinforced  with  No. 

l/»  , 

■ 5 

— . 

) _ 

J * 

t 

477  vedine  adhesive 
between  filaments  ' 

• 

1 , _ 
i 

1/5  . 

. 3 

r 

Mylar., Aluminized , ^ 

B.  F.  Goodrich  Company 

;3398 

Aluminized  Mylar 

i 

1/1 

10 

u 

u 

.... 

1 

reinforced  with  No. 

1/1 

5 

— 

— 

* 

476  Vedine  adhesive 

i 

1/1 

2 

— 

— 

j...  . /'  .. 

between  fliaments 

■ ! 

• . 

0/6  _ 

. r “ 1 

1 

— 

jMylar,  Aluminized 

B.  F.  Goodrich  Company 

3399 

Aluminized  Mylar  [ 

i 

1/1 

10 

u 

! U 

reinforced  with  No. 

1 

1/6  ' 

3 

— 

; - 

/ ■ . . . • 

52042 

2 

- 

- 

Mylar,  Aluminized 

B.  F.  Goodrich  Company 

3396 

; Aluminized  Mylar 

1/1 

10 

u 

u 

reinforced  with  No. 

1/1  •• 

5 

— 

— 

15345 

1/2 

. 2 

— 

• - 

• 

; 

0/1 

; 1 • 

- 

Mylar,  Aluminized' 

B.  FrGoodrich  Company 

3395 

Aluminized  Mylar 

■ 2/2 

. 10 

u 

u 

reinforced  with  No. 

t ■ ft  M 

. 

1/1 

5 

— 

— 

15094 

1/2 

2 

— 

• 

0/3 

• 1 

■ 

- 

Mylar,  Aluminized 

B.  F.  Goodrich  Company 

3394 

Aluminized  Mylar 

2/2 

10 

u 

u 

reinforced  with  No. 

2/3 

5 

— 

— 

482 

1/4 

3 

- 

- 

T y 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Mylar 

3493 

1-1/2  rail  Mylar  between 

Three  batches  tested 

2/8 

10 

U 

U 

two  pieces  of  0.0035 

2/9 

5 

— 

— 

aluminum  polyester 

1/3 

3 . 

— 

adhesive 

0/20 

2 

— 

— 

Mystifc  Foil  No.  7402  Tape 

Mystik  Adhesive  Products 

835 

Aluminum,  silicone 

2/3 

10 

U 

U 

Company 

426 

adhesive 

2/3 

1/14 

5 

— - 

~ 

2 

— 

— 

Mystik  Foil  No.  7402  Tape 

Mystik  Adhesive  Products 

Aluminum,  silicone 

Baked  100°F  overnight 

0/20 

10 

s 

u 

adhesive 

and  stripped 

Mystik  Foil  No.  7402  Tape 

Mystik  Adhesive  Products 

Aluminum,  silicone 
adhesive 

Aged  1 week  and  stripped 

1/20 

10 

I 

u 

Narmco  Experimental 

Narmco  Research  and 

4082 

Chlorinated  polyester 

0.050 

7/10 

10 

u 

u 

Adhesive  No.  1 

Development  Company 

cured  with  2%  MEK, 

4/10 

5 

- 

peroxide  and  cobalt 

2/20 

3 

— 

— 

* 

napiitenate 

0/20 

2 

— 

-* 

Narmco  Experimental 

Narmco  Research  and 

4085 

Chlorinated  polyester 

0.050 

9/10 

10 

u 

u 

Adhesive  No.  2 

Development  Company 

with  33.3%  antimony 

2/5 

5 

— 

— 

trichloride,  cured  with 

1/10 

3 

— 

2.0%  MEK,  peroxide 

2/10 

2 

— 

— 

and  cobalt  naphtenate 

0/20 

I 

— 

— 

Narmco  Experimental 

Narmco  Research  and 

4088 

ERL  0625  epoxy  cured 

0.050 

7/10 

10 

u 

u 

Adhesive  No.  3 

Development  Company 

with  10.6  Phr  meta- 

. 

2/10 

5 

— 

— 

phenylene  diamine 

0/20 

3 

— 

Narmco  Experimental 

Narmco  Research  and 

4090 

ERL  0625  epoxy,  cured 

0.050 

6/10 

10 

u 

u 

Adhesive  No.  4 

Development  Company 

with  14.5  phr  chlorendic 

6/20 

5 

— 

— 

anhydride  and  0.5% 

2/10 

3 

— 

— 

benzyldimethylamine 

1/10 

2 

— 

— 

0/20 

1 

— 

— 

Narmco  Resin  3135 

Narmco  Research  and' 

3624 

Aluminum  alloy  7075-T6 

0.050 

2/20 

10 

u 

u 

Development  Company 

cross  laminated  with 

3/20 

5 

— 

- 

layers  of  adhesive,  two 
pieces  of  1 mil  FEP 
Type  544  between 
aluminum 

2/20 

1 

5-1 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Materid 

Material 

or  Source 

No. 

Coihposition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Narmco  Resin  3135 

Narmco  Research  and 

3512 

Adhesive  consisting  of 

0.050 

3/3 

10 

u‘ 

U 

Development  Company 

50%  epoxy  and  50% 

2/2 

5 

- 

_ 

polyamide 

2/7 

2 

_ 

_ 

0/12 

» 

- 

- 

Narmco  Metlbond  3170 

Narmco  Research  and 

3508 

Adhesive  consisting  of 

0.050 

16/24 

10 

U 

u 

Development  Company 

50%  filled  epoxy,  50% 

2/8 

5 

- 

- 

filled  polyamine 

2/14 

3 

— 

— 

0/20 

1 

- 

- 

Naimco  2-Part  Adhesive 

Narmco  Research  and 

3514 

Adiprene  L-lOO 

0.050 

5/5 

10 

u 

u 

Development  Company 

polyurethane  prepolymer, 

3/5 

5 

- 

_ 

Moca  curing  agent 

4/5 

3 

— 

— 

2/5 

1 

- 

- 

Narmco  C 

Narmco  Research  and 

5707 

0.050”  thick  in  bottom 

0.050 

20/20 

10 

u 

0 

Development  Company 

of  aluminum  cup 

20/20 

8 

— 

20/20 

6 

_ 

_ 

20/20 

4 

- 

— 

19/20 

2 

— 

_ 

14/20 

I 

- 

- 

Narmco  7343 

Narmco  Research  and 

9228 

10  pound  plummet 

O.OSO 

8/20 

0.5 

u 

u 

Development  Company 

5/20 

0.25 

- 

_ 

0/20 

0.13 

- 

- 

Narmco  7343 

Narmco  Research  am* 

9377 

2.2  pound  plummet 

0.050 

10/20 

I 

u 

u 

Development  Compan. 

2/29 

0.25 

— 

_ 

0/20 

0.13 

- 

- 

Potting  Compound 

Wliittaker  Corporation. 

5666 

0.030 

2/20 

10 

u 

u 

Narmco  7343 

Division  of  Telecomputing 
Corporation 

6002 

0.030 

8/20 

10 

u 

u 

Neoprene  Rubber 

Non-Metallics  Materials  Branch 

9353 

0 040 

16/20 

10 

u 

u 

10/20 

7.7 

- 

_ 

8/20 

5.6 

— 

— 

2/20 

4.9 

— 

_ 

2/20 

4.2 

~ 

_ 

0/20 

3.5 

— 

— 

0/20 

2.8 

- 

- 

Neoprene  Rubber  A-522 

Non-Metallics  Materials  Branch 

6081 

0.065 

3/20 

10 

u 

u 

3/20 

8 

- 

- 

0/20 

6 

“ 

- 

Nitroso  Copolymer 

Thiokol,  Reaction 
Motors  Division 

7563 

■ 

0.19 

0/12 

10 

1 

I 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Tliickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Nitroso  Vulcanizate 

Thiokol,  Reaction 
Motors  Division 

7562 

0.080 

1/6 

10 

I 

1 

Nitroso  Tcrepolymer 

Tliiokol  Chemical  Company 

8980 

0.036 

2/20 

10 

I 

I 

Vulcanizate 

NoiMnetallic  Inserts 

4285 

0.063 

2/2 

10 

U 

U 

(MSFC  Stock  No.  127-912.4200) 

2/6 

5 

2^2 

3 

- 

- 

Nylon  Hooks 

9227 

0.035 

4/4 

10 

u 

u 

Nylon  Basket  Weave  No.  1803 

2250 

Polyamide 

0.032 

2/2 

10 

u 

u 

2/2 

5 

— 

— 

2/2 

2 

— 

2/12 

I 

- 

Nylon  Type  1 27-1 

3545 

Polyamide 

0.250 

8/20 

10 

u 

u 

l/I 

5 

— 

— 

* 

1/2 

3 

— 

— 

0/20 

1 

- 

- 

Nylon  “C”  Lot  8762 

Specialty  Converting.  Incorporated 

4184 

Polyamide 

0.001 

13/20 

10 

u 

u 

Nylon,  Zytel 

E.  I.  du  Pont  de  Nemoms  and 
Company,  Incorporated 

4180 

Polyamide 

0.001 

10/20 

10 

u 

u 

Nylon,  Zytel 

E.  I.  du  Pont  de  Nemours  and 
Company,  Incorporated 

4183 

Polyamide 

0.002 

3/20 

10 

u 

u 

Nylon,  Zytel 

E.  1.  du  Pont  de  Nemours  and 

4182 

Polyamide 

0.004 

8/20 

10 

u 

u 

Company,  Incorporated 

855 

• 

0.063 

2/2 

10 

u 

u 

Nylon  Extruded  Rod 

2/2 

5 

— 

2/3 

2 

- 

_ 

Nylon 

6250 

0.004 

2/40 

10 

u 

u 

Nylon  and  Polyethylene 

6254 

Stainless  steel  inserts 

0.017 

11/20 

10' 

u 

u 

Composite 

Nylon  mid  Polyethylene 

6252 

Stainless  steel  inserts 

0.019 

8/20 

10 

u 

u 

Oiitpnsite 

. 

to 

o 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


, Material 

Manufacturer 
or  Source 

test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch’ 
or  Jar 
Rating 

Material 

Rating 

Nylon  and  Polyethylene 

6257 

Stainless  steel  inserts 

0.120 

2/20 

10 

U 

U 

Composite 

0-Ring  (neoprene) 

7015 

0.068 

20/20 

10 

U 

U 

0-Ring 

Disogrin  Ind.  Divof  , 

5731 

Stainless  steel  inserts 

0.145 

15/20 

10 

U 

u 

Pellon  Corporation  j 

Parco  “0”  Rings  947-70 

Plastics  and  Rubber 

1430 

VitonA 

0.063 

0/20 

10 

S 

BT 

Product  Company 

PermacelP421  Taps 

Permacel  Tape  Corporation 

1261 

1/6 

10 

U 

U 

0/2 

5 

— 

— 

Permafil 

3529 

7/20 

10 

u 

U 

• 

7/20 

5 

— 

— 

0/20. 

3 

- 

— 

P.C.No.  925,  Tenon  MB 

Raybestos-Manhattan 

7474 

0.063 

0/20 

10 

5 

BT 

Penton  Chlorinated 

Hercules  Powder  Company 

7442 

Chlorinated 

\ 

Stainless  steel  inserts 

0.005 

18/20 

10 

U 

Polyethylene 

Polyethylene 

16/20 

7.62 

* • 

13/20 

5.54 

8/20 

3.46 

I 

3/20 

1.39 

Penton  Chlorinated 

Hercules  Powder  Company 

7437 

Chlorinated 

Stainless  steel  inserts 

0.010 

18/20 

10 

u 

Polyethylene 

Polyethylene 

15/20 

7.62 

15/20 

5.54 

9/20 

3.46 

3/20 

1.39 

Penton  Chlorinated  Polyethylene 

Hercules  Powder  Company 

7430 

Chlorinated  Polyethylene 

Stainless  steel  inserts 

0.020 

18/20 

10 

u 

13/20 

7.62 

7/20 

5.54 

6/20 

3.46 

. 

3/20 

1.39 

Penton  Chlorinated  Polyethylene 

Hercules  Powder  Company 

7427 

Chlorinated  Polyethylene 

Stainless  steel  inserts 

0.030 

17/20 

10 

u 

u 

15/20 

7.62 

— 

4/20 

5.54 

— 

3/20 

3.46 

— 

1/20 

1.39 

IBS 

— 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


i 

. No.- 

Energy 

• Batch 

t 

Manufacturer 

Test 

’ 

, 

Thickness 

Reactions/ 

Level 

or  Jar 

Materiai 

ifaterial  , 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Penton  Chlorinated  Polyethylene 

Hercules  Powder  Company 

7422  • 

Chlorinated  Polyethylene 

Stainless  stee!  inserts  . 

0.040 : 

13/20 

10 

U 

U 

. 

10/20 

7,62 

— 

— ■ 

• 

4/20 

3.46 

— 

— 

2/20 

3.46 

— 

— : 

, 1 

1 

t 

2/20 

1.39 

~ 

— ■ 

Penton  Chlorinated  Polyethylene' 

Hercules  Powder  Company  f 

74is 

■ I 

Chlorinated  Polyethylene 

Stainless  steei  inserts 

0.050 

14120 

10 

U . 

u' 

9/20 

7.62 

“ * 

“*  1 

\ 

f 

5/20 

5.54 

— 

~ ’ 

* 

1 

. i 

2/20 

3.46 

— i 

— ' 

i 

. 

. i 

• 

P/20 

2.77 

— • 

— ^ 

, . 

. . ‘ ■ i,  i 

0/2Q 

2.08 

- * 

-* 

i 

Penton  Chlorinated  Polyethylen^ 

! 

Hercules  Powder  Company  | 

{ 

74C 

9 

i 

Chlorinated  Polyethylerfe 

Stainless  steel  inserts  1 

o.oeoj 

0/20 

.ll/2d 

5/20 

1.39 
. 10} 
7.62 

U-. 

u. 

i 

} 

S 

J 

: 2/20 

5.54 

- , 

-• 

» 

\ 

1 » 1 

1 

; 

1/20 

4.85 

— i 

— 

• • . i , 

t-’  . . . » 

1. 

* ■ 

. ■ . i:'  * 

* 

0/20 

. 4.16 

— . 

-i 

1 

1 ,{•  1 
Hercules  Powder  Company  J 

i 

• 

{ 

0/20 

3.46 

-{ 

Penton  Chlorinated  Polyetliylene 

7403 

Chlorinated  Polyethylene 

Stainless  steel  inserts  } 

■’  0.’07S; 

'■  12/20 

10‘ 

U; 

ut 

, 

. }3/2Q 

7.62 

— ♦ 

— 

i 

I 

6/20 

5.54 

— i 

1 

s 

. 2/20 

4.16 

— 

-? 

i 

f 

t 

..  0/20 

. 3.46 

- 

”1 

.1  * ■ 

t 

s 

j 

• .0/20 

2.?7  . 

“1 

Plaskon  ?20D  CTFE  Caps 

Aeib-Dynamics,  Incorporated 

82(54 

Polytrifluorochloro- 

0.080 

2/2(j 

10 

U 

bt' 

. . i 

t 

■ ethylene  resin 

i 

' ' i 

1 

} 

Plaskon  2400  CTFE 

Allied  Chemical  Corporation  f 

5588 

Formerly  known  as 

Stainless  steel  inserts  ’ 

0.128; 

0/2(1 

10  = 

S T 

bt| 

Halon  TVS  (300)  High! 

• Used  i. ; 

; . 

ZST 

) 

i 

1 

i 

1 

Plaskon  2400  CTFE 

Aliied  Chemical  Corporation  . 

55d0 

Formerly  known  as  ’ 

Stainless  steel  inserts  i 

■ 0.058’ 

‘0/20 

10. 

s! 

BT 

Halon  TVS  (300)  Higli  ' 
ZST  ' 

Used  : 

^ ! 

; 

Plaskon  Alkyd  440  Sheet  Plastic’ 

Barrett  Division  Allied 

1004 

Glass  and  polyester  ; 

2/5 

10' 

u 

u 

Chemical  Company  i 

. 

2/13 

5 

- 

* 

t 

i 

.0/2 

■1' 

Plastic  KF52  (MIL- 

* 

Plastic  Film  Corporation 

300 

Lot  No.  46 

M2 

lb 

u 

u- 

1 B-i3lBClass2) 

_ 

_j 

1/4 

5 

" 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Misterial 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No.  1 
Reactions/ 
No.  Tests: 

Plastic  ?35A(MIL- 
B-131Bqassl) 

Plastic  Film  Corporation 

301 

Lot  No.  150 

1/2 

2/2 

Plastic  Rod  (M1L-P-79B) 

857 

Electrical  insulation 

2/2 

2/2 

1/16 

Plastic  Plugs 

3501 

Dyed  polyettiylene 

0.063 

4/11 

2/10 

2/14 

0/20 

piastic  Steel  Putty  Type  A 

Deycon  Corporation 

3390 

80%  Steel  with  epoxy 
:.'.ider 

Violent  reactions 

0.050 

5/5 

5/5 

9/12 

4/20 

Plexiglass 

558 

Three  batches  tested 

2/2 

1/3 

1/4 

Polykct!  No.  UOTape 

Kendall  Company 

2/2 

2/2 

Polyetliylene 

1698 

0.032 

4/7 

2/19 

1/3 

0/17 

Polyethylene  Tubing 

2627 

2/11 

2/10 

2/20 

Ppiyethylene 

5719 

0 

Stainless  stcei  inserts 

0.006 

16/20 

16/20 

16/20 

8/20 

6/20 

0/20 

Poiyethylene 

Pu  Pont  • • 

sns 

Shore  hardness  25 

0.005 

7/20 

10/20 

9/20 

11/40 

Energy!  Batch 


SSI 


TABLE.  IV.  PLASTICS,  ELASTOME 


Material 

Manufacturer 
or  Source 

Test 

No. 

Polyethylene 

Du  Pont 

5141 

Polyethylene 

Dll  Pont 

5163 

Poii’ethylene 

Du  Pont 

5157 

Polyethylene  1220 

Allied  Chemical  Company 

5205 

Polyethylene 

Du  Pont 

5606 

Polyethylene  Construction 
Film 

• 

8472 

Polypropylene  Caps 

Aero-Dynainics,  Incotpprated 

8265 

Polyphenyle  Oxide 

General  Electric  Company 

8618 

I,  AND  ADHESIVES  (Continued) 


Composition 


Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Shore  hardness  52 

0.137 

3/20 

11.3 

U 

1/20 

10 

— 

1/20 

8 

— 

0/20 

6 

- 

Shore  hardness  35 

0.020 

15/20 

10 

U 

16/20 

8 

— 

13/20 

6 

— 

11/20 

4 

— 

7/20 

2 

— 

3/20 

1 

— 

Shore  hardness  40 

0.075 

4/20  ' 

11.3 

u 

7/20 

10 

— 

3/20 

8 

— 

6/20 

6 

— 

0/20 

4 

— 

High  density 

0.063- 

7/20 

10 

u 

075 

2/20 

8 

— 

1/20 

6 

— 

2/20 

4 

— 

1/20 

2 

— 

0/20 

1 

— 

Stainless  steel  insert 

0.006 

19/20 

10 

u 

used 

18/20 

8 

— 

17/20 

6 

— 

11/20 

4 

— 

11/20 

2 

— 

0/20 

1 

— 

0.006 

88/100 

10 

u 

50/100 

8 

— 

42/100  . 

6 

— 

30/100 

4 

— 

9/100 

2 

— 

0/100 

1 

— 

0.063 

20/20 

10 

u 

0.065 

20/20 

10 

u 

U 


U 


U 


i 

U I 


u 


u 


u 

u 


i TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


— 1 1 

t 

t 

i Material 

Manufacturer 
or  Source 

Test 
. No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
. R.ating 

Material 

Rating 

Polysulfide  Compound  380M 

Prod  ucts  BesearpJt  CptPPration 

8649 

0.017 

20/20 

10 

U 

U 

P-lOIrS  Composite 

Snyder  Manufacturing  Company 

8812 

• 

0.020 

0/20 

10 

S 

I 

Polyurethane  Wiping  Material  ; 

• 2502 

0.016 

2/3 

10 

U 

U 

2/9 

3 

— 

— 

* 

0/20 

1 

— 

Polyvinyl  Chloride 

Teledyne  Corporation  ' 

3785 

• 

0.125 

2/2 

10 

U 

u 

• 

; 

2/9 

5 

— 

— 

, 

2/14 

2 

- 

‘ 

0/20 

1 

“ 

— 

polyvinylchloride 

4280 

* 

Tested  in  air  11/20 

O.OSO 

‘ 

charge  noted 

Polyvinyl  Chloride 

4279 

Tested  in  air  8/20 

0.025 

• 

. charge  noted 

Polyvinyl  Chloride 

3782 

Cotton  doth  coated 

0.050 

2/2 

10 

u 

u 

with  PVC  0.015  inches 

2/2 

5 

— 

— 

per  .side 

2/5 

3 

_ 

1/20 

1 

— 

— 

Polyvinyl  Chloride 

Revere  Corporation  of  America 

1692 

Polyvinyl  chloride 

0.063 

2/3 

10 

u 

u 

Electrical  Insulation 



2/3 

5 

— 

— 

2/11 

2 

. — * 

— 

1/3 

3 . 

— 

— 

'Potting  Compound 

Bendix  Corporation 

1945 

Epoxy 

0.063 

1/1 

10 

u 

u 

1/1 

5 

— 

— 

1/1 

2 

— 

— 

..  . 

1/2 

1 

— 

— 

Polyvinyl  and  Butyl-Coated  Nylon 

6256 

Stainless  steel  inserts 

0.005 

'9/20 

10 

u 

u 

Pro-Seal  994,  LotT0306 

Coast  Pro-Seal  Manufacturing 

9820 

0.050 

5/20 

10 

u 

u 

Company 

• J •* 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

|Ene.^ 

Level 

.Kelm 

Batch 
■ or  jar 
Rating 

Material 

Rating 

Fro-Seal994,LotL8666 

Coast  Pro-Seal  Manufacturing 

9825 

0.050 

6/20 

10. 

U 

U 

Company 

Pro-Seal  994,  Sand  Mix 

Kennedy  Space  Center 

10037 

0.100 

12/20 

10 

U 

U 

Pro-Seal  994,  Sand  Mix 

Kennedy  Space  Center 

9S39 

Three  Parts  of  994,  one 

0.500 

11/20 

10 

U 

U 

part  of  graded  sand 

iPru-Seal  994, 

Coast  Pro-Seal  Manufacturing 

3221 

Polyurethane 

0.050 

8/20 

. lb 

U 

U 

Expansion  -loint  Sealant 

Company  1 

Pro-Seal  994 

Coast  Pro-Seal  Manufacturing 

3221 

0.063 

7/20 

' 10 

U 

U 

Company 

6/20 

5 

— 

— 

2/20 

2 

— 

— 

0/20 

1 

— 

— 

PR341  Casting  Resin 

Product  Research  Corporation 

713 

3/3 

10 

U 

U 

2/3 

5 

— 

— 

. 

2/7 

3 

“ 

— 

PR-1732 

Product  Research  Corporation 

9243 

0.001 

6/20 

10 

u 

u 

PR-1540 

Product  Research  Corporation 

6990 

0.050 

18/20 

10 

u 

u 

t Part  A,  2 Parts  D 

PR-1525 

Product  Research  Corporation 

2939 

Polyurethane 

0.063 

3/20 

10 

u 

u 

0/20 

5 

~ 

PR-1525 

Product  Research  Corporation 

2932 

Polyurethane 

0.125 

2/20 

10 

u 

u 

PR-1527 

Product  Research  Corporation 

2937 

Polyurethane 

0.063 

7/20 

10 

u 

u . 

3/20 

5 

PR-1527 

Product  Research  Corporation 

2936 

Polyurethane 

0.032 

11/20 

10 

u 

u 

PR-1538 

Product  Researcli  Corporation 

2935 

Polyurethane 

0.063 

10/20 

10 

u 

u 

PR-I538-T 

Product  Research  Corporation 

2934 

Polyurethane 

0.063 

5/20 

lo' 

u 

u 

1/20 

5 

PR-1732  with  Dynatherm- 

Non-Metallic  Materials  Branch 

9244 

. 

0.002 

2/20 

10 

u 

u 

4327  Top  Coat 

TABLE  IV,  PLASTICS,  ELASTOMERS,- AND  ADHESIVES  (Continued) 


.PR.1902  Primer 


pR‘J9S5  BT 


;PH>19S5BT 

I .• 


j»R-I9SSaT 

I 

f 

» 

PR-19SS  BT 


PR-1955  with  Top  Coat 
lP-81-2018 


PR-1955  with  Top  Coat 
P-81-2018 


Manufacturer  ; Test  ! ' ' 

or  Source  . • No.  ' ■ Coipposition 


Product  Research  Corporation  990  t Silicone 

Product  Research  Corporation  2332  • 

Product  Research  Corporation  ' 3931 

Product  Research  Corporation  9379  | 

Product-Researcli  Corporation  9120 

W.1I  ■ ■ • • * 

. fn-**  , 

Product  Researcli  Corporation  8863  • . — - 

Product  Research  Corporation  9385 

Product  Research  Corporation  4601 

Product  Research  Corporation  4594 


Thiclcness 

(inch) 


Energy  Batch 
Level  or  Jar  Material 

Kg/m  Rating  Rating 


2/3 

2/5 

.2/15  _ 


u 

u 

u 

u 

u 

u 

u 

u 

u 

u 

1 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


'■  Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

PR-19SSwithTopCoat 
. P-8!-2018 

Product  Rescan  it  Corporation 

492 

PR-19S5withTopCoat 

P-81-2018 

Product  Research  Corporation 

4591 

PR-1955  with  Top  Coat 
P-81-208 

Product  Research  Corporation 

4582 

PR-1955  with  Top  Coat 
P-81-2020 

Product  Research  Corporation 

4584 

PR-1955  with  Top  Coat 
P-81-2035 

Product  Research  Corporation 

4587 

PT-201  and  Solvent  PT-1001 

Product  Techniques  Incorporated 

1893 

Phenolic  epoxy 

PT-201  Coated  Coil  Spring 

Product  Techniques  Incorporated 

3615 

t 

No.  Energy  Batch 

Thickness  Reactions/  Invel  or  Jar  ! Miteiial 

(inch)  No.  Tests  Kg/m  Rating 


1 1 1 I C 

u 

u 

u 

129 


r TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued)  . 


1 ■' 

M.  4.  • • ' • • 

.No. 

Energy 

Batch 

1 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

1 Material 

■ or  Source 

No.  ' 

Composition 

Remarks 

(inch)  i 

No..Tests 

Kg/m 

Rating 

Rating 

1 Pyro  Prey  AC-81  Tyi>e  1 Plastic 

Cordo  Molding  Products 

916- 

Phenolic  impregnated^ 

0.060 

2/2 

10 

U 

U 

Incorporated 

fiberglass 

2/2 

5 

— 

J- 

! . . 
1 

• .4.  l 1 1.  

2/3 

3 

“* 

— 

t 

Quanted  1682 

Quantum,  Incorporated 

8502' 

Polyimide  > 

0.005  , 

0/40 

10 

S 

BT 

Q90-002A/B 

Dow  Coming  Corporation 

4486: 

Fluorosilicone  < 

Rubber  sealant  j 

0.050 

2/7 

10 

U 

U 

i 

2/20 

5 

— 

I 

, 

$ 

■ 

0/20 

4 

; - 

- 

1 ’qW031 

‘ Dbw'Cdrriirigfcorporation''  ' 

■4484 ' 

Fluorosilicone  { 

» 

0.DS0  : 

2/5  ■ 

10 

u 

U 

1 

i 

2/6 

5 

• - 

— 

t 

, 

0/18 

4 

— 

— 

i 

» 

1 

0/20  ; 
. 1 

3 

- 

- 

P?-0103 

Dow  Coming  Corporation 

4482: 

■ 

0.050  : 

2/2  . 
2/4  , 

10 

5 

u 

u 

•'*'  • •• 

• ,.iU\  4 • > |»  t . • * ♦.  '‘’I 

• i 

t 

1 

2/17 

3 

’ 

« 

0/5  ‘ 

2 

— 

1 

» 

1 

1/20  ■ 

1 

- ■ 

- 

Q9-002A  and  B Adhesive 

Dow  Coming  Corporation  i 

3532  i 

Fluorosilicone  rubber 

RTV  cured  '• 

\ 

0.050 

« 

0^2/20 

10 

u 

u 

‘q-2-0046  Adhesive 

”b’ow  torhing  Corpora'tio’ft  ‘ ■ 

■3339  j 

Fluorosilicone  rubber 

RTV  cured  ■ 

0.050  ' 

1/140 

10 

s 

u 

Q'2-0046  Adhesive 

Dow  Coming  Corporation  ; 

3788' 

Fluorosilicone  rubber 

RTV  cured 

0.025 

38/40  . 

10 

u 

u 

Q94-002 

Dow  Coming  Corporation 

5314 

Fluorosilicone  rubber 

Rubber  sealant  , 

0.050  , 

2/20  : 

10 

u 

u 

„Q9|ft-G02  . 

Dow. Coming  Corporatirax  , i 

5503! 

Fluorosilicone  rubber 

Rubber  sealant 

0.013 

1/20 

11.3 

_ 

u 

..  . ^ 1 

. 

0/20 

10 

•s 

— 

Q94-002 

Dow  Coming  Corporation  [ 

•5505' 

1 

Fluorosilicone  rub'jef 

t 

Rubber  sealant 

0.058 

3/20 

10 

. u 

u 

j 

! 

3/20  ■ 

8 

- , 

• - 

~Q94-002 

Dow  Coming  Corporation  ' 

350?' 

f 

Fluorosilicone  rubber 

Rubber  sealant 

0.032  ■ 

12/20 

10 

u 

u 

12/20 

8 

- 

— 

Q94-002 

t jf 

,5509. 
»'■  • 

Fluorosilicone  rubber 

4 / , . 1 « . ' r V t 

Rjibber  walant 

0.020 

13/20 
! 15/20 

O CO 

u 

u 

Q2-0046,  LotOlOlOl 

Dow  Coming  Corporation 

6924 

Samples  aged  for  2 weeks 

0.050 

4/20 

10 

u 

u 

ADHESIVES  (Continued) 


L-XU122 1 '■ i> 1...  h, 

No. 

Energy 

Batch 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Remarks 

(inch) 

No.  Tests 

Kg/nt 

Rating 

Rating 

Not  cured 

O.OSO 

3/20 

10 

U 

U 

0.050 

3/20 

10 

U 

U 

0.050 

2/20 

10 

U 

U 

0.050 

4/20 

10 

U 

U 

0.050 

11/20 

10 

U 

U 

. 0.085 

10/20 

10 

U 

U 

0.105 

5/20 

10 

U 

U 

0.125 

2/20 

10 

U 

U 

0.063 

20/20 

10 

U 

U 

20/20 

5 

— 

— 

14/20 

3 

— 

— 

1/20 

1 

- 

— 

Two  0.063  inches  stacked 

0.125 

17/20 

10 

u 

u 

to  make  0.12S 

4/20 

3 

— 

— 

0/20 

1 

- 

- 

0.063 

2/20 

10 

u 

u 

0.063 

3/5 

10 

u 

u 

2/5 

5 

— 

— 

2/3 

3 

— 

— 

1/8 

2 

- 

- 

Brush  coating  on 

■7/20 

10 

u 

u 

stainless  steel  inserts 

Stainless'steel  inserts 

0.031 

14/20 

10 

u 

u 

4/20 

3 

2/20 

6 

2/20 

2 . 

2/20 

1 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


1 

Material 

...... .. 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

I.eVer 

Kg/m- 

Batch 
or  Jar 
Rating 

Material 

Rating 

RTV511,20/480‘’F 

General  Electric 

5901 

Stainless  steel  inserts 

0.062 

2/40 

10 

U 

U 

5956 

7/20 

8 

0/20 

4 

RTV-S60.20/480“F 

General  Electric 

5895 

Stainless  steel  inserts 

0.031 

14, '20 

10 

U 

U 

5958 

18/20 

8 

15/20 

6 

20/20 

4 

6/20 

2 

• 

• 

4/20 

1 

RTV-S60, 20/4  80“F 

General  Electric 

5896 

Stainless  steel  inserts 

0.062 

3/20 

10 

U 

U 

■ 

5961 

4/20 

8 

5/20 

6 

• 

4/20 

4 

2/20 

2 

0/20 

1 

No.  601  Rubber 

jRaybestos-Manhattan 

5809 

Stainless  steel  inserts 

0.035 

1/20 

10 

I 

I 

RT/Duroid.5813 

Rogers  Corporation . 

7397 

Stainless  steel  inserts 

0.036 

0/20 

10 

S 

BT 

RT/DuroidS870 

Rogers  Corporation 

7398 

Stainless  steel  inserts 

0.053 

0/20 

10 

S 

BT 

RTV-S-53V-70 

Dow  Coming  Corporation 

6239 

Flexible  foam 

0.400 

20/20 

10 

U 

U 

, Density  = lOlb/ft* 

20/20 

8 

20/20 

6 

20/20 

4 

11/20 

2 

0/20 

1 

Rulon  A,  Lot  PA-2 

Dixon  Corporation 

. 5922 

0.050 

0/20 

10 

S 

S 

"(Dixon  No.  E-3846) 

Rulon  Sheet 

Dixon  Corporation 

5589 

Teflon  composite 

Stainless  steel  inserts 

0.060 

0/20 

10 

S 

BT 

used 

Rulon  A 

Dixon  Corporation 

9131 

Filled  tetrafluoro-  , 

0.063 

0/20 

10 

S 

S 

ethylene 

Sauereisen  Low  Expansion 

Sauereisen  Cement  Company 

2495 

Zirconium  base 

0.050 

0/20 

10 

S 

S 

Cement  No.  29 

elastomers,  and  ADHESWES.XContinued) 


I ; : . 

! 


■R'" — 
i 

j >>•<■■  Matenal) 

Manufacturer 
' ' ' ■ • orSoprce 

•Test 
No.-  • 

Composition 

Remarks 

Thickness 
1 (inch) 

No. 

Reactions/ 
1 No.  Tests 

Energy 
Level 
1 Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

1 Scotch  cast  Resin  No.  1 1 

KUnnesota  Mining  and 

^9913 

0.050 

6/20 

10 

. U 

U 

Manufacturing  Company 

• 

1 Scotch  Ply  TVpe  1002 

■ Mitmesota  Mining  and 

9240 

Epoxy  resin  with  non- 

0.113 

20/20 

10 

U 

U 

I 

Manufacturing  Company  „ 

* 

ivoven  glass  filament 

20/20 

• 

j Scotch  Tape  No.  Y-9089 

Minnesota  Mining  and 

^2853 

Pluton  fabric,  neoprene 

0.063 

20/20 

10 

U 

u 

• 

. Manufacturing  Company 

base  adhesive 

2/2 

5 

- 

- 

, 

■ 

0/20 

1 

— 

— 

! Scotch  Pressure  Sensitive 

1 Minnesota  Mining  and 

28^2 

17/20 

10 

U 

u 

1 TapeNq.Y-9050 

J Manufacturing  Copipapy  . 

t 

9/10 

5 

- 

1 

! 

J 

! 

• 0/20 

1 

— 

— 

j Scotch  Plastic  Film, 

f * 

1 Minnesota  Mining  and 

:6249 

Adhesive  free  Teflon 

^Stainless  steel  inserts 

0.010 

0/20 

10 

s 

s 

TypeS46 

. Manufacturing  Company.t.u 

J I*. 

i 

1 Scotch  Electrical  Tape  No.  27 

< Minnesota  Mining  and 

! 631 

^ite  glass  cloth  with 

0.007 

• 4/5 

. 10 

u 

u 

! 

! Manufacturing  Company 

t 

thermosetting  adhesive 

• 5/6 

s 

- 

— 

1 

1 

. j_  . . . . . , 

i ’ ’ 

f •••  'f*.  . .-y 

3/3 

1 

- 

- 

i Scotch  Electrical  Tape  Mo.  33 

1 

’Minnesota  Mining  and 

' 516. 

$laclc  vinyl  plastic 

> -a  • , - t - 

0.010 

2/4 

10 

u 

0 

, 

! Manufacturing  Company 

^th  pressure 

2/3 

5 

- 

i 

t 1 

\ 

t 

i 

sensitive  adhesive 

0/2 

2 

• — 

— 

1 

[Scotch  Electrical  Tape  No.  60 

; Minnesota  Mining  and 

! 496 

Teflon  and  silicone 

1 : ■ ■ 1.  . . 

0.005 

2/3 

10 

u 

u 

1 

Manufacturing  Company 

1 

adhesive 

1 

2/7 

5 

- 

— 

1 »jr 

• Scotch  Electrical  Tape  No.  61 

' Minnesota  Mining  and 

'l271 

Teflon  and  silicone 

; 

0.006 

2/2 

10 

u 

u 

‘ Manufacturing  Company 

adhesive 

■:  2/4 

5 

— 

“ 

■Scotch  Resin  No.  QRP-235 

'.Minnesota  Mining  and  ■ 

: 712 

Epoxy 

One  part  "A”  and  two 

3/6 

10 

u 

u 

■ Manufacturing  Company 

r 

parts  “B”  cured  at 

1/14 

5 

— 

— 

! 

1 

30°C  for  1/2  hour 

i Scotch  Electrical  Tape  No.  27 

1 . . 
■ Minnesota  Mining  and 

! 517 

3/4 

10 

u 

u 

» 

'Manufacturing  Company 

* 

2/2 

3 

— 

j Scotch  Tape  No.  506 

! Minnesota  Mining  and 

'■  630 

■<  3/4 

10 

u 

u 

( 

1 

J Manufacturing  Company 

'« 

% 

2/5 

5 

- 

■■  - 

Scotch  Teflon  Tape  No.  536 

Minnesota  Mining  and 

149 

3/10 

10 

u 

u 

Manufacturing  Company 

1/10 

5 

— 

- 

1/7 

S 

— 

— 

a r . 

• , . - ■ .'1  ' 

. 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Scotch  Teflon  Tape  No.  S47 

Minnesota  Mining  and 

37 

0/10 

10 

I 

I 

Manufacturing  Company 

Scotch  Teflon  Tape  No.  549 

Minnesota  Mining  and 

786 

2/2 

10 

U 

U 

Manufacturing  Company 

2/5 

5 

— 

— 

;■ 

1/13 

2 

— 

— 

Series  R,  Spun  Bonded 

E.I.  du  Pont  de  Nemouis 

8217 

0.005 

19/20 

10 

u 

u 

Olefin  Paper 

and  Company 

Silastic  RTV  94-002, 

Dow  Coming  Corporation 

6611 

Cured  30  days  at  1 10*C 

0.111 

7/20 

10 

u 

u 

Lot  1621 16  (lab.  run) 

Silicone  Tape  S-5638 

Dow  Coming  Corporation 

6637 

' 

Stainless  steel  inserts 

0.022 

19/20 

10 

. U 

u 

Silastic  No,  50  Rubber 

Dow  Coming  Corporation 

736 

Silicone  rubber 

2/2 

10 

u 

u 

2/6 

5 

— 

— 

2/4 

2 

- 

- 

Silastic  No.  675 

Dow  Coming  Corporation 

163 

2/3 

10 

u 

u 

2/2 

5 

— 

1/1 

2 

- 

- 

Silastic  No.  50-24-480 

Dow  Coming  Corporation 

514 

8/10 

10 

u 

u 

Silastic  No.  80-24-480 

Dow  Coming  Corporation 

164 

7/10 

10 

u 

y 

SilasUc  No.  290-24-480 

Dow  Coming  Corporation 

321 

2/10 

10 

u 

u 

1/10 

5 

— 

— 

Silastic  No.  916-4-480 

Dow  Coming  Corporation 

980 

2/2 

10 

u 

u 

3/15 

5 

— 

— 

Silastic  LS-S3  . . 

Dow  Coming  Corporation 

549 

2/7 

10 

u 

u 

2/8 

5 

— 

-- 

0/5 

2 

- 

- 

. 

Silastic  LS-53-24-300 

Dow  Coming  Corporation 

1007 

1 

uuqn  1 

• * -tv  1 

2/3 

lo' 

u 

u 

2/5 

5 

— 

- 

Silastic  LS-13-8-400 

Dow  Coming  Corporation 

547 

2/8 

10 

u 

u 

3/10 

'5 

— 

- 

0/2 

2 

"" 

134 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


1'  Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

1 fi'iirir 

Tilickness 

(inch) 

‘ No.' 
Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar. 
Rating 

Material 

Rating 

, Silastic  S-2098-24-480 

Dow  Coming  Corporation 

546 

2/3 

10 

U 

U 

» 

» 

0/17 

5 

— 

— 

Silastic  S-9711-2480 

Dow  Coming  Corporation 

545 

2/2 

10 

U 

U 

2/2 

5 

— 

- 

0/2 

3 

- 

- 

Silastic  LS-63 

Dow  Coming  Corporation 

.1232 

3/20 

10 

u 

u 

Silicone  ImpreEnated  Fibtiglass 

Dow  Coming  Corporation 

Silicone  and  glass 

2/2 

' 10 

u 

u 

Punei  83-5 

3/3 

5 

— 

* 

2/2 

2 

“ 

- 

'Silicone  Rubber  Flexible 

Dow  Coming  Corporation 

!2740 

Silicone 

• 

5/5 

10 

u 

u 

Tubing 

* . . 

5/5 

5 

- 

- 

5/5 

3 

— 

— 

■ 

3/5 

1 

- 

- 

Sltverprene  Coated  Asbestos 

Jamac  incorporated 

,2877 

0.015 

2/2 

10 

u 

u 

• 

t 

? 

2/2 

5 

— 

2/5 

3 

— 

. .1  . , - . . , 

! 

{ 

2/6 

2 

— 

_ 

f 

1/20 

1 

- 

- 

‘ SP  Polymer  with  20%  Copper  Fibers 

16967 

1 

0/20 

10 

s 

BT 

Plus  10%MoS,  (byWei^it) 

(NASA  Batcli) 

7 'M  •'  I".-  t 

; 

l,SP-I  Unfilled  Polymer  SP 

1 j j I «.  • • 

6963 

f . . - 

Polyimide 

0.050 

0/20 

10 

s 

U 

SP-21  Polymer  with  15% 

1 E.I.  du  Pont  de  Nemours  & 

j6964 

^olyimide 

0.050 

0/20 

10 

s 

BT 

Graphite  (by  weigllt) 

' Company',  Incorporated 

< 

i 

‘SP-41  Polymer  SP  with  40% 

I E.I.  du  Pont  de  Nemours  & 

6968 

Polyimide 

• 

0.050 

0/20 

10 

s 

BT 

Bronze  (by  weiglit) 

, Company,  Incorporated 

Stillman  Rubber  TH  1057 

. Stillman  Rubber  Company 

5730  • 

0.100 

16/20 

10 

u 

u . 

i 

10/20 

3 

* 

‘ 

_ 

11/20 

6 

3/20 

4 

0/20 

2 

S-2273  Fluorosilicone  Rubber 

Dqw  polling  Corporation'  ■ ^ 

6950 

1 

' ^ d ' » - - • 



0.200 

10/20 

10 

u 

u 

TABLE  iV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


■ • 

No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

level 

■ or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Sty  cast  2651 

2757 

Epoxy 

0.063 

10 

U 

U 

5 

— 

— 

2/3 

3 

— 

— 

0/20 

1 

- 

- 

Teflon  (virgin) 

E.l.  du  Pont  de  Nemours  & 
Company,  Incorporated  ' 

3402 

Polytctrafluoroethylene 

0.002 

0/20 

10 

S 

S 

Teflon  (viiffn) 

E.l.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3403 

Polytetrafluoroethylene 

o!oo6 

0/20 

10 

S 

s 

Tedlar50SG20TR 

E.l.  du  Pont  de  Nemouis& 

4874 

Polyvinyl  fluoride  film 

Stainless  steel  inserts 

0.005 

18/20 

10 

u 

u 

Company,  Incorporated 

used 

17/20 

8 

— 

- 

18/20 

mm 

“ 

— 

Tedlar  I00S30 

E.l.  du  Pont  de  Nemours  & 

4613 

Polyvinyl  fluoride  film 

Stainless  steel  inserts 

0.001 

8/20 

u 

u 

Company,  Incorporated 

used 

TedlarlSOAl  30  WH 

E.l.  du  Pont  de  Nemours  & 

4873 

Polyvinyl  fluoride  film 

Stainless  steel  inserts 

0.002 

0/20 

s 

u 

Company,  Incorporated 

used.  Tested  in  air 

il 

Tedlar  ISOAl  30  WH 

E.l.  du  Pont  de  Nemours  & 

4797 

Polyvinyl  fluoride  film 

Stainless  steel  inserts 

0.002 

3/20 

u 

u 

Company,  Incorporated 

used 

II 

Tedlar  200  AM  30  WH 

E.l.  du  Pont  de  Nemours  & 

4890 

Polyvinyl  fluoride  film 

0.002 

4/29 

u 

Company,  Incorporated 

1/20 

9 

0/20 

8 

0/13 

5 

H 

Tedlar  200BU  30  WH 

E.l.  du  Pont  de  Nemours  & 

4886 

Polyvinyl  fluoride  film 

0.002 

4/25 

10 

u 

u 

Company,  Incorporated 

1/20 

8 

- 

- 

0/20 

7 

— 

— 

1/35 

5 

Tedlar  200  BP 

E.l.  du  Pont  de  Nemours  & 
Company,  Incorporated 

4610 

Polyvinyl  fluoride  film 

0.002 

3/60 

10 

u 

u 

Tedlar  2005  30  WH 

E.l.  du  Pont  de  Nemours  & 
C?ompany,  Incorporated 

4611 

Polyvinyl  fluoride  film 

I 

0.002  1 

3/20  ' 

10 

u 

u 

Tedlar  200S  40 

E.l.  du  Pont  de  Nemours  &, 
Company,  Incorporated 

4612 

Polyvinyl  fmoride  film 

0.002 

5/20 

10 

u 

u 

136 


TABLE  iV,  PLASTICS.  ELASTOMERS.  AND  ADHESIVES  (Continued) 


Material  - 

Manulacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

TSiickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Teirite  U 

MSFC 

6469 

Cellulose  acetate 

Stainless  steel  inserts 

0.005 

15/20 

.10 

U 

U 

butyrate 

12/20 

8 

6/20 

6- 

4/20 

4 

0/20 

2 

Tcnite  II 

MSFC 

6464 

Cellulose  acetate 

Stainless  steel  Inserts 

0.010 

13/20 

10 

U 

U 

butyrate 

6/20 

. 8 

8/20 

6 

, 

3/20 

4 

i 

0/20 

2 

Tenile  II  ' 

M5FC 

6459 

Cellulose  acetate 

Stainless  steel  Inserts 

0.020 

14/20 

10 

u 

U 

■ 

butyrate 

9/20 

8 

i . ' 

• 

7/20 

6 

0/20 

4 

i ‘ ' 

0/20 

2 

Tenite  II 

MSFC 

6456 

Cellulose  acetate 

Stainless  steel  inserts 

0.030 

12/20 

10 

u 

U 

butyrate 

8/20 

8 

i 

11/20 

6 

4/20 

4 

■ 

0/20 

2 

Temis  SI  1 < ■ 

MSFC  ; ' 

6537 

Cellulose  acetate  ' 

No  stainless  steel 

0.040 

2/20 

10 

u 

U 

butyrate 

inserts 

5/20 

8 

1 

4/20 

6 

3/20 

4 

i 4 •!'  , 

■ . 

0/20 

2 

Tenite  11  j 

MS.FC  . 

6556 

Cellulose  acetate 

Stainless  steel  inserts 

0.040 

12/20 

10 

u 

U 

J 

butyrate 

6/20 

8 

1 

4/20 

6 

1 

0/20 

4 

Tenite  II  j 

MSFC 

6551 

Cellulose  acetate  > 

Stainless  steel  inserts 

0.050 

7/20 

10 

u 

U 

1 

.....  , 

butyrate 

7/20 

8 

3/20 

6 

i 

J ^ 

0/20 

4 

f 

‘ i 

0/20 

2 

Tenitell  ! 

MSFC  ; 

6542 

CelluIoK  acetate 

Stainless  steel  inserts 

0.080 

6/20 

10 

u 

U 

1 

butyrate 

3/20 

8 

3/20 

6 

1 M ■ ' * t 

0/20 

4 

A8X  \ 


TABLE*  IV.  TPLASTICS,  ELASTOMERS, -AND  ADHESIVES  (Continued) 


Material 

• • >1 

Manufacturer 
or  Source 

Test 

No. 

, •*  • ■ 

i 

1 i 

1 Cpmpositf 

} 

» 

Remarks 

* 

Thickness 

(inch) 

Jlo. 

Reag(ions/ 

Nd.'^ests 

Energy 
Level ' 
Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Titan  If  Space  Suit  Material, 
CuPont  HT-7  and  Butyl  Rubber 

. ' ' t 

Arrowhead 'Products  Company 
1 , . 

1 

1 

i 

1 5 ' 

5659 

1 • 

i • 

j j ... 

i 

i 

} 

0.015 

1 

20/20: 
20/20 
20/20 
20/20 
20/20 
4/20  • 

10 

8 

6 

4 

2 

1 

U 

u 

Teflon  403-108 

E.l.duPpnt  de  Nemours,* 
Company,  Incorporated 

5576 

IPolytetrqfluproethylene 
[coated  glass  fabric 

t 

\ 

0.903 

X 

0/20 

0/20 

11.3 
10  , 

S 

BT 

Teflon  405-1 13 

• E.I.  du  Ppni  de  Nemours  & 
Company,  ■'r.cpjjiprated 

5582 

1 i 

■polytetrafluoroetfiylene 
fcoate.u  glass  fabric  ..  i.i.. 

f * j 

i • ■ 

o.pos 

0/20 

p/20 

11.3 

■10 

S 

BT 

Teflon  405-116 

) 

E.I.  du  Ppn't  de  Nemours  & 
■ Company,  Incorporated 

5580 

■POlytetrafluoroethylene 
■coated  giass  fabric 

i 

i 

' 

0.006 

0/20 

0/20; 

11.3 

10 

• S 

BT- 

Teflon40S-128 

. E.I.  du  Pont  de  Nemours  & 

5584 

polytetrafluoroethylene 

0.008 

0/20.  • 

11.3 

s 

; BT 

Company,  |ne6rpo'rated 

coated  glass  fabric 

f 

0/20 

10 

. — 

— 

Teflon  410-1 12- 

• 

1 E.I,  du  Pont  de  Nemours  & • 

Company,  incorporated 

5577 

iPolytetrafluoroethylene 
;coated  glass  fabric 

i 

0.010 

0/20 

11.3 

s 

BT 

Teflon414-I41  • 

! 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

•578 

Polytetrafluoroethylene 
.coated  glass  fabric 

! ..  . ■.... 
1 

0.014 

0/20 

11.3 

s 

BT 

Teflon  TFE.  Fiber  400-604) 
(Merge  10419) 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

6829 

'Fiuoro  carbon 

1 

\ 

] 

• 

.4/20 

2/20 

10 

10 

u 

U 

Teflon  TFE,  Fiber  1350-1804) 
(Merge  10458) 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

6831 

iFIuorocarbon 

i 

0/20  ■ 

10 

s 

. BT 

Teflon  TFE  Hose  No.  1 

7613 

I 

1 

1 

j 

0.070 

i 

0/20 

10 

s 

BT 

Teflon  TFE  Hose  No. H4B 

7295 

I ■ 

Washid.with  F-33  ■ 
Stainless  steeliruierts 

0.082 

0/20 

10 

. s 

BT 

Teflon  TFE  Hose  No.  2 

) , M;  ’ ij'r  . 

i 

7614 

: ‘ i 

0.070 

0/20 

10  . . 

s 

BT 

Teflon  TFE  Hose  No.  2 14B 

i 

7296 

i 1 

Washed  in  F-33 

0.072 

0/20 

10 

s 

BT 

Stainless  steel  inserts 

Teflon  TFE  Hose  No.  3 

,7297  , 

it.:/ 

Washed  jt}  F-33  - . ..i 

Stainless  steel  inserts  *'  •'>> 

P-OfiO./ 

. :0/20.  . 

10 

s 

BT 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued)  - 


“ — ^ ^ ^ 
' Material 

■ ■ • Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

i 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

BatcH 
or  Jar 
Rating 

Material 

Rating 

; Teflon  TEE  Hose  No.  4 
1 
1 

7298 

i 

fashed  in  F-33 
^tainless  steel  inserts 

0.060 

0/20 

10 

S 

BT 

:GKGA4)2I3 

Nort-MetailicMaterials  Branch 

10256 

0.015 

20/20 

10 

U 

U 

j Teflon  TFE  Sheet 

i . ‘ 

Chempiast,  Incorporated 

8799 

Virgin,  unfrlled,  undyed 

0.002 

0/20 

10 

S 

BT 

< Teflon  TFE  Sewing  Thread 
: DXHEMT400 

The  Mason  Silk  Company 

5992 

14/20 

10 

u 

U 

Teflon-TFE  Coated  606I-T6 
Aluminum 

Coating:  DuPont  850-311 
: Catalyst:  VM-7759 

Trans-Sonics 

6455 

Teflon 

Stainless  steel  inserts 

0,007 

0/20 

10 

S 

S 

5%  Teflon  TEE  Dispersion 

Dow  Coming  Corporation 

5848 

0/20 

10 

s 

BT 

Teflon  TFE  Coated  Glass  Cloth 
No.  410.128 

E.I.  du  Font  de  Nemours  &. 
Company,  Incorporated 

5484 

0.010 

2/20 

10 

u 

BT 

Teflon  TEE  Coated  Glass  Cloth 
No.  405-1 12 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

5354 

0.005 

1/20 

0/20 

11.3 

10 

s 

BT  ■ 
BT 

Teflon  TFE  Coated  Glass 
Fabric  No.  410-1 12 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

5485 

• 

0.010 

0/20 

IQ 

s 

BT 

Teflon  TFE  Coated  Glass 
Fabric  No.  414-141 

Ell.  du  Font  de  Nemours  & 
Company,  Incorporated 

5486 

0.014 

0/20 

10 

s 

BT 

Teflon  Lacing  Tape  Temp-Lace 
Style  256 

Gudebrad  Brotliers  Silk 
Company 

4794 

• 

0/20 

10 

s 

BT 

Teflon  Sleeve  from  Adel  Clamp 

3389 

Virgin,  unfilled,  undyed 

0.032 

0/20 

10 

s 

BT 

Teflon  XAI02A522 

Goodyear  Corporation 

‘3492 

Polytetrafluoroethylene 

Spray  film 

0.006 

2/20 

1/2 

0/20 

10 

9 

3 

u 

BT 

Teflon  XA102A522 

Goodyear  Corporation 

3491 

Polytetrafluoroethylene 

Spray  film 

0.015 

0/20 

10 

s 

BT 

Teflon  FEP  (virffn) 

E.I.  du  Font  de  Nemours  & 
Company,  Incorporated 

1247 

Fluorinated  ethylene- 
propylene  polymer 

0/20 

10 

s 

S 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


fSUetiai 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks' 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Matenal 

Rating 

Teflon,  TFEVir^  • 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3489 

Polytetrafluoroethylene 

0.032 

0/20 

10 

S 

S 

Teflon,  TFE  White  Sheet 
Stock 

E.I.  du  Pont  de  Nemours  & 
1 Company,  Incorporated 

5128 

Polytetrafluoroethylene 

0.063 

0/40 

10 

S 

S 

Teflon,  TFE  White  Hose  Lining 

E.L  du  Pont  de  Nemours  & 
. Company,  Incorporated 

95 

Polytetrafluoroethylene 

0/20 

10  . 

S 

BT 

Teflon,  Red  Hose  Lining 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

.96 

Polytetrafluoroethylene 

Pigmentation  affects 
test  results 

0-2/20 

10 

- 

BT 

Teflon  Tube  (Thermofit  TFE) 

Rayclad  Tubes  Incorporated; 

1830 

Polytetrafluoroetliylene 

0.016 

0/20 

10 

s 

BT 

Teflon  FEP  Film  with 
Teflon  TFE  Felt 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorponited 

4190 

Polytetrafluoroethylene 

1 

O.OOS  in.  film  between 
two  pieces  0.125  in.  felt 

0.255 

0/40 

10 

s 

BT 

Teflon  FEP  Type  544 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3527 

Polytetrafluoroethylene 

not  filled,  not  dyed 

0.001 

0/20 

10 

s 

S 

Teflon  FEP  Virgin 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3366 

Polytetrafluoroethylene 

not  filled,  not  dyed 

0.01 

0/20 

10 

s 

S 

Teflon  FEP  Virgin 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3367 

Polytetrafluoroethylene 

not  filled,  not  dyed 

0.021 

0/20 

10 

s 

S 

Teflon  FEP  Virgjn 

E.I,  du  Pont  de  Nemours  A 
Company,  Incorporated 

3365 

Polytetrafluoroethylene 

notfilled,  not  dyed 

0.005 

0/20 

10 

s 

S' 

teflon  FEP  »nd  Aluminum 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

4188 

Aluminum  and 
Polytetrafluoroethylene 

FEP-2  mils,  aluminum 
2mils,FEP-2mils 

0.006 

0/40 

10 

s 

BT 

Teflon  30  TFB  / 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3516 

Polytetrafluoroethylene 

Two  batches  tested 

0/20 

10 

s 

BT 

Teflon  856-200 

E.L  du  Font  de  Nemours  & 
Company,  Incorporated 

3641 

Polytetrafluoroethylene 

0.006 

0/20 

10 

s 

S 

Teflon  TFE  Dupont  Enamel 
8^2-202 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

3504 

Polytetrafluoroethylene 

0.001 

0/20 

10 

s 

S 

Teflon,  Dupont  Clear  Lacquer 
No.  852-202  over  Dupont 
Primer  No.  850-204 

E.'I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

1597 

Polytetrafluoroethylene 

321  stainless  inserts 
used 

0/20 

10 

' 

s 

S 

I 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Teflon,  Dupont  Primer 
No.  850-204 

E.I.  du  Pont  dc  Nemours  & 
‘ Company,  Incorporated 

Teflon,  Dupont  Green  Primer 
No.  SSO-204  and  Clear  Lacquer 
No.  850-202 

US.  Aircraft  Products  Co. 

■ f ’ 

Teflon  Covering  from  Cable 

Teflon  Coated  Flat  Conductor 
Shielded  Type  A NASA-POH- 
■41286 

• Mcthode  Cable  Company 

j . 

Teflon  Coating  No.  852-201 
over  Primer  No.  850-201 

. E,I.  du  Pont  de,  Nemours 
iCompany,  Incorporated 

Teflon  Coating  No.  251-214 

'EiL  duPonl  de  Nemouts-&' 
jCompany,  Incorporated 

Teflon  0-Ring 

! Teflon  Plelix 

1 

Various  . • ' ■> 

Connecticut  Hard  Rubber  Co. 

Teflon-Resin  Spray  852-204 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

Telcon  • 

Alvin  Product!  Incorporated 

1 , ..i  .--....- 

i I'l  qn  1,'^*“ '• 

Thermo-Dip 

j A >■  . - j.  - tSTOi- 

1 

\ /iiU  ut  i-'l  ^ . j 

Thermopiaz  Formula  1500 

i , 

1 «,l:,  ;j. 'if,  f .u. 

Sar,Tent  Engineering  Cotp. 
1 . . . ,. 

Thermoplaz  Formula  1501 

Sargent  Engineering  Corp. 

b 1.  t U \ f 

Temporell  No.  741  ' 

) 

Orell  Incorpi^tfd, 

1 

Temporell  No.  740 

Orell  Incorporated 

* ’ / o*  * • * t f'y'> 

No. 

Energy 

Utickness 

Reactions/ 

Level 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Polytetrafluoroethylene 

321  Stainless  inserts 
used 

0/20 

10 

Polytetrafluoroethyiene 

On  321  stainless  steel 
inserts 

0/20 

10 

Polytetrafluoroethylene 

‘ 

0.020 

0/20 

10 

Teflon  and  copper 

Organic  adhesive 

.0.028 

5/40 

10 

Polytetrafluoroethylene 

t 

Applied  tp  stainless. 
;teel  discs 

; 0/20 

10. 

Polytetrailuoroethyiene 

Applied  to  stainless 
steel  discs 

0/20 

. 10 

Polytetrafluoroethylene 

0/20 

10. 

Teflon  with  bonding 

i0.025 

! 18/20 

10. 

agent 

. 2/10 

3 

, 1/2 

2 

> 

0/20 

1 

j 

Sprayed  on  stainless 

'0.003 

1 0/20 

f 10 

5 U Yihfl . 1 . 

steel  inserts 

f 

i 

f 

Fluorocarbon 

Spray  film 

0/20 

10  • 

i 

1 

Stainless  steel  inserts 
ijipped  in  melted 

i \ 

t ' 

, 12/20 

,10 
1 ‘ ■ 

1,  . -Hjitiiann-.j 

^ermoplastic 

i .. 

i ' 

I . 

i 

0.050 

-5/5 

• 10 

1 

t 

5/5 

i 5 

— 

5/5 

3 

t 

*; 

5/5  . 

• 2 

f .1- 

i 

;5/5 

1 

< 

. U,.  . 

} 

t 

0.050 

0/40  ■ 

' 10 

.i  ' . » . 

^0.063 

11/20 

10  - 

i ^ •»•>,  ..n;  -• 

' 

t 

1 

2/2 

10 

1 

1 

2/2 

5 

I 

i . . V 

2/2 

2 

4/14 

1 

I/l 

. 10 

1/1 

2 

1 v-.f  t.  !.• 

7/7 

I 

ir  Material 
ig  Rating 


U .U 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


t 

Mitenil,  ‘ 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

K*/m 

Batch 
or  Jar 
Rating 

Tenni-R-Tipe ! • ■ ■■ 

Connecticut  Hard  Rubber  Co. 

3643 

Folyletranuoroethylene 
with  silicone  polymer 
adhesive 

3/20 

2/20 

3/20 

0/20 

10 

5 

4 

1 

U 

u 

Union  Carbide  40-S  • ‘ 
Dimelhylsilicpne  - 

Union  Carbide  Chemical 
Corporation 

4804 

0.063 

2/20 

10 

U 

u 

VinylIoydNo.5909 

Vinylloyd  Company 

143 

Chloronuorocarbon 

0.032 

0/20 

10 

S 

BT 

Viton  A on  Teflon  86007 

E.I.  dll  Pont  de  Nemouis  & 
Company,  Incorporated 

914 

0.020 

2/7 

0/15 

10 

5 

U 

BT 

Velcro  Hi  Grade  ' ' i 

Velcro  Corporation 

9287 

Stainless  steel  backs, 
Eligilog  hooks,  and 
Inconel  pile 

0.063 

0/20 

10 

s 

BT 

VeicroHiMeg 

Velcro  Corporation 

9288 

Hook,  pile,  and  backing 
Nylon 

0.063 

20/20 

10 

u 

U 

Vespel  Discs 
(Polymer  SP-1) 

E.I.  du  Pont  de  Nemours  & 
Company,  incorporated 

8712 

Polyimidc 

Batch  SP-I-4S 

0.050 

6/20 

10 

u 

U 

Vespel  Discs 
(Polymer  SP-1) 

E.l.du  Font  de  Nemours  & . 
Company,  Incorporated 

9784 

Polyimide 

Batch  10246-29-2 

0.050 

1/60 

10 

s 

U 

Vespel  Discs 
(Poiymer  SP-1) 

E.I.  du  Pont  de  Nemours  A 
Company,  Incorporated 

9221 

Polylmide 

Batch  10246-11.2 

0.050 

4/20 

10 

u 

U 

Vespel  Discs  . . 

(Polymer  SP-1) 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

9904 

Polyimide 

Batch  1C89-0-79-2 

0.050 

0/20 

13 

s 

U 

Vespel  Discs 
(Polymer  SP-l) 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

9066 

Polyimide 

Batch  10890-197-1 

0.050 

3/20 

10 

u 

u 

Vespel  Discs 

(Polymer  SP-3)  i 

E.I.  du  Pont  dc  Nemours  & 
Company,  Incorporated 

9223 

Polyimide 

Batch  10077-138-3 

0.050 

0/20 

10 

s 

BT 

Vespel  Discs 
(Polymer  SP-21) 

E.I.  du  Pont  de  Nemours  & 
Company,  Incorporated 

9905 

Polyimide  filled  with 
IS  percent  graphite 

Batch  10890-11 5-2 

0.050 

0/20 

10 

s 

BT 

Vcsiicl  Discs 
(Polymer  SP-21) 

F.I.  du  I’onI  de  Nemours  & 
Company,  Incorporated 

«713 

Polyimide  niied  vdtii 
15  percent  cropliite 

Dalch  P-530 

0.050 

0/20 

10 

s 

BT 

Vespel  Discs  . 
(Polymer  SP-21) 

E.1  dll  Pont  de  Nemours  «Sc 
C«tfl^j}*jny,  InCorpomted 

10067 

Pu1>imidc  ^Iled  With 
IS  percent  {xaphiic 

Batch  SRB-I84 

0.050 

0/20 

10  , 

s 

BT 

|^r~7  . TABLE  IV.  PLASTICS,  (ELASTOMERS,  AND  ADHESIVES  (Continued) 

K>i  . 1 . . • . . 


Materia! 

■ Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarlo) 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Te.its 

Energy 

I.evel 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Vespel  Discs 

E.i.  du  Pont  de  Nemours  & 

10402 

Polyimide  filied  with 

Batch  110S2-37-2-M-64 

o.oso 

0/20 

10 

S 

BT 

(Polymer  SP-2!) 

Company,  Incorporated 

15  percent  graphite 

Vespel  Discs 

E.I.  du  Pont  de  Nemours  & 

10404 

Polyimide  filled  with 

Batch  1122-78 

0.050 

0/20 

10 

S 

BT 

(PoiymerSP-21) 

Company,  Incorporated 

10  percent  graphite 

Velostat,  Conductive  Polyolefin 

Custom  Materials,  Incorporated 

6011 

0.005 

8/20  . 

10 

U 

U 

7/20 

8 

*. 

3/20 

6 

0/20 

4 

Vin-LOX  Sealant 

Vin-LOX  Corporation 

7289 

ViiiyJ  poiymer  emulsion 

Cured  10  days  at  room 

0.050 

20/20 

10 

U 

U 

temperature 

20/20 

7.62 

20/20 

5.54 

, 

17/20 

3.46 

1 

. 

6/20 

1.39 

2/20 

0.70 

Vitliane  No.  1 

661S 



0.025 

18/20 

10 

U 

U 

Vithane  No.  2 (Viton  Coated) 

6614 

0.25 

19/20 

10 

U 

U 

Vinyl  Covered  Nylon 

616 

2/8 

10 

U 

u 

1/10 

5 

— 

Vinyl  Tubing 

674 

2/8 

10 

u 

u 

3/5 

S 

“• 

Vynakote 

Spectra-Strip  Wire  and 

"976 

2/6 

10 

u. 

u 

Cable  Corporation 

4/14 

5 

~ 

— 

XR  so;o 

Minnesota  Mineleg  and 

2748 

Epoxy 

0.063 

2/25 

10 

u 

U- 

Manufacturing  Company 

0/35 

5 

— 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Vimasco  WC-1 

yiton  A-80-001 

■j/ypn  A Plus  Teflon  No.  86007 

» 

I 

yiton  A Hose 

I 

Vitpn  Sponge 
1 

i/iton  A 

I 

Viton  A,  A-34470 


/iipn  AO-Ring  Z-100, 
10535-1 
21^25-1 

/lion  A,  MIL-R-25897 


i • ' 

Viion  Compound  V702-0, 
ilSatch  12304 
! 

yiton  A Compound  17107A 

! 

Viton  A 0-Ring 
HS-8-S13-16 

Viton  A 0-Ring 


1 Manufacturer 

. or  Source 

i 

1 

Test 
. No. 

1 

1 

5404 

jE.i.  du  Font  de  Nemouis  & 
Company,  Incorporated 

4603 

!e.1.  du  Pont  de  Nemouis  & 
.Company,  Incorporated 

4606. 

jE.I.  du  Pont  de  Nemours  & 
jCompany,  Incorporated 

4798 

1 

t 

Connecticut  Hard  Rubber  Co. 

14806 

j . . • / • 

. t 

;5946 

(R-P&VE-M 

!6Q80 

i 

j 1 . 

6075 

6074 

< 

lAeroquip'torporation 

i • " 

6520' 

6521 

1.  b.  Moore  Company 

. ... 

6956 

i*recision  Rubber  Company 

V309 

7396 

B.H.  Hadley,  Inc.  - :• 

..6333 

Composition 


No.  Energy 
Reactions/  Level 
No.  Tests  Kg/m 


Stainless  steel  inserts 
psed 

Stainless  steel  inserts 
psed 


Stainless  steel  inserts 
Stainless  steel  inserts 

Stainless  steel  inserts 
Stainless  steel  inserts 


Fibro  Seal 
Batch  SR  277-70 

Stainless  steel  inserts 
Washed  witli  F-33 
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TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


. Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Tliickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Viton  A 0-Ring 
, Batch  01284 
Batch  01382 
Batch  01382 

Batch  02656 
Batch  03919 
Batch  04204 

Batch  05549 
Batch  05764 
Batch  05828 
Batch  PHS-8513-224 

B.H.  Hadley,  Inc. 

7023 
7283 

7021 

7020 

7019 

7025 

7022 

7024 
7018 
7360 

Same  as  above 
Same  as  above 
Stainless  steel  inserts 
As  received 
Same  as  above 
Same  as  above 
Stainless  steel  inserts 
Washed  in  F-33 
Same  as  above 
Same  as  above 
Same  as  above 
As  Received 

0/20 

2/20 

6/20 

9/20 

3/20 

0/20 

0/20 

0/20 

7/20 

2/20 

Viton  A 0-Ring,  Batch  No. 
01911.M1L-R-25897, 
NAS  1593-11 

Parker-Hannifin  Corp. 

6768 

Stainless  steel  inserts 

3/20 

Viton  A 0-Ring,  Batch  No. 
01911,  MlL-R-25897, 
NAS  1593-13 

Parker-Hannifin  Corp. 

6767 

Stainless  steel  inserts 

1/20 

Viton  A 0-Ring,  Batch  No. 
01911.MIL-R-25897, 
NAS  1593-16 

Parker-Hannifin  Corp. 

6766 

Stainless  steel  inserts 

2/20 

Viton  A O-Ring,  Batch  No. 
02404,  Part  No.  SP133-7 

Parker  Aricraft 

6076 

0.063 

2/27 

2/20 

Viton  A O-Ring,  Batch  No. 
02460,  Part  No.  SP-1 33-3 

Parker  Aircraft 

6078 

DuPont  7755s 

2/20 
■ 3/20 

Viton  A O-Ring,  Batch  No. 
03447,  NAS  1593  2-16 

Parker-Hannifin  Corp. 

6933 

Stainless  steel  inserts 

0.066 

5/20 

Viton  A O-Ring,  Batch  No. 
05018,  NAS  1593  2-12 

Parker-Hannifin  Corp. 

6935 

Stainless  steel  inserts 

0.066 

5/20 

Viton  A O-Ring,  Batch  No. 
05427,  NAS  1593  2-13 

Parker-Hannifin  Corp. 

6934 

Stainless  steel  inserts 

0.068 

2/20 

Viton  A O-Ring,  Batch  No. 
05483,  NAS  1593  2-11 

Parker-Hannifin  Corp. 

6936 

Stainless  steel  inserts 

0.064 

9/20 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

10 

S 

BT 

10 

U 

BT 

10 

U 

BT 

10 

U 

BT 

10 

U 

BT 

10 

S 

BT 

10 

S 

BT 

10 

S 

BT 

10 

U 

BT 

10 

U 

BT 

10 

U 

BT 

10 

I 

BT 

10 

u 

BT 

10 

u 

BT 

8 

10 

u 

BT 

8 

10 

u 

BT 

10 

u 

BT 

10 

u 

BT 

10 

u 

BT 

145. 


TABI,E  IY,..  plastics,  elastomers,  and  adhesives  (Continued) 

! i < * 


/ui  ••  ■ 

i>-  ■'  Material 

. ■ ‘ , * I . .1.  * .■! 

' Manufacturer 
or  Source 

1 • • 1 ‘ 
Test  ' 
No.  • 

Composition 

Remarks 

Thickness 
, (inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

4 ■ • 

Viton  A 0-Ring,  Compound 
S2^70OC,  Batch  23632 

1 Plastic  & Rubber  Products 
, Company 

6388  . 

■ 

2/20 

10 

U 

BT 

■ Viton  A 0-Ring,  Compound 
920-90  OC.  Batch  24884 

• Plastic  & Rubber  Products 
; Company 

6386 

1 

2/22 

10 

U 

BT 

\hton  O-Rings,  Size  2-34 

Parker  Seal  Company 

9953  ■ 

Compound  77-545 

•;  Batch  02 107Z 

0-1/20  . 

10 

- 

BT 

.viton  O-’tings,  Size  2-38 

Parker  Seal  Company 

9979 

Compound  77-545 

Batch  0209SZ 

•*  • 1 
\ i 

18/300 

10 

U 

BT 

Vitori  0»Rings,  Size  2-1  IS 

! Parker  Seal  Company 

10282 

Compound  77-545 

t Batch  02181 

‘ :! 

17/40 

10 

■ u 

BT 

1 Viton  O-Rings,  Size  2-155 

Parker  SealCompany 

■8260  , 

Compound  77-545 

i Batch  06780-  ' 

• 

2/20 

10 

u 

BT 

[ Viton  O-Rings,  Size  2-466 

^ Parker  Seal  Company 

8261  ; 

Compound  77-545 

j Batch  06739 

1 

: 1 

0/20 

10 

s 

BT 

j Viton  O-Rings,  Size  2-1 60 

* PaVk'er  Seal  Company 

9942  i 

Compound  77-545 

‘ Batch021072‘-' 
1 

i ! 

• ’ J 

2/20  1 

io 

u 

BT 

Viton  O-Rings,  Size  2-161 

. Parker  Seal  Company 

9956  ’ 

Compound  77-545 

•j  Batch  2142H 

4 

0/20  . 

10 

S 

BT 

Viton  O-Rings 

Plastics  and  Rubber  Products 
Company 

10232  ! 

i Fives  sizes  evaluated 

; ; 

2-4/20 

10 

u 

BT 

Viton  O-Rings,  Size  2-34 

Parker  Seat  Company 

9953 

Compound  77-545 

' Batch  021 07Z 

■ ! 

0-1/20 

10 

■- 

BT 

Viton  O-Rings,  Size  2-38 

Parker  Seal  Company 

9979 

Compound  77-545 

Batch  02095Z 

1 

1 

1 

18/300 

10 

u 

BT 

1 Viton  O-Rings,  Size  2-1 15 

Parker  Seal  Company 

10282 

Compound  77-545 

Batch  02181 

17/40 

10 

u 

BT 

Viton  O-Rings,  Size  2-155 

Parker  Seal  Company 

8260 

Compound  77-545 

= Batch  06780' 

2/20  . 

10 

u 

BT 

VitOn  O-Rings,  Size  2-466 

Parker  Seal  Company 

8261 

Compound  77-545 

Batch  06739 

( 

0/20 

10 

s 

BT 

Viton  O-Rings,  Size  2-160 

Parker  Seal  Company 

9942 

Compound  77-545 

Batch  021072 

i 

2/20 

10 

u 

BT 

• -Viton  O-Rings,  Size  2-161 

Parker  Seal  Company 

9956  • 

Compound  77-545 

Batch  2142H 

0/20 

10 

s- 

BT 

Viton  O-Rings 

Plastics  and  Rubber  Products 
Company 

10232 

^ Five  sizes  evaluated 
1 

2-4/20 

10 

u 

Bf 

Viton  O-Rings,  Size  013 

Precision  Rubber  Products 
Company 

8814 

Compound  17107 

0/20 

10 

s 

BT 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material  I 

Rating 

Viton  0-Rings,  Size  121 

Precision  Rubber  Products 
Company 

8815 

Compound  17107 

.0/20 

10 

S 

BT. 

yiton  0-Rings,  Size  222 

Precision  Rubber  Products 
Company 

8816 

Compound  17107 

3/20 

10 

U 

BT 

Viton  0-Rings,  Size  228 

Precision  Rubber  Products 
Company 

8823 

Compound  17107 

4/40 

10 

U 

BT 

Viton  O-Rings,  Size  010 

Precision  Rubber  Products 
Company 

9971 

Compound  19009 

Cured  3rd  Qtr  1967 

0/40 

10 

S 

BT 

Viton  O-Rings,  Size  014 

Precision  Rubber  Products 
Company 

9790 

Compound  19009 

Cured  3rd  Qtr  1967 

0/40 

10 

S 

BT 

Viton  O-Rings,  Size  006 

Precision  Rubber  Products 
Company 

9914 

Compound  1900-X44 

Batch  6L  and  9L 

7/80 

10 

U 

BT 

Viton  O-Rings,  Size  009 

Precision  Rubber  Products 
Company 

: 9931 

Compound  19Q0-X44 

Lot  C-3019 

0/20 

10 

S 

BT 

Viton  O-Rings,  Size  010 

Precision  Rubber  Products 
Company 

9999 

Compound  1900-X44 

Batch  9L 

4/20 

10 

U 

BT 

Viton  O-Rings,  Size  010 

Precision  Rubber  Products 
Company  ■ ' . 

9932 

Compound  I900-X44 

Lot  C-3033 

0/20 

10 

S 

BT 

Viton  O-Rings,  Size  013 
1 

Precision  Rubber  Products 
Company 

9945 

Compound  1900-X44 

Batch  9L 

2/20 

10 

U 

BT 

Viton  O-Rings,  Size  016 

I / 

Precision  Rubber  Products 
Company 

9929 

Compound  190Q-X44 

Batch  8L 

0/20 

10 

S 

BT 

Viton  0-lUngs,  Size  017 

Precision  Rubber  Products 
Company 

9927 

Compound  1900-X44 

■ Cured  2nd  Qtr  1967 

0/20 

10 

S 

BT 

Viton  O-Rings,  Size  018 

Precision  Rubber  Products 
Company  , 

9925 

Compound  1900-X44 

Cured  2nd  Qtr  1967 

2/20 

10 

u 

BT 

Viton  O-Rings,  Size  024 

Precision  Rubber'Products 
Company 

9922 

Compound  1900-X44 

Batch  6L 

0/40 

10 

s 

BT 

Viton  O-Rings,  Size  027 

Precision  Rubber  Products 
Company 

9937 

Compound  1900-X44 

Batch  9L 

0/40 

10 

s 

BT 

TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


Material 

Manufacturer 
, or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Viton  0-Rings,  Size  031 

. Precision  Rubber  Products 
Company 

9938 

Compound  1900-X44 

LotC-3024 

2/20 

10 

U 

BT 

Viton  O-Rings,  Size  032 

Precision  Rubber  Products 
Company 

i0002 

Compound  1900-X44 

Batch  9L 

0/20 

10 

s 

BT 

Viton  O-Rings,  Size  032 

Precision  Rubber  Products 
Company 

9915 

Compound  1900-X44 

Batch  6L,  1 strip 

2/20 

10 

u 

BT 

Viton  O-Rings,  Size  032 

Precision  Rubber  Products 
' • Company  

9915 

Compound  1900-X44 

Batch  6L,  7 strips 

3/20 

10 

u 

BT 

Viton  O-Rings,  Size  034 

Precision  Rubber  Products 
Company  : 

9920 

Compound  1900-X44 

Batch  6L,  7 strips 

0/20 

10 

s 

BT 

Viton  O-Rings,  Size  034 

Precision  Rubber  Products 
• Company 

9921 

Compound  I900-X44 

Batch  6L,  1 strip 

0/20 

10 

s 

BT 

Viton  O-Rings,  Size  \.^S 

Precision  Rubber  Products 
Company 

10005 

Compound  1900-X44 

Batch  9L 

2/20 

10 

u 

BT 

Viton  O-Rings,  Size  038 

Precision  Rubber  Products 
Company 

9441 

Compound  1900-X44 

LotC-3027 

0/20 

10 

s 

BT 

Viton  O-Rings,  Size  161 

. Precision  Rubber  Products 
Company 

9954 

Compound 1900-X44 

-Batch  6L 

3/20 

10 

u 

BT 

Viton  Strips 

Precisian  Rubber  Products 
Company 

10014 

Compound  17107 

Batch  121464 

0.070 

0/20 

10 

s 

BT 

Viton  Discs 

Precision  Rubber  Products 
Compimy 

10015 

Compound  17107 

Batch  121464 

0.070 

0/20 

10 

s 

BT 

Viton  Sheet  Material  Discs 

Precision  Rubber  Products' 
Company 

10231 

Compound  1900-X44 

Batch  1 IL 

0.070 

0/20 

10 

s 

BT 

Viton  Sheet  Material  Strip 

. Precision  Rubber  Products 
Company 

10230 

Compound  1900-X44 

Batch  IIL 

0.070 

0/20  ’ 

10 

s 

BT 

Viton  A Discs  (New) 
\ 

Precision  Rubber  Products 
Company 

7945 

Compound  1900-X44 

; 

0.070 

2/20 

10 

u 

BT 

TABLE  rv.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


’ ' ' ' Manufacturer 

Test 

No. 

Energy 

Batch . 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

, , . or  Source 

No. 

Composition  | 

Remarks 

(inch) ' 

No.  Tests 

Kg/m 

Rating 

Rating 

Viton  A Discs  (Old) 

Precision  Rubber  Products 
Company 

II  > ■ • - . 

794Si 

Compound  I900-X44  ^ 

( 

0.070 

5/20 

JO 

U 

BT 

Viton  A Discs 

Precision  Rubber  Products 

7954 

Compound  1900-X44  •. 

0.070 

5/20 

10 

U . 

BT 

’■■Dompatiy'  " ■ ' ^ 

Viton  A 0-Rings,  A-18 

‘ ' Stillman  Rubber'  Company  f 

7916 

Compound  SR-277-7 

» 

Batch  61400 

7/20 

10 

U 

BT 

' Viton  A 0-Ring 

' ' Precision  RUbb'er  'Corapany  j. 

7284 

\ 

1 

0/20 

10  ‘ 

S 

BT 

• i. 

7285? 

0/20 

10 

S 

BT 

J 

7286 

t 

0/20 

10 

S 

BT 

; ( iU-t  fi  •-  - ■*  1 

: -V • 

; 

7287 

• , ... 

I 

■; 

0/20 

10 

S 

BT 

Viton  A 0-Ring 

& 

\ 

Compound  171  OTA 

. Precision  Rubber  Company 

j »'iA’  II*’*.  j.».,  i 

« 

1 

Batch  01  lies 

7016' 

i 

i* 

0.103 

0/20 

10 

s ■ 

BT 

Batch020865  • ' ’ 

} fc  1 1 ' i.  . ^ ' ft 

'71631 

i 

! 

0.070  I 

0/20 

10  I 

S i. 

BT  ' 

Batch  020865 

I. 

7162‘ 

: 

i 

0.070  I 

0/20 

10 

S • 

BT 

Batch  040565.3 

* 

7245. 

« 

Washed  in  F-33 

0.047  ■ 

0/20 

10 

s 

BT 

Batch  121464 

6960 

t 

i 

0.103  i 

0/20 

10 

s 

BT 

f"-'  Batch  121464 

6959 

1 

0.139  ; 

0/20 

10 

s 

BT 

Batch  121464 

I'  i>  *i- P’'** 

6958. 

t 

0.139  i 

0/20  1 

10  , 

s 

BT  : 

Batch  121464 

,-,!l  . ■ ' ■ I'lO 

,7pi7; 

i 

II  f f *ni 

f * / i 1 f: 

i 

0.139  ! 
« 

.■  0/20  ! 

.10 

'S 

;BT 

Viton  0-Uings,  Size  013 

Precision  Rubber  Products 
: ;e^MEi?ny ...  j, 

8814'. 

Compound  17107  i 

t 

1 

0/20 

10 

s 

BT 

* • 

t 

, . 

. . ..Vi.--..-,,- — rrr'  ! 

■ 

Viton  0-Rings,  Size  121 

[ Prepision  Rubber  Products  J 

8815 

Compound  17107  i 

0/20 

10 

s 

BT 

i * Company  • 

1 ; 

Viton  0-Rings,  Size  222 

; Precisiqn  Rubber  Products  i 

88l6i 

Compound  17107 

3/20 

10 

u 

BT 

1 -Company  , . ; 

\ r-«  • 1'.  ‘ • » 

• - 1 

■ ■ • - .'1  : 

♦ 1 . , . 

Viton  0-Rings,  Size  228 

' Precision  Rubber  Product's 

1 

8823 

Compound  17107  ; 

* 

. . 

4/40 

10 

u 

BT 

i Company,",';'.';.''.....  — ; 

Viton  O-Rings,  Size  010 

’]  Precision  Rubber  Products  | 

' — eompany  ' 

9971 

Compound  19009 

Cured  3rd  Qtr  1967 

. 0/40 

10 

s 

BT 

Viton  0-Rings,  Size  014 

Precision  Rubber  Products 

9790 

Compound  19009 

Cured  3rd  Qtr  1967 

0/40 

10 

s 

BT 

} Company  ” N . - . K / 

f J-  .l 

149 


TABLE  IV.  PLASTICS,  ELASTOMERS,  AND  ADHESIVES  (Continued) 


No. 

Energy 

Batch 

. 

, Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

orJar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Ratins 

Rating 

Viton  0-Rings,  Size  006 

Precision  Rubber  Products 
Company 

9914 

Compound  1900-X44 

Batch  6L  and  9L 

7/80 

10 

U 

BT 

Vison  O-Rings,  Size  009 

Precision  Rubber  Products 
Company 

9931 

Compound  1900-X44 

LotC-3(i59 

0/20 

10 

S 

BT 

Viton  O-Rings,  Size  010 

Precision  Rubber  Products 
Company 

9999 

Compound  1900-X44 

Batch  9L 

4/20 

10 

U 

BT 

Viton  O-Rings,  Size  010 

Precision  Rubber  Products 
Company 

9932 

j 

Compound  19Q0-X44 

LotC-3033 

! 

0/20 

10 

s 

BT 

Viton  A on  Glass  Fibers  85001 

E.I.  du  Pont  de  Nemours  & 

912 

0.011 

2/2 

10 

u 

BT 

Company,  Incorporated 

2/5 

5 

— 

— 

2/3 

2 

Viton  A on  Dacron  Fabric 

E.I.  du  Pont  de  Nemours  & 

i915 

2/2  ' 

10 

u 

U 

Company,  Incorporated 

2/4 

5 

— 

— 

2/11 

1 

— 

— 

Viton  A Elastomer 

E.I.  du  Pont  de  Nemours  & 

■ 

Copolymer  of  vinylidene 

Sensitivity  varies  from 

04/20 

10 

— 

BP 

Company,  Incorporated 

fluoride  and  hexa- 
fluoropropylene 

batch  to  batch 

• 

X-70 

Hadbar  Incorporated 

5424 

Fluorosilicotie  rubber 

- 

0.125 

2/20 

10 

u 

V 

X-70 

Hadbar  Incorporated 

5425 

Flirorosilicone  rubber 

0.100 

0/20 

10 

1 

U 

JC-70 

Hadbar  Incorporated 

5426 

Fluorosiltcone  rubber 

0.033 

19/20 

10 

u 

u 

JC-70 

Hadbar  Incorporated 

5352 

Fluorosilicone  rubber 

Teflon  coated 

0.085 

2/20 

1/20 

10 

8 

u 

u 

X-72 

Hadbar  Incorporated  — 

5423 

Fiuorustlicone  rubber 

0.035 

19/20 

10 

u 

u 

X-72 

Hadbar  Incorporatei 

5348 

Fluorosiltcone  rubber 

0.070 

2/20 

10 

u 

u 

2/20 

8 

~ 

“■ 

X-72 

Hadbar  Incorporated 

5421 

Fluorosilicone  rubber 

0.125 

2/40 

10 

u 

u 

X-73 

Hadbar  Incorporated 

• • 

5346 

Fluorosilicone  rublicr 

0.064 

1/20 

10 

u 

u 

1/20 

8 

“ 

~ 

will. 


I 

i 

1 

I 

4 

! 

I 

! 

f 

r 

» 

I 

u 

4 

I 

I 

I 


• TABLE  IV.  PLASTICS  ■ ELASTOMERS, 

‘ I 


# 1 • 

. , J ..Ir  1 1 j 

i 

• 

4 

J 

} 

I 

t 

ji.--  ..  j 

*■  ..  .... 

Material 

Manufacturer  j 

or  Source  ! 

4 

Test- 

No.! 

Composition 

X-73 

Hadbar  Incorporated  < 

S420! 

1 

Eluorosilicone  rubber 

. t • ..... 

1 

^HWbar.Inc'otporated  [ 

1 

5419! 

t 

1 

Fluorosilicone  rubber 

Compound  1200^140 
/*! 

1 Hadbar  Incorporated  '•  i 

I fnt-'  1 [ 

i 

53501 

Eluorosilicone  rubber 

; ' • . . a.J . 1. 

Zero  Perm 

! 

t 

t 

1 

5487; 

. . , . . 

XRS038 

1 

[ ZMCO  1 

1 

2748 

Epoxy 

t ■'I'R  • . ii«  .1 


) ‘ADHESIVES  (Concluded) 


Thickness  ^ 

. - , ■ Remarks  (inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

, , 0.030  • 

20/20 

10 

U 

U 

, . , . , 0.125- 

2/20 

10 

U 

U 

0.130 

Teflon  coated  0.078 

4/40 

10 

U 

U 

fi'  ■111  • 1 ,1  f . , , ■ 

.2/20,  1 

8 1 

“ * 

Stainless  steel  inserts  0.003 

5/20 

10 

U 

U 

used 

2/20 

8 

~ 

- 

0/20 

6 

- 

' 0.003 

. 

2/25 

10  1 

U ; 

u 

151 


TABLE  V.  GASKETS  AND  PACKINGS 


No. 

Energy 

Batch 

■ Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Accppac  Noi  S12 

Armstrong  Cork  Compaiiy 

1419 

Teflon  and  asbestos 

0.063 

0/20 

10 

S 

BT 

AccopacNo.  816 

■ Armstrong  Cork  Company 

1421 

Teflon  and  asbestos 

Two  batches  tested 

0.063 

0/20 

10 

S 

BT 

Alipax  500  Superheat  Sheet 

Allpax  Company 

Styrene-butadiene 

Higlily  variable. 

0.250 

0-2/20 

10 

- 

U 

(as  received) 

copolymer  with 

Average  range  of  test 

0.125 

0-3/20 

10 

U 

asbestos  fiber 

results  shov/n  for  each 

0.094 

0-5/20 

10 

— 

U 

thickness 

0.063 

3-10/20 

10 

U 

J 

0.016 

5-15/20 

10 

- 

U 

Allpax  500  Superheat  Sheet 

Allpax  Company 

Styrene-butadiene 

0.250 

0/20 

10 

s 

U 

(impregnated  with  Fluorolube 

copolymer  with 

0.125 

0/20 

10 

s 

U 

T-80) 

asbestos  fiber 

0.063 

0/20 

10 

s 

U 

■; 

* 

0.03! 

0-2/20 

10 

- 

U 

, Allpax  500 

Allpax  Company 

:i567 

■ Styrene-butadiuno 
copolymer  with 
asbestos  fiber 

Not  Fluorolubed 

0.250 

30/120 

10 

u 

u 

! Allpax  500 

Allpax  Company 

Styrene-butadiene 

Fluorolubed  per  MS  750. 

0.250 

0-18/20 

10 

— • 

BT 

• 

copolymer  with 

Highly  variable.  Test 

0.125 

0-2/20 

10 

— 

BT 

• » ^ 

asbestos  fiber 

results  show  range  of 

0.094 

0-1/20 

10 

— 

BT 

. ...... 

results  for  each 

0.063 

0-8/20 

10 

— 

BT 

>»•  .•  1. 

1 

thickness 

0.031 

0-11/20 

10 

— 

BT 

r.  • - 



V • 

0.016 

0-4/20 

10 

- 

BT 

^Ipax  500 

Allpax  Company. 

. -1572 

Strycne-butadiene 
copolymer  with 
asbestos  fiber 

AR-IF  treated 

0.250 

3/40 

10 

u 

U 

Alpax  500 

Alipax  Company 

1899 

Aging  test.  Fluorolubed 
3/9/60.  Tested  3/23/6! 

0.063 

0/20 

10 

s 

BT 

Allpax  500 

Alfpa* CdmpanSt.'',’  Irf 

1^2004; 

'Aging  test.  Fluorolubed 
3/9/60.  Tested  4/19/61 

0.063 

0/20 

10 

s 

BT 

Allpax  500 

Allpax  Company 

3560 

Aging  test.  Fluorolubed 
3/5/60.  Tested  6/13/62 

0.063 

0/20 

10 

s 

BT 

Allpax  500  Gasket 
‘ 

Chemistry  Branch 

3561 

Fluorolube  treated  per 
MS-750  (3/26/60) 

0.063 

0/20 

10 

s 

BT 

en 

to 


TABLE  V.  G^tSKETS  AND  PACKINGS  (Continued) 


' Material 

Manufacturer 
or  Source 

Test  ^ 
No.  i 

Compositiem; 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 

ordar 

Rating 

Material 

Rating 

Ankorite  425 

Anchor  Packing  Company 

1345 

Asbestos-rubber 

0.063 

0/20 

10 

S 

•BT 

composite 

Annin  Valve  Company  Valve 

Annin  Valve  Company 

4489 

.^5%  fiberglass  and 

0.050 

0/20 

10 

S 

BT 

Packing 

7591  Teflon 

Armalon  97-001 

E.l.  du  Pont  de  Nemours  & 

3642 

0.005  in.  TFE  fiber. 

0.010 

0/20 

10 

s 

BT 

Company,  Incorporated 

0.005  in.  FEP  film 

Armalon  PDX  7550 

3517 

Teflon  TFE  felt  and 

0.125 

0/20 

10 

s 

BT 

FEP  film 

Armalon  No.  410-128 

E.l.  du  Pont  de  Nemours  & 

1689 

Teflon  and  glass 

0.016 

0/20 

10 

s 

BT 

Company,  Incorporated 

. . 

Armalon  Teflon  Glass 

E.l.  du  Pontde  Nemours  & 

1674 

Teflon  and  glass 

0.016 

2/2 

10 

u 

U 

Company,  Incorporated 

* 

2/5 

5 

- 

- 

1/13 

3 

- 

— 

Armalon 

E.I.  du  Pont  de  Nemours  & 

762 

Fluorocarbon  felt 

Bleached  sheet 

0.0&3 

0/20 

IQ 

s 

BT 

Company,  Incorporated 

1 1 • • ' : ■ ■ • 

' 

Armalon 

E.l.  du  Pont  de  Nemours  & 

1070 

Fluorocarbon  felt 

Unbleached  sheet 

0.063 

2/4 

10 

u 

• U 

Company,  Incorporated 

Asbestos  Textile  Style  3603  Sheet 

Asbestos  Textile  Company 

1343 



0.063 

0/20 

10 

s 

BT 

Asbestos  Textile  Style  3604  Sheet 

Asbestos  Textile  Company 

1344 

0.063 

2/20 

10 

V 

U 

Asbestos  Textile  Style  3603  Sheet 

.Asbestos  Textile  Company 

1342 

" 

0.063 

2/6 

10 

V 

U 

0/14 

5 

— 

- 

Asbestos  from  Flexitallic  Gasket 

2220 

Asbestos 

Stainless  steel  inserts 

0/20 

10 

s 

BT 

used 

Asbestos  Sheeting  with  GRS  Binder 

Allpax  Company 

2151 

Asbestos  and  synthetic 

Samples  from  Test 

0.063 

2/120 

10 

U 

rubber 

Division 

.Asbestos  Sheeting  with  GRS  Binder 

Allpax  Company 

2157 

Asbestos  and  syntlietic 

Samples  from  Test 

0.063 

0/60 

10 

s 

U 

I 

- 

rubber 

DsviaiOR 

• 

Avronite  5B7  Sheet 

Kalendex  Corporation ' 

1008 

Fiber  coated  with 

0.032 

2/4 

10 

u 

U. 

i 

Buna-N 

2/3 

5 

— 

— 

e— 

■ 

■ • 

0/13 

3 

— 

— 

'ABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


Material 

1 . Manufacturer  •' 

or  Source  | 

B8W 

Composition 

Remarks 

Entrgy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

• ' r 

AvroniSe  Sheet  SBIO 

Kalendcx  Corporation  ! 

993_ 

Fiber  core  coated  with 

0.093 

10 

U 

U 

, »- 

Biina-N 

5 

_ 

_ 

’ 

i»  .r*  ✓ ^ 

». 

« 

. /*  .1.  • 1 • 

. 

2/4 

■ 3 

- 

- 

Avronite  Sheet  5B20 

( 

Kalendex  Corporation  | 

922; 

Fiber  core  coated 

»•  • • 

1 

0.063  •' 

!/■> 

U 

U 

» 

.. 

with  Buna-N 

• ; • ' "r. 

2/3 

5 

_ 

« 

0/15 

3 

- 

- 

'■‘Avronite  Sheet  10B20 

< Kafendex'GotporatlDrt"'  ^ 

•991’ 

Fiber  core  coated 

\ 

\ 

0.063 

2/2 

10 

u 

u 

i 

1 

with  Buna-N 

*■ 

2/2 

5 

„ - 

■ ■ 1 • 1 • '■  l- 

, .(*  1 i.X  |j|t*  ( 'HA  1 ' 

, . 

t 1 

[ 

2/3 

3 

- - ; 

.'■Cathdn  Sear  ' 

■«;*  iii>:  ^'Oiun^TiX  . 

1 

:d648- 

t 

Stainless  steel  cups  f.  i 

'd:f34 

'‘0/20  ■ 

10 

' s : 

•BT: 

Carbon  Seal  from  Bingham 

♦ 

593 1'.' 

No  stainless  steel  " 

0.062  . 

0/20 

10 

s i 

BT  ‘ 

'■  LOX  Pump  Seal,  MOI>CADS 

• !•«’  O'-'-t  • ••  •#.  , J 

' * ■ *’  * 

■■  •' 

inserts  1 - ' • c 

i 

Carbon  Sea!  from  Bingham 

( It  ((*•*•'  1 

593^ 

Stainless  steel  inserts  t 

0.062 

0/20  ' 

10  1 

s 1 

BTii 

'•lOX  Seal,  MOD-CADS 

r.rif'h'-'thi..  :-  -!'ij  1 

. *' 

. •>.1  ..  it  .-Ml  ■1^., 

: - •.  i 

• 1 

■ 

\ 

1; 

Carbon  Seal  from  Bingham 

: 

5930 

Fragments  from  previous 

10/20' 

10  • 

u ; 

BT 

LOX  Seal,  MOD-CADS 

.ill  • 

1 

impact  tests  r 

• 

r i |H  i»"”*  •-»  • •rf  w.inaiiMS  t 

Carbon  Seal  from  Bingliam 

! 

5929 

Ground  to  powder  in  r 

5/20 

10 

u ; 

BT 

LOX  Seal,  MOD-CADS 

4 KitIJtaUuA 

a Wiiey  Mill  ; 

t 

• •••«  •*»»  •*"ft  1. 

.11.1.  «.»i.  • 

- 

Chesterton  Packing  No.  324 

A.W.  Chesterton  Company 

29  ll! 



Very  violent  reaction  J. 

0.250 

1/1 

10 

U 

U ' 

» 

' 

.1,  „.(■'» 

1/1 

5 

- 

4 - 

... 

1 1 -1.  “ ' 

' 

Convair  Gasket,  Green 

Convair  Division  General  [• 

1285 

Metal  gasket  with 

0.063 

2/2  ■ 

10 

u 

. ' I^narhics  Incorporated  t 

*.  1 V...  1..  ♦ .*•  ✓ • tl-  ^ 'C  ». 

green  coating 

i 

0/18 

5 

BjH 

- 

Convair  Gasket,  Brown 

Convair  Division  General  • 

1280 

Metal  gasket  with 

\ 

0.062 

0/20 

10 

BT  ■ 

O'* 

Dynamics  Incorporated  ' 

brown  coating 

i 

Extruded  Ctyal  “S” 

Johns-Manviile  Company  I ^ 

451? 

Filled  Teflon 

0.063 

0/20 

10  ’ 

BT 

“ Extruded  Cryal  "M" 

" Johns-Manvilie  Company 

4518 

Filled  Teflon 

; 

0.063 

0/20 

10  ' 

BT 

Durabla  Gasket  Material 

Dufabia  Manufacturing  Company 

2491 

Compressed  asbestos 

Sensitivity  varies  from? 

0.063 

3/40 

10 

u 

• BT 

' 

and  fluorosilicone  , 

batch  to  batch 

rubber 

0/20 

2 

BT 

•IP'S! 


TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Ener^ 

Level 

K^m 

Batch 
or  Jar 
Rating 

Mateitial 

Rating 

Dutabla  Gasket  Material 

Duiabla  Manufacturing  Company 

3506 

Compressed  asbestos 

Sensitivity  varies  from 

0.032 

2/8 

10 

BT 

and  nuotosiliconc 

batch  to  batch 

2/19 

5 

— 

— 

rubber 

0/20 

• 3 

~ 

— 

Duroid  Sheet  900 

Rogers  Corporation 

1346 

Cellulose  libers  and 

0.032 

2/2 

10 

U 

U 

• 

Buna-N 

2/2 

5 

— 

— 

- 

2/16 

3 

- 

“ 

Duroid  Sheet  910' 

Rogers  Corporation 

Similar  to  Duroid  900 

0.032- 

2/2 

10 

u 

u 

2/2 

5 

— 

— 

2/16 

3 

- 

- 

Duroid  Sheet  3102 

Rogers  Corporation 

1347 

Neoprene  latex  and 

Conforms  to  (MIL<3-7021 

0.032 

2/3 

10 

U 

u 

asbestos  fibers 

Class  2) 

2/2 

5 

— 

- 

0/14 

3 

- 

- 

Duroid  Sheet  31 10 

Rogers  Corporation 

1349 

Similar  to  Duroid  3102 

0.032 

2/2 

10 

u 

u 

t 

2/2 

5 

— 

— 

1/16 

3 

- 

Duroid  Sheet  3200 

Rogers  Corporation 

1351 

Buna-N  latex  and 

0.032 

2/2 

10 

u 

u 

asbestos  fibers 

2/2 

5 

— 

— 

2/3 

3 

- 

- 

Duroid  Sheet  3210 

Rogers  Corporation 

1352 

Similar  to  Duroid  3200 

0.032 

2/2 

10 

u 

u 

2/2 

5 

— 

— 

2/16 

3 

- 

- 

Duroid  Sheet  3300 

Rogers  Corporation 

1353 

Buna-S  and  asbestos 

0.032 

2/2 

10 

u 

u 

fibers 

2/2 

5 

— 

— 

0/16 

3 

- 

- 

Duroid  Sheet  3310 

Rogers  Corporation 

1354 

Simitar  to  Duroid  3300 

0.032 

2/3 

10 

u 

u 

2/3 

5 

— 

— 

0/14 

3 

- 

- 

Duroid  Siicet  3350 

Rogers  Corporation-. 

1355 

Similar  to  Duroid  3300 

0.063 

2/2 

10 

u 

u 

2/6 

5 

• - 

' 

0/11 

3 

— 

- 

Duroid  Sheet  3400 

Rogers  Corporation 

1473 

Viton  A and  asbestos 

0.063 

0/20 

10 

s 

. BT 

fibers 

155 


TABLE  V.‘  GASKETS  AND  PACKINGS  (Continued) 


• 

No. 

Energy 

' "‘I 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

, or  Source 

No. 

Composition 

Remarks 

(inch) 

No.-Tests 

Kg/m 

Rating 

Rating 

Duroid  Sheet  5600 

Rogers  Corporation 

480 

Teflon  and  ceramic 
fibers 

0.063 

0/20 

10 

S . 

BT 

Ouroid  Sheet  5613 

Rogers  Corporation 

492 

Similar  to  Duroid  5600; 

0.063 

2/6 

10 

U 

BT 

contains  molybdenum 
disulfide 

0/14 

2 

Duroid  Sheet  5650 

Rogers  Corporation 

481 

Similar  to  Duroid  5600; 
has  higlier  Teflon  content 

0.063 

0/20 

10 

S 

BT 

“E”  Felt 

Unit  Cork  Company 

709 

0.063 

2/20 

10 

U 

U 

FEP  on  Surface  of  Glass  Fabric 

Non-Metailic  Materiais  Branch 

7567 

Stainless  steel  inserts 

0.060 

0/20 

10 

S 

BT 

7568 

0.050 

0/20 

10 

S 

BT 

Flexrock  Type  420  Packing, 

0.25 

0/20 

10 

BT 

SPT-13-64 

Flexrock  Company 

5968 

S 

SPT-14-64 

5967 

0.25 

0/20 

10 

S 

BT 

SPT-lS-64 

5966 

0.25 

0/20 

10 

S 

BT 

SPT-16-64 

5953 

0.25 

0/20 

10 

S 

BT 

SPT-17-64 

5952 

0.25 

0/20 

10 

S 

BT 

SPT-18-64 

5951 

* 

0.25 

0/20 

10 

S 

BT 

Flcxituilic  Gasket 

Flexitailic  Gasket  Company 

348 

Stainless  steel  and 
Teflon  

0.063 

0/20 

10 

s 

BT 

Fler.itallic  Gasket 

Flexitallic  Gasket  Company 

349 

Stainless  steel  and 
blue  asbestos 

0.063 

0/20 

10 

s 

BT 

Flexrock  420  Packing 

Flexrock  Company 

2887 

Braided  Teflon 

0.250 

0/20 

10 

S 

BT 

Flexrock  420  Packing 

Flexrock  Company 

2886 

Braided  Teflon 

0.500 

0/40 

10 

S 

BT 

Flexrock  420  Packing 

Flexrock  Company  ~ 

2376 

Braided  Teflon 

Stainless  steel  inserts 
used 

0.188 

0/20 

10  . 

s 

BT 

Flexrock  420  Packing 

Flexrock  Company 

2377 

Braided  Teflon 

Stainless  steel  inserts 
used 

0.313 

0/20 

10 

s 

BT 

Flexrock  420  Packing 

Flexrock  Company 

2880 

Braided  Teflon 

0.125 

0/40 

10 

s 

BT 

Flexrock  420  Packing 

Flexrock  Company 

2884 

Braided  Teflon 

0.375 

L, 

0/40 

10 

s 

BT 

156 


TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

.Rating 

Buorobestos  LS-7598 

Raybestos-Manhattan  Inc. 

2068 

Teflon  and  asbestos 

0.030 

0/20 

10 

S 

BT 

Ruorobestos,  Unsintered 

Raybestos-Manhattan  Inc. 

1918 

Teflon  and  asbestos 

0.063 

0/20 

10 

S 

BT 

Fluoroblue  Sheet 

John  L.  Dore  Company 

1391 

Compounded  Teflon 

0.063 

0/20 

10 

s 

BT 

Fluorobhck  Sheet 

John  L.  Dore  Company 

1312 

Compounded  Teflon 

0.063 

0/20 

10 

s 

BT 

Fluorobrown 

John  L.  Dore  Company 

1393 

Reprocessed  filled  Teflon 

0.063 

0/20 

10 

s 

BT 

Fluorogold  Gasket  Material 

Fluorocarbon  Products  Company 

3336 

Chlorofluorocarbon 

0.125 

0/20 

10 

s 

BT 

Fluoiogreen  E-600 

John  L.  Dore  Company 

3372 

Teflon  and  inorganic 

Seven  different  batches 

0063 

0/40 

10 

s 

S 

fliler 

tested 

1 

Fhioroercen  E-fiOO 

John  L.  Dore  Company  ( 

2066 

Teflon  and  inorganic 

Seven  different  batches 

0.063 

0/20 

10 

s 

S 

fliler 

tested 

Fluorogreen  E-600,  (12  sheets) 

• John  L.  Dore  Company 

5818 

Stainless  steel  inserts 

0/20 

10 

s 

S 

I 

6 sheets  at  0.062  inch 

SPT-1  through  Sn-12 

Stainless  steel  inserts 

0/20 

10 

s 

s 

6 sheets  at  0.125  inch 

Fluotogrcen  E-600, 

John  L.  Dore  Company 

6495 

7 sheets  at  0.062  inch 

0/20 

10 

s 

s 

SPT3-6S  IhrougliSPT  26-65 

1 sheet  at  0.065  inch 

0/20 

10 

s 

s 

(24  sheets) 

1 sheet  at  0.066  inch 

0/20 

10 

s 

s 

1 sheet  at  0.072  inch 

0/20 

10 

s 

s 

I sheet  at  0.080  inch 

0/20 

10 

s 

s 

Fluorogreen  E-600 

John  L.  Dore  Company 

6495 

2 slieetsat  0.120  inch 

0/20 

10 

s 

s 

SPT  3-65  through  SPT  26-65 

6 sheets  at  0.125  inch 

0/20 

10 

s 

s 

1 sheet  at  0.130  inch 

0/20 

10 

s 

s 

1 sheet  at  0.132  inch 

0/20 

10 

s 

g 

1 sheet  at  0.135  inch 

0/20 

10 

s 

s 

— 

1 sheet  at  0. 1 SO  inch 

0/20 

10 

s 

s 

Fluorogreen  E-600  (30  sheets) 

John  L.  Dore  Company 

7104 

Wash  witii  F-33 

SPT  27-65  through  SPT  56-65 

2 sheets  at  0.060  inch 

0/20 

10 

s 

s 

2 sheets  at  0.062  inch 

0/20 

10 

s 

s 

5 sheets  at  0.063  inch 

0/20 

10 

s 

s 

4 sheets  at  0.064  inch 

0/20 

10 

s 

s 

. 

1 sheet  at  0.065  inch 

0/20 

10 

s 

s 

157 


TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


— — 

Maicrial 

— 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
iir  Jar' 
Rating 

Material 

Rating 

Hiiorogreen  E-600  (continued) 

John  L.  Dore  Company 

7104 

3 sheets  at  0.066  inch 

0/20 

10 

S 

S 

3 sheets  at  0.066  inch 

0/20 

10 

S 

S 

1 sheet  at  0.070  inch 

0/20 

10 

S 

S 

1 sheet  at  0.115  inch 

0/20 

10 

S 

s 

3 slicets  at  0.125  incli 

0/20 

10 

s 

s 

1 sheet  at  0.126  inch 

0/20 

10 

s 

s 

1 sheet  at  0.127  inch 

0/20 

10 

s 

s 

1 sheet  at  0.128  inch 

0/20 

10 

s 

s 

1 sheet  at  0.129  inch 

0/20 

10 

s 

. s 

2 sheets  at  0.135  indi 

0/20 

10 

s 

s 

1 sheet  at  0.136  inch 

0/20 

10 

s 

s 

1 sheet  at  0.138  incli 

0/20 

10 

s 

s 

Fluorogreen  E-600 

John  L.  fjoif  Company 

lOOlJ 

0.030 

0/20 

10 

s 

s 

Fluorogreen  Gasket  No.  10426445 

John  L Horo  Company 

4375 

Fluorogreen  E-600 

0.U63 

0/20 

10 

s 

s 

Fluorocarbon  Standard  ‘*0”  Rings 

Tlie  Fluorocarbon  Company 

4803 

0/20 

iO 

s 

BT 

Fluoro-Ray 

Raybestos-Manhattan  Company 

9775 

Ceramic  Illicit  Teflon 

Tiiree  batches  tested 

0.025 

2-4/20 

10 

u 

BT 

Fliioto-Rny  Blue  Ceramic-Filled 

Raybestos-Manhattan 

4588 

Stainless  steel  inserts 

0.063 

0/20 

10 

s 

BT 

Teflon 

Garlock  60S  Sheet 

Garlock  Packing  Company 

1230 

Wire  Reinforced  asbestos 

0.063 

2/2 

10 

u 

U 

2/5 

5 

- 

- 

0/13 

2 

- 

- 

Gaclock  900  Slicet 

Garlock  Packing  Company 

315 

Asbestos-mhber 

0.063 

2/2 

10 

u 

U 

composite 

2/3 

5 

- 

2/4 

2 

- 

- 

Garlock  5875 

Garlock,  Incorporated 

5989 

Astestos  and  Teflon 

SPT  21-64 

0.375 

0/20 

10 

s 

BT 

SPT-19-64 

0.50 

0/20 

10 

s 

BT 

SPT-20-65 

0.50 

0/20 

10 

s 

BT 

Garlock  7021  Sheet 

Garlock  Packing  Company 

1231 

Asbestos-rubber 

Violent  reactions 

0.063 

2/2 

10 

u 

U 

composite 

2/3 

5 

— 

- 

2/2 

T 

- 

- 

0/2 

I 

- 

- 

Garlock  7228  Sheet 

Garlock  Packing  Company 

1395 

Asbestos-Neoprene 

0.063 

2/2 

10 

u 

U 

rubber 

0/14 

5 

— 

— 

(-» 
. OI 
00 


TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Tliickness 

Reactions/ 

Level 

or  Jar 

Matenal 

Material 

or  Source  . 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Garlock  7705  Slicet 

Garlock  Packing  Company 

1229 

Blue  asbestos-rubber 

Violent  reactions 

0.063 

2/2 

10 

U 

U 

composite 

2/2 

5 

— 

— 

2/2 

2 

— 

— 

1/2 

1 

- 

- 

Garlock  8573 

Garlock  Packing  Company 

8600 

Filled  Teflon 

Tliree  batches  tested 

0.092 

0/20 

10 

S 

BT 

Garlock  8573  Sheet 

Garlock  Packing  Company 

3321 

Glass-fliied  Teflon 

0.063 

0/20 

10 

s 

BT 

Gatke  Buna-PAK  1-26  Sheet 

Gatke  Corporation 

1340 

Compressed  asbestos 

0.063 

2/20 

10 

u 

U 

with  binder 

0/10 

5 

- 

- 

Gylon  S-50-S 

Garlock  Packing  Company 

10265 

Filled  Teflon 

0.100 

0/20 

10 

s 

BT 

John  Crane  Style  C-30  Packing 

Crane  Packing  Company 

442 

Braided  Teflon 

0.250 

0/20 

10 

s 

BT 

John  Crane  Style  C-30  Packing 

Crane  Packing  Company 

■:  2910 

Braided  Teflon 

0.250 

0/20 

10 

s 

BT 

John  Crane  Style  C-94  Packing 

Crane  Packing  Company 

2909 

Braided  asbestos  lubri- 
cated with  Teflon 
suspensoid 

0.025 

0/20 

10 

S 

BT 

Jolin  Crane  Style  I77J7  Packing 

Crane  Packing  Company 

839 

Braided  asbestos  over 

Sensitivity  varies  from 

0.250 

0/20 

10 

s 

BT 

graph! ted  asbestos  core 

batch  to  batch 

John  Crane  Style  333  Sheet 

Crane  Packing  Company 

1199 

Compressed  asbestos 
with  binder 

0.063 

4/20 

10 

u 

U 

John  Crane  Style  444  Sheet 

Crane  Packing  Company 

1211 

Chemically  treated 

0.063 

2/4 

10 

u 

U 

compressed  vegetable 
plant  flber 

0/16 

5 

John  Crane  Style  888  Sheet  • 

Crane  Packing  Company 

1213 

Compressed  asbestos 
with  oil  resistant 
binder 

0.063 

2/20 

10 

u 

U 

John  Crane  Style  21 50  Sheet 

Crane  Packing  Company 

1214 

Asbestos  with  heat 

0.063 

2/3 

2/17 

10 

u 

U 

resisting  binder 

5 

— 

John  Crane  Style  2151  Sheet 

Crane  Packing  Company 

1252 

Similar  to  Style  2150 

0.063 

2/2 

10 

u 

U 

2/4 

5 

— 

— 

. 

0/4 

3 

■ 

159 


TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Johns-ManvUIe  No.  60  Sheet 

Johns-Manville  Company 

Compressed  asbestos 
with  binder 

Variable 

0.063 

0-2/20 

10 

- 

BT 

Johns-Manville  No.  61  S-heet 

Johns-Manville  Company 

1652 

0.063 

3/9 

10 

U 

U 

3/11 

5 

- 

Johns-Manville  No.  76  Sheet 

Johns-Manville  Company 

1360 

Compressed  asbestos 
with  binder 

Variable 

0.063 

0-5/20 

10 

- 

BT 

Johns-Manville  No.  76  Sheet 

Johns-Manville  Company 

1474 

Compressed  asbestos 

Sensitivity  varies  from 

0.063 

0/20 

10 

s 

BT 

1922 

with  binder 

batch  to  batch 

0/20 

10 

s 

BT 

Johns-Manville  No.  76  Sheet 

Johns-Manville  Company 

• 1926 

Compressed  asbestos 

0.032 

2/5 

10 

u 

U 

1925 

with  binder 

2/5 

10 

u 

U 

Johns-Manville  No.  84  Sheet 

Johns-Manville  Company 

1653 

0.063 

2/2 

10 

u 

U 

2/2 

5 

— 

— 

2/2 

3 

- 

- 

Johns-Manville  Style  91  Sheet 

Johns-Manville  Company 

1059 

Chrysolite  asbestos 

0.063 

2/3 

10 

u 

U 

cloth  with  Teflon 
suspensoid 

0/17 

5 

■ 

Johns-Manville  Style  92  Sheet 

Johns-Manville  Company 

1203 

Crocidolite  asbestos 

0.063 

2/2 

10 

u 

u 

cloth  with  Teflon 

2/2 

5 

— 

— 

suspensoid 

0/16 

2 

~ 

Johns-Manville  No.  219  Sheet 

Johns-Manville  Company 

1649 

0.063 

2/3 

10 

u 

u 

0/11 

5 . 

- 

- 

Johns-Manville  Lo  Flo  Sheet 

Johns-Manville  Company 

1673 

Teflon  reinforced  with 

0.032 

0/20 

10 

s 

BT 

glass  fiber 

Johns-Manville  Lo  Flo  Sheet 

Johns-Manville  Company 

1673 

Teflon-ground  glass 

0.063 

0/20 

10 

s 

BT 

Johns-Manville  Style  2024  Packing 

Johns-Manville  Company 

1585 

Formerly  known  as 

0.250 

2/4 

10 

— 

u ■ 

Johns-Manville  MX 
3681  Packing 

1/16 

5 

Jo!ins-\tanvillcMX-3681  ; 

Johns-Manville  Company 

1589 

Compressed  asbestos 
with  binder 

Variable 

0.500 

0/20 

10 

s 

BT 

M 

o 


TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/’m 

Rating 

Rating 

Johns-Manville  MX'368I 

Johns-Manville  Company 

Compressed  asbestos 
with  binder 

Variable 

0.375 

0-13/20 

10 

- 

U 

Johns-Manville  MX-3681 

Johns-Manville  Company 

Compn-ssed  asbestos 
with  binder 

Variable 

0.313 

5-13/20 

10 

U 

U 

Johns-Manville  MX-3681 

Johns-Manville  Company 

Compressed  asbestos 
with  binder 

Variable 

0.250 

20-5/20 

10 

- 

U 

Johns-Manville  MX-3681 

Johns-Manville  Company 

Compicssed  asbestos 

0.188 

26/40 

10 

_ 

U 

with  binder 

5/60 

5 

- 

- 

Johns-Manville  MX-3681 

Johns-Manville  Company 

1944 

Compressed  asbestos 
with  binder 

Variable 

0.125 

3-7/20 

10 

u 

U 

Kel-F  Elastomer  Giisket  3-5986-1 

Arrowhead  Products 

6450 

Stainless  steel  inserts 

0/20 

10 

s 

BT 

Kel-F  Elastomer  Gasket  3-5986-3 

Arrowhead  Products 

6451 

Stainless  steel  inserts 

0.039 

0/20 

10 

s 

BT 

Kel-F  Lip  Seal,  QR  71 7A. 

W.S.  Shamblce  Company 

6073 

Stainless  steel  inserts 

0.128 

0/20 

10 

s 

BT 

Lot  A31584 

Heat  Cleaned  Glass  Fabric 

7566 

Stainless  steel  inserts 

0.010 

0/20 

10 

s 

BT 

K&M  238  Sheet 

Keasby  and  Mattison  Company 

1332 

0.063 

2/4 

10 

u 

U 

• 

0/11 

5 

- 

- 

K&M  239  Sheet 

Keasby  and  Mattison  Company 

1333 

Asbestos  with  GR-5 
elastomer  

Meets  MIL-A-17472 

0.063 

4/20 

10 

u 

U 

Leather  Chrome-Tanned 

Obtained  from  Bell  Aircraft 

1201 

Leather 

Violent  explosions 

0.125 

2/5 

10 

u 

U 

Company 

2/7 

5 

- 

- 

Leather,  Chrome-Tanned, 

Bell  Aircraft  Company 

1202 

0.125 

0/20 

10 

u 

Fluorolube  Impregnated 

(“Turkhide”) 

Nadex  Seal  witit  Teflon  Tape 

Rocketdyne 

3696 

Tetlon,  silicone 

Seven  batches  tested 

0.060 

2/4 

10 

u 

u 

and  Adiiesive 

adhesive 

(typical  data) 

2/2 

5 

— 

— 

2/12 

3 

— 

— 

0/20 

I 

- 

- 

Narmco  Seal, 

Narmco  Research  and 

10041 

TFE-FEP 

0.125 

0/20 

10 

s 

s ■ 

Serial  No.  003 

Development  Company 

7570 

TFE-FEP  fiberglass 

Stainless  steel  inserts 

0.100 

0/20 

10 

s 

s 

Serial  No.  005 

7571 

Tcflon-fibeiglass 

Stainless  steel  inserts 

0.100 

0/20 

10 

s 

s 

TABLE  V.  gaskets  AND  PACKINGS  (Continued) 


Material 

Manufacturer 
. or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

Serial  No.  016 
Serial  No.  017 
Serial  No.  018 
Serial  No.  061 
Serial  No.  064 
Serial  No.  065 
Serial  No.  066 
Serial  No.  070 

7582 

7583 

7584 

7585 

7642 

7643 

7644 

7645 

Tenon-flbeiglass 

Teflon-fiberglass 

Teflon-fiberglass 

Teflon-fiberglass 

Teflon-fiberglass 

Teflon-fiberglass 

Teflon-fiberglass 

Teflon-fiberglass 

Stainless  steel  inserts 
Stainless  steel  inserts 
Stainless  steel  inserts 
Stainless  steel  inserts 
Stainless  steel  inserts 
Stainless  steel  inserts 
Stainless  steel  inserts 
Stainless  steel  inserts 

0.100 

0.100 

0.100 

0.100 

0.11 

0.10 

0.11 

0.10 

Novabestos  751  IT 

Raybestos-Manhattan  Company 

6277 

Dispersed  asbestos 
TFE  fiber  paper 

Cleaned  per 
MSFC-SPEC-106B 

0.50 

Novabestos  7511T 

Raybestos-Manhattan  Company 

4837 

Dispersed  asbestos 
TFE  fiber  paper 

Cleaned  per 
MSFC-SPEC-106B 

0.020 

Novabestos  75 1 IT 

Raybestos-Manhattan  Company 

2729 

Dispersed  asbestos 
fiber  paper 

« 

0.020 

Novabestos  771  IT 

Raybestos-Manliattan  Company 

5979 

5978 

Dispersed  asbestos 
fiber  paper 

Stainless  steel  inserts 

0.020 

0.030 

Mylar  Seat  Assembly  Gasket 

Hadley  Valve  Company 

5586 

0.008 

“0”  Ring  2 pc  29513-231-1000-80 
on  Mark  Couplings 

5189 

Fluorosilicone 

0.131 

Quinorgobord 

Johns-Manville  Compa."" 

4516 

Asbestos-Rubber 

Composite 

0.125 

Parco  0-ring  Sheet  No.  945-70 

Plastic  and  Rubber  Products 
Company 

Fluorinated  elastomer 

0.063 

Raybestos-Manhattan 
Fluorofacstos  Sheet 

Raybestos-Manhattan  Company 

1918 

Teflon  impregnated 
asbestos 

Available  as  special 
LOX  grade 

0.063 

Raybestos-Manhattan  K-68  Slieet 

Raybestos-Manhattan  Company 

'l924 

Asbestos  with  sulfur- 
free  neoprene  binder 

0.063 

Raybestos-Manhattan  K-68  Sheet 

Raybestos-Manhattan  Company 

1923 

Asbestos  with  sulfur- 
free  neoprene  binder 

0.094  . 

Raybestos-Manhattan  6SS  Sheet 

Raybestos-Manhattan  Company 

1209 

0.063 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Materia 

Rating 

0/20 

10 

S 

S 

0/20 

10 

S 

S 

0/20 

10 

S 

S 

0/20 

10 

S 

S 

0/20 

10 

S 

S 

0/20 

10 

S 

S 

0/20 

10 

s 

S 

0/20 

10 

s 

S 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

16/20 

10 

u 

U 

20/20 

10 

u 

U 

11/14 

8 

- 

- 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

0/20 

10 

s 

BT 

4/20 

10 

u 

li 

2/8 

10 

u 

U 

1/12 

8 

- 

- 

162 


TABI.E  V..  GASKETS  AND  PACKINGS  (Continued) 


Maierial 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Riybeitos-ManhatUn  670  Sheet 

Raybestos-Manhattan  Company 

IHO 

Violent  reactions. 

0.063 

2/4 

10 

U 

U 

2/3 

8 

— 

~ 

2/5 

2 

- 

- 

Raybestos-Manhattan  673  Sheet 

Raybestos-Manhattan  Company 

1207 

0.063 

2/4 

10 

U 

u 

1/16 

8 

— 

— 

Raybestos-Manhattan  10,000  Sheet 

Raybestos-Manhattan  Company 

1069 

Crude  asbestos  fibers 

0.063 

2/2 

10 

u 

u 

with  binder 

2/2 

8 

— 

— 

Raybestos-Manhattan  RL-39S 

Raybestos-Manliattan  Company 

2067 

TeRon  asbestos  cloth 

0.063 

0/20 

10 

s 

BT 

Raybestos-Manhattan  RL-80 

Raybestos-Manhattan  Company 

2474 

Teflon  impregnated 

RM-607 

0.125 

0/40 

10 

s 

BT 

asbestos  cloth 

Raybestos-Manhattan  RL-80 

Raybestos-Manhattan  Company 

2476 

Teflon  impregnated 

RM-607 

0.063 

0/40 

10 

s 

BT 

asbestos  cloth 

Raybestos-Manhattan  RL-1356 

Raybestos-Manhattan  Company 

2069 

Asbestos  sheet  with 

tO.063 

0/20 

10 

s 

BT 

0.009  in.  Teflon  film 

L-2094-I  Gasket 

Raybestos-Manhattan  Company 

5804 

Stainless  steel  inserts 

0.080. 

15/20 

■10 

u 

U 

7/20 

8 

u 

U 

, 

6/20 

6 

u 

U 

Packing  P/N  00526-78 

Annin  Packing  Company 

5969 

0.275 

5/20 

10 

u 

u. 

RL-1355 

Raybestos-Manhattan  Company 

5803 



Stainless  steel  inserts 

0.080 

10/20 

10 

u 

u 

0/20 

6 

u 

U 

RL-1735 

Raybestos-Manhattan  Company 

5810 

Stainless  steel  inserts 

0.060 

9/20 

11 

u 

u 

• 

2/20 

10 

u 

u 

0/20 

8 

u 

u 

RM  lO-M-351 

Raybestos-Manliattan_Company 

5949 

0.074 

0/20 

10 

s 

BT 

RM  10-M-35I,  Aluminized 

Raybestos-Manhattan  Company 

5950 

Stainless  steel  inserts 

0.082 

0/20 

10 

s 

BT 

RM  12T-370 

Raybestos-Manhattan  Company 

5948 

0.077 

0/20' 

10 

s 

BT 

RM  827-M-B 

Raybestos-Manhattan  Company 

5909 

Stainless  steel  inserts 

0.060 

0/20 

10 

s 

BT 

Ruron  A 

Dixon  Corporation 

9131 

Filled  Tefloti 

0.063 

0/20 

10 

s 

s 

TABLE  V.  GASKETS  AND  PACKINGS  (Continued) 


Material 

Manufacturer 
• ’or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Sacoma  715  Packing 

American  Asbestos  Company 

556 

Variable 

0.250 

0-2/20 

10 

- 

U 

Sepco  200  Gasket 

Southern  Products  Corporation 

4801 

0.063 

2/4 

2/20 

10 

5 

U 

u 

Teflon  Gasket 

7553 

Virgin  Teflon 

0.107 

0/20 

10 

S 

s 

Tetrabest  Gasket  Seal 
Carter  P/N  3913 

Anchor  Packing  Company 

6828 

0.020 

0/20 

10 

s 

BT 

Teflon-Coated  Viton  “0".  Rings 

Hadbar  Incorporated 

5215 

No.  954-70  Viton  and 
Teflon  coat 

0/20 

10 

s 

BT 

Teflon-Coated  Naflex  Seal  AMS434( 

4812 

Virsn  Teflon 

/' 

0/40 

10 

s 

BT 

EOR  76574-3  Teflon-coated 
Naflex  gasket 

Orbit  Machine  Corporation 

2383 

/ 

/ 

0.063 

2/20 

10 

u 

BT 

EOR  76574-5  Teflon-coated 
Naflex  gasket 

Orbit  Machine  Corporation 

2384 

0.063 

5/20 

10 

u 

BT 

Teflon  TFE  Filled  with  25%  Glass 

Arrowhead  Products 

5050 

Teflon  tpe-75% 
Glass-25% 

• 

0.050 

0/20 

10 

s 

BT 

Tellon  Lip  Seal 

Hadley  Valve  Company 

5587 

Virgin  Teflon 

Stainless  steel  inserts 
- used 

0.180 

0/20 

10 

s 

BT 

Tetrabest 

Anchor  Packing  Company 

5491 

Asbestos  and  Teflon 

0.021 

0/20 

10 

s 

BT 

Viton  A “0”  Ring 

4370 

0.063 

0/20 

10 

s 

BT 

Viton  A “O"  Ring  PN7170-19009 
Compound  19009 

5313 

0.110 

0/20 

10 

s 

BT 

Viton  A "O"  Ring 

5312 

0.133 

0/20 

10 

s 

BT 

Viton  A “0”  Ring  HS8-513-1 1 1 

B.H.  Hadley  Incorporated 

5384 

0.093 

0/20 

10 

s 

BT 

Viton  A “0”  Ring  HS8-5 13-232 

B.H.  Hadley  Incorporated 

5383 

0.031 

0/20 

10 

s 

BT  • 

Viton  A “0”  Ring 

B.H.  Hadley  Incorporated 

5385 

0.060 

0/20 

10 

s 

BT 

Viton  A “0”  Ring  VLF34  for 
replenishing  Tank  Safety  Head 

Hadbar  Incorporated 

5513 

0.268 

0/20 

10 

s 

BT 

TABLE  V.  GASKETS  AND  PACKINGS  (Conclufled) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

VitonA“0’’RingVLF34for 

Hadbar  Incorporated 

■ 

5514 

0.266 

0/20 

10 

S 

BT 

LOX  System 

Viton  A 3Q63-MS29S13-25S 

Du  Pont 

5062 

0.125 

0/20 

10 

S 

BT 

TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS 


■ — .0.11  

• 

No. 

Energy 

Batch 

- 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Materia! 

■ or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Aluminum  Alloy  1 lOCp'O" 

11447 

0.032 

0/20 

10 

S 

S 

Aluminum  Alloy  U00-"0" 

11448 

0.063 

0/20 

10 

S 

S 

Aluminum  Alloy  20I4-T6 

3110 

0.010 

0/10. 

10 

S 

S 

0.010 

0/100 

5 

- 

— 

Aluminum  Alloy  20i4-T6 

3084 

0.025 

0/120 

10 

S 

s 

0.025 

0/100 

5 

— 

— 

Aluminum  Alloy  20H-T6 

2969 

0.063 

1/100 

10 

s 

S 

28S4 

0.063 

0/100 

10 

S 

s 

0.063 

0/100 

5 

- 

- 

Aluminum  Alloy  202-1-T6-Alodino 

American  Chemical  Paint  Co. ; 

957 

0.063 

0/20 

10 

s 

s 

1200 

Aluminum  Alloy  2024-T3  Anodized. 

Sandoz  Ciiemical  Co. 

491 

MlL-A-862SAType  I! 

0.081 

0/20 

10 

s 

s 

Sandoz  Glue  B 

Nickel  Acetate  Sealed 

Aluminum  Alloy  2024-T3 

11444 

0.032 

0/20 

10 

s 

s 

Aluminum  Alloy  2024-T3 

11445 

0.063 

0/20 

10 

s 

s 

Aluminum  Alloy  2024-T3 

11446 

_ , 

0.090 

0/20 

10 

s 

s 

Aluminum  Alloy  2024-T3  Anodized. 

Sandoz  Chemical  Co. 

490 

Nickel  Acetate  Seated 

0.063 

0/20 

10 

s 

BT 

Sandoz  Green  AX 

MlL-A-8625A,TypelI 

Aluminum  Alloy  2219-T37 

3616 

0.094 

0/20 

10 

s 

S 

Aluminum  Alloy  2219-T37 

6003 

0.063 

0/20 

10 

s 

S 

fridite  14-4  Coated 

Aluminum  Alloy  S0.12-H32-LOX 
Test  Cups 

, 

'1511 

LOX  test  cups 

0.063 

0/20 

10 

S 

s 

Aluminum  Alloy  SOS2-H32-LOX 

. 

6973 

Vapor,  degreased. 

0.063 

0/20 

10 

s 

S 

Test  Cups 

alkaline  cleaned  and 
acid  etched 

Atumlnum  Alloy  S052-H32-I.OX 
Test  Cups 

9116 

Vapor,  degreased, 
alkaiini'  cleaned  and 

0.063 

0/20 

10 

s 

S 

acid  etched 

166 


TABLE  VI.  METALSj  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Aluminum  Alloy  50S2-H32- 
Iridlte-I4-2  Coated 

2826 

0.063 

0/20 

10 

S 

S 

Aluminum  Alloy  5052- 
Iridite  14-2  Coated 

572 

0.063 

0/20 

10 

S 

S 

Aluminum  Alioy  5086-H34 

2869 

Hand  deburred 

0.063 

1/147 

0/80 

10 

5 

S 

S 

Aluminum  Ailoy  5086 

506 

0.063 

0/20 

10 

S 

s 

Aluminum  Alloy  5086-H34- 
Alodine  1200  Coated 

958 

Nickel-Acetate  seated 

0.063 

0/20 

10 

s 

S 

Aluminum  Alloy  5086  - 
Iridited-Gold 

500 

0.063 

2/24 

1/20 

10 

8 

u 

BT 

Aluminum  Alloy  5456-M343 

2771 

0.063 

0.063 

1/120 

0/80 

10 

5 

s 

S 

Aluminum  Alloy  6061-T6 

5511 

Samples,  striker  & 
anvil  not  precooled 

0.063 

0/20 

10 

s 

S 

Aluminum  Alloy  6061-T6 

5512 

Samples  prccooled 

0.0o3 

0/20 

10 

s 

S 

Aluminum  Ailoy  606I-T6 
Sulfuric  Acid  Anodized 

8601 

Not  sealed 

0.063 

0/100 

10 

s 

ST 

Aluminum  Alloy  6061-T6 
Anodized,  Sandoz  Gold 

Sandoz  Chemical  Co. 

9209 

MIL-A8625ATypeII 
Nickel  acetate  sealed 

0.063 

0/60 

10 

s 

BT 

Aluminum  Aiioy  606I-T6-Anodized 
Sandoz  Yellow 

Sandoz  Chemical  Co. 

920.=! 

MlL-A-8625AType  II 
Nickel  acetate  sealed 

0.063 

0/60 

10 

s 

BT 

Aluminum  Aiioy  6061-T6-Auudized, 
Sandoz  Black  BK 

Sandoz  Chemical  Co. 

999 

MIL-A-S625AType  II 
Nickel  acetate  sealed 

0.063 

0/20 

10 

s 

BT 

Aluminum  Ailoy  6061-T6-Anodized, 
Sandoz  Blue  B 

Sandoz  Chemical  Co. 

1737 

MIL-A-8625AType  II 
Nickel  acetate  sealed 

0.063 

3/40 

10 

V 

BT 

Aluminum  Alloy  6061-T6 
Anodized,  Sandoz  Green  AX 

Sandoz  Chemical  Co. 

1000 

MIL-A-8625AType  11 
Nickel  acetate  sealed 

0.063 

0/20 

10 

s 

BT 

TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Materilil 

Rating 

Aluminum  Alloy  6061-T6 
Iridite  14-2  Coating 

Associated  Products  Lab. 

7918 

0.063 

0/20 

10 

S 

S 

Aluminum  Alioy  6061-T6 
Iridite  14-2  Coating 

Allied  Research  Product 

1002 

Nickel  acetate  sealed 

0.063 

0/20 

10 

s 

s 

Aluminum  Ailoy  606I-T(i-AIodinc 
MTL  Modified  401-45 

Metallic  Materials  Branch 

9903 

Applied  to  0.063  discs 

0.005 

0/20 

10 

s 

BT 

Aluminum  Alloy  6061-T6 
Alodine  1200S 

11402 

0.063 

0/20 

10 

s 

S 

Aluminum  Alloy  Tuns-SO 

11450 

0.125 

0/20 

10 

s 

s 

Aluminum  Alloy  Tens-50 

•31453 

0.032 

0/20 

10 

s 

s 

Aluminum  Toil 

Ka!sc^.Aluminum  Co. 

7726 

0.001 

0/20 

10 

s 

s 

Aluminum  Ulaulc  Magic  No.  1 

Metallic  Materials  Branch 

9799 

Applied  to  2 mil 
aluminum 

0.001 

4/20 

10 

u 

BT 

Aluminum  Blauk  Swab  No.  A-14 

Metallic  Materials  Branch 

9805 

Conversion  coating  on 
2 mil  aluminum  foil 

• 

0.001 

0/20 

10 

s 

BT 

Alplia  238  Solder 

Alpha  Metals  Inc. 



— 

2/3 

9/17 

10 

5 

u 

U 

Alpha  10/88/2  AG  Solder 

Alpha  Metals  Inc. 

7651 

10%  tin,  88%  lead 
2%  silver 

0.025 

2/20 

10 

u 

U 

Ampco  2013  (filings) 

Metallic  Materials  Branch 

4401 

In  stainless  steel  cups 

- 

0/20 

10 

s 

S 

Ampco  2013  (filings) 

Metallic  Materials  Branch 

4402 

In  aluminum  cups 

- 

0/20 

10 

s 

S 

Ampco  2013 

4399 

0.032 

0/20 

10 

s 

S 

Amp  CO-24  Alloy 

3481 

5%  iron,  1 5%  aluminum 
80%  copper 

0.063 

0/20 

10 

s 

s 

Barium  metal  r'us  copper  oxide 

Space  DIV,  NAR  Corp. 

MC-1483 

1.16  gms  barium 
0.3875  gm  copper  oxide 

0/20 

10 

s 

— 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Mateirial 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Tiiickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 
' Rating 

Aluminum  Alloy  6061-T6,  Anodized 
Sandoz  Yeilow  2U 

Sandoz  Chemical  Co. 

1735 

MIL-A-862SAType  II 
Nickel  acetate  scaled 

0.063 

0/20 

10 

S 

BT 

Aluminum  Alloy  6061-T6,  Anodized 
Sandoz  Black  V-Orangs  3A 

Sandoz  Chemical  Co. 

1733 

MIL-A-8625AType  11 
WicKv! 

0.063 

4/20 

10 

U 

BT 

Aluminum  Alloy  C061-T6,  Anodized 
Sandoz  Gold  (Black  V,  Orange  3A) 

Sandoz  Chemical  Co. 

1841 

MIL-A-8625ATypeIl 
Nickel  acetate  sealed 

0.063 

0/20 

10 

S 

BT 

Aimniuum  Alloy  6061-T6  - Trcaicd 

Sandoz  Chemicui  Co. 

584 

Soaked  24  h6urs  in  u.l% 
sulfuric  acid  followed  by 
24  hours  in  0.2%  sodium 
dichromate 

0.0u3 

0/20 

10 

s 

BT 

Aluminum  Alloy  606I-T6-Anodized 
Sandoz 00319 

Sandoz  Chemical  Co.  • 

1725 

MlL-A-8625AType  II 
Nickel  acetate  sealed 

0.063 

5/40 

10 

u 

BT 

Aluminum  Alloy  6fl6l*T6,  Anodized 
Sandoz  Bordeaux  Red 

Sandoz  Chemical  Co. 

1847 

MIL-A-8625AType  11 
Nickel  acetate  sealed 

0.063 

’0/20 

10 

s 

BT 

Aluminum  Alloy  606I-T6.  Anodized 
Sandoz  Orange  2B 

Sandoz  Chemical  Co. 

1846 

MIL-A-8625A  Type  II 
Nickel  acetate  sealed 

• 

0.063 

0/20 

10 

s 

BT 

Aluminum  Alloy  C0&l-T6-Anodized 
Cyanamide  Black  WA 

American  Cyanamid 

1842 

MiL-A-8625A.Type  11 
Nickel  acetate  scaled  - 

0.063 

0/20 

10 

s 

BT 

Aluminum  Alloy  6061-T6  Anodized 
Eaton  Scuilet 

Eaton  Chemical  Co. 

998 

MIL-A-8025A  Type  ii 
Nickel  acetate  sealed 

0.063 

0/20 

10 

s 

BT 

Aluminum  Alloy  6061-T6  Anodized 
Black 

Eaton  Chemical  Co. 

3165 

M1L-A-8625A  Type  11 
Nickel  acetate  sealed 

0.063 

2/20 

1/20 

10 

5 

u 

BT 

Aluminum  Ailoy  006I-T6  Anodized 

Krieger  Color  & Chemical  Co. 

1732 

MIL-A-8625A  TypcTI 

0.063 

3/20 

10 

u 

BT 

Krieger  15285 

- . 

1895 

Nickel  acetate  scaled 

0.063 

0/20 

10 

s 

BI 

Aluminum  Alloy  0061-T6  Anodized 
Krieger  Blue  B 

Aluminum  Alloy  fi0fil-T6  , 

Iridite  14-2  Coating 

Krieger  Color  & Chemical  Co. 

1734 

1844 

3851 

M1L-A-8625A  Type  II 
Nickel  acetate  sealed 

0.063 

0.063 

0.063 

1/40 

1/40 

0/20 

10 

10 

10 

I 

I 

s 

BT 

BT 

BT 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Materia! 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Berylco  25  (4485, 1/2  hard. 

6639 

0.052 

0/20 

10 

S 

S 

NAS8-8672) 

Beryllium 

3125 

0.063 

0/20 

10 

S 

s 

Beryllium  Copper  Ailoy  25 

Brush  Beryllium  Company 

9411 

0.063 

0/20 

10 

S 

s 

Bronze  Filter,  Sintered 

2517 

0.060 

0/20 

10 

S 

s 

Brass  Inserts 

3016 

65%  copper,  34%  zinc, 
2% 

0.063 

0/20 

10 

S 

s 

Cadmium 

1902 

Electroplated 

0.001 

0/20 

10 

S 

s 

Carboloy  No.  608  Coated  with 

Haward  Corporation 

4398 

Chrome  carbide  coated 

0.063 

0/20 

10 

S 

s 

EverlubeSll 

on  one  side  with  Ever- 
lube  811  Dry  Lubricant 

Carboloy  No.  883  Coated  with 

llaward  Corporation 

4397 

Tungsten  carbide 

0.063 

0/20 

10 

S 

s 

EvcriubeSII 

coated  with  Everlube 
81 1 on  one  side 

Cerrobend  Low  Melting  Alloy 

852 

Contains  bismuth,  lead. 

Low  melting  alloy 

0.063 

2/3  ■ 

10 

U 

u 

tin 

' 

1/17 

5 

— 

Cherry  Lock  Rivet,  NAS-1398 

Cherry  Rivet  Company 

5677 

Coated  with  dry  film 

7/20 

10 

u 

u 

D5-4,  DS-Z 

IiibeC-23 

Cherry  Lock  Rivet  NAS-1398,  D5-3 

Cherry  Rivet  Company 

5678 

Coated  with  dry  nim 
lubeC-23 

3/20 

10 

u 

u 

Copper  Wire 

9140 

0.005 

0/20 

10 

s 

s 

CN-346  Copper  Nickel  Alloy 

International  Nickel  Co. 

3849 

70%  copper,  30%  nickel 

0.050 

0/20 

10 

s 

s 

Cliromium 

1896 

Electroplated 

0.5  mil 

0/20 

10 

s 

s 

Columbium  , 

Space  Division,  NAR 

ME659 

0/20 

10 

S 

BT 

OurUte  Black  Oxide 

Durlitc  Company 

9369 

0.001 

0/20 

10 

S 

BT 

Dutch  Boy  Resin  Solder 

National  Lead  Company 

5686 

40%  tin/60%  lead 

0.010 

HE  1 3 

10 

u 

U 

8 

— 

- 

— 

— 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 




No. 

Energy 

Batch 

> Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material) 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating  • 

Rating 

Dutch  Boy  Huxrite  Solder 

National  Lead  Company 

5687 

60%  tin/40%  lead 

0.014 

20/20 

10 

U 

U 

with  NUAX  Flux 

17/20 

8 

— 

17/20 

6 

- 

- 

12/20 

4 

— 

— 

5/20 

2 

- 

- 

0/20 

1 

_ 

- 

Easy  Fio.SoIder 

5693 

Higli  silver  content 

0.005 

0/20 

0/20 

11.3 

10 

S 

s 

BT 

BT 

EZFo  Alloy  AMS  4771 

Rocketdyne 

463-25C 

0.005 

0/20 

10 

s 

BT 

Ersins  5 Core  Solder,  Non- 

Ersin  Multicore  Solder  Limited 

5695 

60%  tin/40%  lead 

0.005 

14/20 

10 

u 

U 

Corrosive  Flux 

12/20 

8 

— 

— 

7/20 

6 

— 

— 

7.'20 

•4 

— 

5/20 

2 

- 

- 

• 

0/20 

1 

- 

Eutectic  No.  IS  IB  Solder 

Eutectic  Welding  Alloy 

3534 

90%  tin,  zinc,  nickel 

0.032 

10/20 

10 

u 

U 

Corporation 

3/20 

4 

— 

— 

0/20 

2 

— 

— 

Eutectic  No.  153  Solder 

Eutectic  Welding  Alloy 

3538 

90%  lead,  10%  silver 

o.os: 

3/20 

10 

u 

u 

Corporation 

’ 

2/22 

7 

— 

— 

0/20 

5 

— 

Eutectic  No.  155  Solder 

Eutectic  Welding  Alloy 

3541 

_ - 

0.032 

2/35 

10 

u 

u 

Corporation 

2/20 

8 

— 

-» 

Eutectic  157  Solder 

• Eutectic  Welding  Alloy 

705 

Low  melting  alloy 

0.050 

3/4 

10 

u 

u 

Corporation 

2/3 

5 

2/3 

3 

0/6 

6 

Eutectic  ISOO  Solder 

Eutectic  Welding  Alloy 
Corporation 

757 

0.050 

0.050 

0/20 

13/60 

10 

10 

s 

V 

BT 

U 

Eutectic  1 ISB  Solder  with 

Eutectic  Welding  Alloy 

' 2903 

Eutectic  IS  IB  Flux 
GSB-1S6 

Corporation 

7482 

0.03  mil  tin  plate 
over  brass 

0.067 

4/20 

10 

u 

U 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


, 

No.  - 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Matesial 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

GSC-232 

7483 

0.03  mil  tin  plate 
over  brass 

0.038 

0/20 

10 

S 

BT 

Handy  Solder  flux  for  high  temp 

Handy  & Horsmen 

6270 

0.050 

0/20 

10 

S 

BT 

SoMery 

Haynes  Alloy  Tubing  Sieve 

4505 

0.063 

0/20 

10 

s 

BT 

Soldered  to  Mu  Metal 

Haynes  Alloy  Tubing 

4506 

0.063 

0/20 

10 

S 

S 

Indium  Foil 

National  Bureau  of  Standards 

5482 

Indium 

0.003 

11/40 

10 

u 

U 

Indalloy  Flux  No.  2 

Indium  Corporation  of 

6329 

Baked®  100°C  for 

Smear  on 

15/20 

10 

u 

U 

America 

one  hour 

stainless 

steel 

inserts 

Inconel  69  Weld  Wire 

Space  Division  NAR 

MC-2050 

- 

0/20 

10 

s 

S 

K-6  Alloy 

Karl-Harrison  Co. 

11368 

Nickel,  Lead  & Tin 
on  stainless  steel 

• 

0.066 

4/4 

10 

u 

BT 

K.6  Alloy 

Karl-Harrison  Co. 

2141 

Nickel,  Lead  & Tin 
on  stainless  steel 

■ -■ 

0.066 

0/40 

10 

s 

BT 

1 K-Scal  (PE) 

Karl-Harrison  Co. 

11392 

Tin  plated  on  stainless 

0.063 

6/20 

10 

u 

U 

Kelite  Process  235 

Kelite  Cempany 

8233 

0.050 

2/20 

le 

u 

U 

Kester  Solder  No.  955  FHix  44  ' ’ 

Core  16QQ-S-571C 

Kester  Solder  Company 

5559 

95%  tin/5%  silver 

0.005 

15/20 

12/20 

10 

8 

u 

U 

8/20 

6 

— 

'**■ 

5/20 

4 

— 

2/20 

t 

— 

— 

1/20 

1 

- 

- 

Kester  Solder  Tin  20  Core  66 

Kester  Solder  Company 

5553 

20%  tin/ 1.2%  antimony. 

Stainless  steel  inserts 

0.009 

6/20 

10 

u 

U 

Flux  44  (Q<2-S-57l-C  Spec) 

Remainder  lead 

used 

7/20 

8 

- 

7/20 

6 

— 

« 

2/20 

4 

— 

— 

2/20 

2 

— 

— 

0/20 

1 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No.  ■ 
Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Kirkson  No.  20  Alloy  with 

Soutliwestem  Industries 

6447 

Cleaned  per£S-195 

0/20  • 

10 

S 

BT 

Indalloy  No.  2 Fiux  on 

procedure 

Stainless  Steel 

Kirkson  Solid  Wire  Solder 

Morris  P.  Kirk  and  Sons, 

6055 

95%  cadmium/5%  silver 

Heated  and  roIIeC 

0.012 

0/20 

11.3 

S 

BT 

TEC 

Incorporated 

0/20 

iO 

Kirkson  Solid  Wire  Solder 

Morris  P.  Kirk  and  Sons, 

6057 

97.5%  lead/1%  tin 

Heated  and  rolled 

0.012 

0/20 

11.3 

S 

BT 

No.  20 

Incorporated 

0/20 

10 

Kirkson  Soiid  Wire  Solder 

Morris  P.  Kirk  and  Sons, 

6049 

Heated  and  rolled 

0.005 

3/20 

10 

U 

U 

No.  390 

Incorporated 

1/20 

8 

Kirkson  Solid  Wire  Solder 

Morris  P.  Kirk  and  Sons, 

6051 

Cadmium-zinc  composite 

Heated  and  roiled 

0.015 

0/20 

11.3 

S 

BT 

No.  625 

' Incorporated 

Kirkson  Solid  Wire  Solder 

Morris  P.  Kirk  and  Sons, 

6059 

94%  lead/5.S%  silver 

Heated  and  rolled 

0.010 

0/20 

11.3 

S 

BT 

No.  B-9SAG 

' incorporated  , 

0/20 

10 

Kirkson  Solid  Wire  Solder 

’ Morris  P.  Kirk  and  Sons, 

6053 

97.5%  Iead/2.5%  silver 

Heated  and  rolled 

0.015 

0/20 

10 

S 

BT 

No.  B-975G 

1 Incorporated 

Kovar-A  Alloy 

962 

Nickel,  Cobalt,  Iron 

0.063 

0/20 

10 

S 

S 

LA-91  Rod  Stock 

Micro-Systems,  Incorporated 

5852 

Stainless  steel  inserts 

0.25 

13/20 

10 

U 

u 

Laminated  Shim  Stock 

i 

I 

6004 

0.125 

0/2G 

10 

S 

BT 

LAZ  933  Alloy 

: Battcllc  Memorial  Institute 

5997 

MagnesiuQi-aluminum- 

Stainless  steel  inserts 

0.063 

20/20 

10 

U 

U 

zinc  alloy 

18/20 

8 

15/20 

6 

• 

9/20 

4 

’ 

0/20 

2 

LA-91 

4392 

Lithium-aluminum 

0.050- 

17/20 

10 

U 

u - 

magnesium  allpy 

4/20 

5 

— 

0/20 

4 

’ — . 

0/20 

3 

- 

LA-91 

4391 

Lithium-aluminun 

0.100 

12/20 

10 

u 

U 

magnesium  alloy 

0/20 

7 

— 

— 

0/20 

6 

— 

— 

ft  . ' - ' ' , 

■■  ■ i ..  r : 

■ 

0/20 

5 

- 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Mtlerid 

Rating 

LA-14! 

4493 

Litliium-aluminum 

0.050 

18/20 

10 

U 

U 

magnesium  alloy 

3/20 

5 

- 

2/20 

4 

— 

_ 

0/20 

3 

- 

- 

LA-141 

4498 

Litliium-aluminum 

0.100 

15/20 

IG 

U 

\ 

U 

magnesium  alloy 

1/20 

7 

— 

1/20 

6 

— 

_ 

0/20 

5 

- 

- 

Lead  Sheet 

4799 

0.125 

0/20 

10 

s 

BT 

Lead  Slugs 

• 

481  lA 

0.063 

0/20 

10 

s 

BT 

Lead 

4811 

Previously  tested  as 

0.012 

0/20 

10 

S 

BT 

slugs  0.063  inch  thick 

to 

(See  48 11  A) 

0.014 

Lead  Oxide  Slurry 

Kennedy  Space  Center 

8857 

Dried  at  100°C 

0.050 

0/40 

10 

s 

BT 

Lemcote  LCB 

Metallic  Materials  Branch 

9892 

Air  dried  90  hours 

0.010 

0/20 

10 

s 

BT 

Magnesium-Lithium  Alloi  LA-Fl 

1222 

0.063 

2/3 

10 

U 

U 



1/2 

8 

- 

- 

1/3 

7 

- 

- 

1/12 

6 

— 

— 

0/20 

3 

- 

- 

Magnesium-Lithium  Alloy  LA-141 

1221 

0.063 

1/2 

10 

u 

U 

0/20 

3 

- 

- 

Magnesium  Cups,  Untreated 

540 

2/7 

10 

u 

u 

Magnesium  Alloy  HR  31 

Dow  Metal  Products  Company 

' 1703 

Magnesium,  thorium, 

0.063 

0/20 

10 

I 

1 

zirconium  alloy 

Magnesium  Alloy  M-1 

Dow  Metal  Products  Company 

1702 

Magnesium,  aluminum. 

0.063 

2/20 

10 

u 

U 

manganese  alloy 

Magnesium  Alloy  AZ-31 

Dow  Metal  Products  Company 

1701 

Magnesium,  zinc. 

0.063 

2/3 

10  . 

u 

u 

manganese  alloy 

1/4 

5 

- 

0/11 

3 

- 

— 
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TABLF.  VI.  METALS.  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Manufacturer 
.or  Source 

lest 

No. 

Composition 

Remarks 

Tliickness 

(incli) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Magnesium  Alloy  M-1 

1702 

1/571  manganese 

2/20 

10 

U 

U 

Magnesium  HK-31 XA-H24  Alloy 

Metallic  Materials  Branch 

9281 

Magacsium-Thoriuin  atloy 

0.062 

9/60 

10 

V 

U 

Magnesium  HM-21XA  Alloy 

Metallic  Materials  Branch 

9284 

0.063 

4/20 

10 

U 

U 

2/20 

7.7 

1/20 

5.6 

Mu  Metal 

4519 

0.033 

0/20 

10 

S 

S 

Metro  LOX  Rust  Inhibitor 

Metallic  Materials  Branch 

9132 

Calcium  carbonate 

0.050 

0/20 

10 

S 

BT 

Meremy 

11429 

0.003 

0/20 

10 

S 

S 

Neatpak  Wire  Solder  9S/5 

Federated  Metal  Division  of 

5565 

95%  tin/5%  silver 

Stainless  steel  inserts 

0.007 

10/20 

10 

U 

U 

American  Smelting  and 

used 

11/20 

8 

- 

_ 

Running  Company 

3/20 

6 

- 

- 

2/20 

4 

— 

- 

* 

3/20 

2 

— 

- 

t 

0/20 

1 

- 

- 

P/M  457  ' Shim  Spacer  LOX 

3848 

0.020 

0/20 

10 

S 

BT 

Induce 

Phos-IT 

Wyandotte  Chemical  Company 

10328 

0.050 

0/20 

10 

S 

BT 

34137  Conncctom 

7484 

Stainless  steel  inserts 

0.072 

0/17 

10 

I 

I 

Stainless  steel  inserts 

0.090 

1/20 

10 

I 

1 



Flioson  IS  Hard  Solder 

5701 

High  silver  content 

Stainless  steel  inserts 

0.020 

0/20 

11.3 

S 

BT 

0/20 

10 

0-21  Flux 

Zophor  Mills,  Incorporated 

6271 

0.5  ml 

12/20 

10 

u 

U 

9/20 

8 

9/20 

6 

4/20 

4 

2/20 

2 

— 

0/20 

1 

Rcd-16  ACS  Solution 

General  Dynamics  Company 

7980 

0.050 

0/20 

10 

S 

BT 

Sermctal  (Typo  W)  Inorganic 

7475 

Stainless  steel  inserts 

0/20 

10 

I 

BT 

Coating 

dipped  and  air  dried 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Silbond  No.  45  Solder 

United  Wire  a d Supply  r \ 

758 

0/20 

10 

S 

BT 

Silicon  Carbide  Abrasive  in 

3173 

150  mesh 

0.032 

0/20 

10 

Bottom  of  Aluminum  Cup 

0/20 

5 

SN-10  Rosin  Core  Solder 

Ray  Manufacturing 

7625 

Stainless  steel  inserts 

0.031 

4/20 

10 

U 

U 

Alpha  Metals 

Stainless  steel  inserts 

0.001 

0/20 

10 

U 

U 

Solder  CO/40  Lead  Tin  Solder 

5204 

60%  lead/40%  tin 

0.050 

17/20 

10 

U 

U 

Solder  No.  ISIB 

Eutectic  Welding  Alloy 

3534 

90%  tin,  zinc,  nickel 

0.032 

10/20 

10 

U 

u 

Corporation 

3/20 

4 

- 

— 

0/20 

2 

— 

- 

Solder  No.  153 

Eutectic  Welding  Alloy 

3538 

90%  lead,  10%  silver 

0.032 

3/20 

10 

u 

V 

Corporation 

2/22 

7 

- 

~ 

0/20 

5 

— 

— 

Solder  No.  155 

Eutectic  Welding  Alloy 

3541 

0.032 

2/35 

10 

u 

u 

Corporation 

2/20 

8 

— 

— 

Solder 

34 

50%  tin,  50%  lead 

No  flux 

3/5 

10 

u 

u 

0/5 

5 

Solder 

76 

60%tin,40%leaT 

2/6 

10 

u 

u 

1/6 

3 

Solder 

60%  tin,  40%  lead 

With  flux 

3/5 

10 

u 

u 

0/5 

5 

Solder,  tiigli  Silver 

Paste  heated  to  1000°F 

0/20 

10 

s 

BT 

5 minutes.  Droplets 

— 

degreased  with  trichloro- 

t 

ethylene 

Speed  Nuts 

Tennerman  Products,  Inc. 

9294 

Degreased  with  tri- 

0.017 

0/20 

10 

S 

S 

TypeC41055-632-27 

chloroethylene 

Steel,  Rene  41  Stainless  steel 

4488 

0.063 

0/20 

10 

S 

S 

Steel,  1 8%  Nickel  Maraging  Steel 

Bethlehem  Steel  Company 

4617 

• 

Heat  Treatment  120D163 

0/20 

10 

s 

Mzterial 

1 9-9  DL  Stainless  Steel 

Steel  Alloy  No.  CN-346 

Steel  - I7-4PH  Alloy 
Steel  - 17-7PH  Alloy 
Steel  - 17-7PH  Alloy 

Steel  440A 

Stainless  Steel  Wool  No.  4-33 
Steel  Wool 

Stainless  Steel  301  Alloy 

Stainless  Steel  301  Alloy 

Stainless  Steel  302  Alloy 
Stainless  Steel  304 
Stainless  Steel  304 
Stainless  Steel  304 
Stainless  Steel  321 
Stainless  Steel  321 
Stainless  Steel  321 
Stainless  Steel  347  Alloy 
Silver  Plated  Stainless  Steel 
Steel  Inserts  MX6  1113 


Manufacturer 
or  Source 


International  Nickel  Co. 


Space  Division  NAR 


Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

4487 

0.125 

S 

s 

3849 

70%  copper,  30%  nickel 

0.050 

0/20 

10 

S 

s 

S 

s 

11431 

10 

S 

s 

11430 

i|« 

0/20 

S 

s 

MC-1970 

0/20 

10 

S 

s 

379 

0.50 

1/2 

U 

u 

0/12 

7 

- 

— 

380 

» 

3/4 

u 

u 

0/16 

7 

- 

- 

2829 

0.012 

0/100 

S 

s 

0/100 

5 

- 

- 

2818 

Hand  deburred 

0.063 

0/200 

10 

s 

s 

0/100 

* 

- 

- 

3603 

• 

0.094 

0/20 

10 

s 

s 

11434 

0.062 

0/2U 

10 

s 

s 

11435 



0.030 

0/20 

10 

s 

s 

H440 

0.093 

0/20 

10 

s 

s 

11441 

0.030 

0/20 

10 

s 

s 

11442 

0.062 

0/20 

10 

s 

s 

11443  , 

0.093 

0/20 

10 

s 

s 

3631 

0.062 

0/20 

10 

S 

3 

2449 

0.063 

0/20 

10 

s 

•s 

3018 

0.063 

0/20 

10 

s 

s 

CO  C/3  CO 


177 


TABLE  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

Man.ufacturer 
or  Source 

Test 

No; 

Composition 

Remarks 

Thickness 

(inch) 

No.- 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Tin  Plate  (0.004  in.)  on  421 

1612 

0.063 

2/20 

10 

U 

U 

Stainless  Steel  Inserts 

• 

Tin  Plate  (0.00!  in.)  on 

2244 

0.125 

2/20 

10 

U 

U 

Stainless  Steel  Inserts 

0/20 

,4 

- 

— 

Tin  Piate  (0.002  in.)  on 

2246 

0.125 

3/20 

10 

U 

u 

Stainless  Steel  Inserts 

1/20 

8 

— 

— 

0/20 

5 

- 

- 

Tin  Plate  (O.OOOS  in.)  in ' . 

2235 

0.125 

2/5 

10 

u 

u 

Stainless  Steel  Inserts 

1/20 

5 

— 

0/20 

4 

- 

- 

Tin  Plate  (0.00025  in.)  on 

"2230 

0.125 

2/5 

10 

u 

u 

Stainless  Steel  Inserts 

3/18 

7 

— 

— 

0/20 

5 

- 

- 

Titanium  Alloy,  6AI-4V 

Deburred 

0.063 

7/40 

10 

u 

u 

1/2 

S 

— 

— 

2/3 

7 

— 

. 

2/60 

S 

— 

— 

0/20 

\ 

- 

- 

Titanium  Alloy,  6A1-4V 

Hcbuired 

0.250 

18/20 

10 

u 

u 

8/20 

2 

— 

— 

1/20 

1 

— 

Titanium  Alloy,  4A1-3  Mo-lV 

Deburred 

0.063 

2/2 

10 

u 

u 

1/1 

5 

— 

2/5 

3 

— 

- 

1/3 

2 

- 

— 

0/4 

1 

- 

- 

Titanium  Alloy,  RCS5 

Deburred 

0.063 

15/20 

10 

u 

u 

• • 1 

1/20 

3 

— 

— ■ 

2/20 

2 

— 

— 

0/20 

1 

- 

“ 

Titanium  Alloy,  13V-1 1 Cr-3A1 

a 

Deburred 

0.G63 

15/20 

10 

u 

u 

5/20 

7 

2/20 

5 

— 

- 

0/20 

3 

— 

— 

0/20 

2 

— 

— 
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TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Continued) 


Material 

■Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Titanium  Alloy,  5AI-2.5  Sn 

Deburred 

0.125 

15/20 

10 

U 

U 

17/20 

5 

— 

- 

8/20 

3 

- 

— 

1/1 

2 

— 

— 

2/20 

1 

- 

- 

Titanium  Alloy,  5A1-2.5  Sn 

Deburred 

0.063 

11/20 

10 

U 

U 

3/20 

5 

— 

— 

1/20 

3 

— 

- 

1/20 

2 

— 

— 

0/20 

1 

- 

— 

Titanium  Alloy,  5 AI-2.5  Sn 

Deburred 

0.063 

4/20 

10 

u 

u 

1/20 

5 

- 

Titanium  Alloy,  5A1-2.5  Sn 

Deburred 

0.025 

7/20 

10 

u 

u 

2/20 

5 

— 

— 

0/20 

I 

- 

— 

Titanium  Alloy,  5AI-2.5  Sn 

• 

Deburred 

0.010  ' 

‘2/40 

10 

u 

u’  ■ 

2/20 

5 

— 

— 

0/20 

3 

- 

— 

Titanium  Alloy,  75A 

Allegheny  Ludlum  Steel 

Steel  inserts 

2/2 

10 

u 

u 

Corporation 

. 

2/2 

5 

— 

— 

2/4 

3 

- 

' — 

Titanium  Alloy,  140A 

Allegheny  LutUum.  Steel 

Steel  inserts 

4/4 

10 

u 

u 

Corporation 

2/3 

5 

— 

— 

2/3 

3 . 

— ■ 

— 

Titanium  Alloy 

RamCru 

RimCtu-245 

Steel  inserts 

2/2 

10 

u 

u 

2/3 

5 

— 

— 

' 

■ - 

1/15  , 

3 .. 

T- 

- 

Washer  AN960PD4A6 

‘ 

2143 

Anodized  Type  II 

1/60 

10 

s 

BT 

Aluminum 

Young’s  Alloy  Metal  Washers 

Ardel  Corporation 

3825 

■0.063 

0/20 

10 

S 

BT 

Card  #7 


TABLE  VI.  METALS,  ALLOYS,  AND  SURFACE  TREATMENTS  (Concluded)  ' 


■ Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Leva! 

Kg/m 

Batch 
or  Jar 
Rating 

Materia! 

Rating 

ZirconiuR! 

3648  : 

0.083 

. 14/20 

10 

U 

U 

8/20 

5 

— 

— ■ 

2/20 

3 

— 

— 

2/20 

2 

— 

0/20 

T 

— 

- 

Wire  Ceramic  EZE-M033AW£> 

Fhelps  Pddge  Co. 

4367 

0/20 

10 

s 

- 

Wire  AWG  38  Ceramic  Coated 

Physical  Services  Corp. 

4369 

0,01 

0/20 

10 

s 

s 

Nickel  clad  silver 

180 


TABLE  VII.  CHEMICALS,  SOLVENTS',  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  .AND  MISCELLANEOUS  MATERIALS 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Bnergy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Acetic  Acid 

6035 

Acetic  acid 

■ 

0.050 

0/20 

10 

S 

1 

Acetone  (Spectra  Grade) 
LotSOA 

6910 

Acetone 

0.5  ml 

12/20 

12/20 

5/20 

4/20 

8/20 

4/20 

3/20 

1/20 

3/20 

0/20 

10 

9.0 

7.62 

6.24 

4.85 

3.46 

2.08 

2.08 

1.39 

1.39 

u 

U 

Activated  amrcoal 

Kennedy  Space  Center 

. • •••.  ■ * * * 

9862 

Contract  8-030158 
• , • , '1 

0.050 

30/40 

11/20 

2/20 

4/20 

1/20 

10 

5.6 

3.5 

1.4 

0.7 

u 

U 

Activated  Charcoal, 
AC-7096 

Kennedy  Space  Center 

9371 

0.050 

12/20 

10 

u 

V 

Activated  Charcoal, 
AC-7096 

Barhaby-Chaney  Corp'. 

7843 

- 

0.050 

12/20 

10/20 

10/20 

13/20 

9/20 

3/20 

10 

7.7 

5.6 

3.5 

1.4 

0.7 

u 

u 

Activated  Charcoal  592 

Barnaby^ihaney  Corp. 

9849 



• 

0.050 

4/20  ■ 

2/20 
1/20 
0/20 

10 

7.7 

6.7 
5.6 

u 

u 

Aluminum  Octoate 

Witco  Chemical  Co.,  1007“ 

' . 

- 

6/20 

0/20 

10 

5 

u 

u . 

Amyl  Acetate,  Normal 

357 

2/10 

10 

u 

u 

American  Crown  Soap, 
Type  6061 

Hewitt  Soap  Compahy 

10273' 

i*  i » ; 

0.050 

2/20 

10 

u 

u 
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TABLE  VII.  chemicals;  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


-iril 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

I.evel 

K^m 

Batch 
or  Jar 
Rating 

Matenal 

Rating 

Amvoy  Solvent  Detergent 

Amvoy  Soap  Company 

9772 

0.050 

0/20 

10 

S 

BT 

Aroclor  1254 

Monsanto  Chemical  Corp. 

657 

Chlorinated  hydrocarbon 

0.050 

0/20 

10 

U 

BT 

Aroclpr  1254 

Monsanto  Chemical  Corp. 

656 

Chlorinated  hydrocarbon 

0.001 

9/20 

10 

tj 

BT 

Asbestos  Cement  Composite 

Test  Laboratory 

9910 

0.125 

0/20 

10 

S 

BT 

Benzene 

Eastman  Organic  Chemicai 

9602 

Violent  Reactions 

0.050 

19/20 

10 

U 

U 

Company 

14/20 

7.7 

12/20 

5.6 

7/20 

3.5 

3/20 

1.4 

0/20 

0.7 

Benzene 

Eastman  Organic  Chemical 

9607 

Violent  reactions 

0.025 

20/20 

10 

U 

U 

Company 

10/20 

7.7 

10/20 

5.6 

8/20 

3.5 

, 

4/20 

1.4 

0/20 

0.7 

Benzaldoxine 

Eastman  Organic  Cliemical 

10203 

. Violent  reactions 

0.050 

14/20 

10 

U 

U 

Company 



5/20 

7.7 

13/20 

5.6 

5/20 

3.5 

1/20 

1.4 

Benzyl  Acetate 

Eastman  Organic  Chemical 

9296 

Violent  reactions 

0.050 

13/20 

10 

U 

U 

Company 

14/20 

7.7 

12/20 

5.6 

7/20 

3.5 

3/20 

1.4 

i 

0/20 

0.7 

Benzyl  Acetate 

Eastman  Organic  Chemical 

9307 

Violent  reactions 

0.025 

12/20 

10 

U 

u- 

Company 

14/20 

7.7 

14/20 

5.6 

11/20 

3.5 

% 

7/20 

1.4 

1/20 

0.7 
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TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


No. 

Energy 

Batch 

Material 

Munufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Benzyl  Alcohol 

Eastman  Organic  Chemical 

9319 

Violent  reactions 

0.050 

20/20 

10 

U 

U 

Company 

14/20 

7.7 

Company 

14/20 

7.7 

20/20 

5.6 

20/20 

3.5 

20/20 

1.4 

20/20 

0.7 

Benzyl  Alcohol 

Eastman  Organic  Chemical 

9308 

Violent  reactions 

0.025 

20/20 

10 

U 

U 

Company 

20/20 

7.7 

20/20 

5.6 

20/20 

3.5 

20/20 

1.4 

20/20 

0.7 

Benzyl  Methyl  Ether 

Eastman  Organic  Chemical 

9S12 

Violent  reactions 

0.051 

16/20 

10 

u 

U 

Company 

18/20 

7.7 

19/20 

5.6 

10/20 

3.5 

3/20 

1.4 

0/20 

0.7 

Benzyl  Methyl  Ether 

1 

Eastman  Organic  Chemical 

9518 

Violent  reactions 

0.025 

13/20 

10 

u 

U 

Company 

i 

15/20 

7.7 

1 

17/20 

5.6 

* 

13/20 

3.5 

3/20 

1.4 

0/20 

0.7 

Blast  3 Ultrasonic  Cleaner 

Narda  Ultrasonic  Corporation 

* 

Steel  samples  heated  to 
100°C  in  cleaner, 
rinsed,  and  dried 

0/20 

10 

s 

BT 

Blast  3 Ultrasonic  Cleaner 

Narda  Ultrasonic  Corporation 

50%  solution  evaporated 

2/2 

10 

u 

U 

dry 

1/18 

5 

— 

“ 

Blue  Layout  Dye 

Octagon  Process,  Incorponted 

9238 

Lot  B-2693 

21/40 

10 

u 

U 

Black  Marking  Ink  73X  ‘ 

Independent  Ink  Company 

7818 

On  anodized  discs 

25/40 

10 

u 

U 

Black  Paint,  Type  Q36K802 

Rinshed  Mason  Corporation 

9395 

0.005 

15/20 

10 

u 

U 

Black  Paint,  Type  Q36K802 

Rinshed  Mason  Corporation 

9396 

Heat  treated  at 
800*Cfor370sec. 

0.005 

2/30 

10 

u 

U 
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TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Tliickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Bromoben'zene 

Eastman  Organic  Chemical 

9545 

Violent  reactions 

0.054 

11/20 

10 

U 

U 

Company 

16/20 

7.7 

15/20 

5.6 

9/20 

3.5 

2/20 

1.4 

0/20 

0.7 

Bromobcnzeiie 

Eastman  Organic  Chemical 

9551 

Violent  reactions 

0.026 

15/20 

10 

U 

U 

Company 

17/20 

7.7 

11/20 

5.6 

5/20 

3.5 

8/20 

2.8 

4/20 

2.1 

0/20 

1.4 

Ortho-DWiIorobenzene 

Eastman  Organic  Chemical 

9328 

Violent  reactions 

0.025 

16/20 

10 

U 

U 

Company 

13/20 

7.7 

li/20 

5.6 

9/20 

3.5 

, 

7/20 

2.8 

3/20 

2.1 

0/20 

0.7 

Para-Dichlorobenzene 

Eastman  Organic  Chemical 

9587 

- — 

Violent  reactions 

0.050 

8/20 

10 

U 

U 

Company 

9/20 

7.7 

5/20 

5.6 

5/20 

3.5 

4/20 

2.8 

2/20 

2.1 

0/20 

0.7 

1-Bromobutane 

Eastman  Organic  Chemical 

10105 

Violent  reactions 

0.050 

10/20 

10 

U 

U 

Company 

• 9/20 

7.7 

Ii/20 

5.6 

7/20 

3.5 

4/20 

2.8 

0/20 

1.4 

I-Bromobiitane 

Eastman  Organic  Ciicmical 

IQII2 

Violent  reactions 

0.025 

15/20 

10 

U 

U 

Company 

10/20 

7.7 

1.1/20 

5.6 

10/20 

3.5 

5/20 

2.8 

L 

0/20 

1.4 

184 


TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND -MISCELLANEOUS  MATERIALS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

finch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Chlorobenzene 

Eastman  Organic  Cliemical 

9623 

Violent  reactions 

0.050 

14/20 

10 

U 

U 

Company 

20/20 

7.7 

18/20 

5.6 

12/20 

3.5 

2/20 

1.4 

0/20 

0.7 

Chlorobenzene 

Eastman  Organic  Ciiemical 

9623 

Violent  reactions 

0.02S 

14/20 

10 

U 

u 

Company 

20/20 

7.7 

18/20 

5.6 

12/20 

3.5 

2/20 

1.4 

0/20 

0.7 

Oftho-Dichlorobcnzene 

Eastman  Gfganic  Chemical  '• 

9320 

Vioient  reactions 

0.051 

10/20 

10 

U 

u 

Company 

8/20 

7.7 

7/20 

5.6 

13/20 

3.5 

2/20 

2.8 

2/20 

2.1 

0/20 

0.7 

, 

0/20 

1.4 

CabO-Sil  HS-S 

661Q 

Siuny  of  LOX  and 

0/20 

10 

S 

s 

CabO-Sil 

KT-S6  Carbon  Seal 

Kennedy  Space  Center 

7670 

See  Graphitor 

0.063 

0/20 

10 

S 

BT 

Carbon  Seal 

Borg  Warner  Corporation 

10329 

SeeHT-56 

0.32 

0/20 

10 

S 

ST 

Cleaner  No.  I 

Davis  Young  Company 

10277 

0.010 

7/40 

10 

S 

BT 

Ceramic  No.  19  Inserts 

Stallioms  Instruments 

58S1 

Stainless  steel  inserts 

0.126 

0/20 

10 

S 

BT 

Crud  from  LOX  Tank  West  Area, 

6930 

3/20 

10 

U 

U 

F-1  Test  Stand 

■ 

Carbon  Tetrachloride, 

Fisher  Scientific  Company 

384 

0/10 

10 

— 

Technical  Grade 

Carbon  Jetrachloride,  C.P. 

Fisher  Scientific  Company 

385 

Residue  from  S ml. 

0/20 

10 

s 

S 

185 


TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Tliickness 

(inch) 

No; 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Carbon  Tetrachloride 

Fisher  Scientific  Company 

383 

Evaporated  to  5% 
original  weight 

0/20 

10 

S 

S 

Clilproethene  Solvent,  1,1,1 
Trichlorpethane 

Dow  Chemicai  Company 

353 

. 

0/20 

10 

S 

S 

Chlprinated  Polyether 

821 

' 

2/2 

2/2 

10 

5 

u 

BT 

Chloroform 

354 

0/20 

10 

s 

BT 

Chlorotrinnoro  llydrocarboh 

Halocarbon  Corporation 

0/20 

10 

• s 

BT 

Chromic  Acid  Anodiziitg  Splufion 

• 

233 

' 

0/10 

10 

u 

: U 

Chlorinated  Paraffin 

Hercules  Powder  Company 

568 

1/7 

10 

u 

U 

Corning  Giass  Type  9010 

Coming  Glass  Go. 

2950 

0/20 

10 

s 

S 

Coming  Glass  008S 

Coming  Glass  Cp. 

4472 

0.125 

0/20 

10 

s 

S 

1-Bromodeeane 

Eastman  Organic  Chemical 
Company 

9729 

Violent  reaetions 

0.050 

15/20 

17/20 

16/20 

5/20 

3/20 

0/20 

10 

7.7 
5.6 
3.5 

2.8 
1.4 

u 

U 

: t-Bromodecane 

Eastman  Organic  Chemical 
Company 

9736 

■ Violent  reactions 

0.025 

10/20 

9/20 

11/20 

5/20 

2/20 

0/20 

u 

U 

rrChlprodeeahe ' 

t 

East.man  Organic  Chemical 
Company 

. 

9679 

Violent  reactions 

0.050 

16/20 

16/20 

15/20 

8/20 

4/20 

0/20 

u 

.y 

Q TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 

• DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

'Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

l-Chlorooctadecane 

Eastman  Organic  Chemical 

9691 

Violent  reactions 

0.050 

19/20 

10 

V 

U 

Company 

20/20 

7.7 

20/20 

5.6 

7/20 

3.5 

5/20 

2.8 

0/20 

1.4 

DcalcUp.I 

1959 

0.050 

2/20 

10 

U 

U 

Koctyl  Phthalate 

340 

Violent  reaction 

0.050 

2/10 

10 

U 

U 

Powell  F-33 

Pow  Chemical  Company 

7118 

Concentrate 

0.050 

6/20 

10 

U 

u 

Powell  F.33 

Pow  Chemical  Company 

9119 

0.1%  solution 

0/20 

10 

S 

BT 

Pyna^Therm  7275 

Dyr.a-Therm  Chemical  , 

5058 

0.010 

1/20 

10 

U 

U 

Corporation 

2/6 

5 

2/4  • 

4 

2/7 

3 

2/14 

2 

0/20 

1 

Ethylene  Glycol; 

625 

Violent  reaction 

0.050 

1/20 

10 

U 

U 

JJthyiene  Glycol  25?6  in  water 

■ 

0.050 

0/20 

10 

BT 

BT 

Ferrite  Core  Material  3C 

3617 

0/6 

10 

I 

I 

Ferrox  Safety  Floor  Covering 

American  Abrasive  Metal. 

1917 

... — 

1/1 

10 

U 

U 

Company 

2/2 

5 

— 

— 

111 

2 

— 

— 

2/6 

1 

— 

FJo-Mast’er  Ink 

Cushman  :&  Penison 

5427 

Violent  reaction 

0.050 

8/20 

10 

U 

u 

Manufacturing  Company 

4 

Floor  Sealer 

Texize  Corporation  — 

^8766 

On  anodized  discs 

11/20 

10 

u 

u 

FlaxsoaB  Petergent 

Kennedy  Space  Center 

9907 

Vegetable  oil  detergent’ 

6/20  , 

10 

u • 

u 

Fluorescein 

511 

Pisodium  salt 

2 1/2  ml  of  5% 

111 

10 

u 

u 

solution  evaporated 

2/5 

5 

< ' 

to  dryness 

Ziaj. 


TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS.  LEAK  CHECK  COMPOUNDS, 
detergents,  and  MISCELLANEOUS  MATERIALS  (Ce-tinued) 


PiM 

No. 

Energy 

Batch 

Manufacturer 

Test 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

No.  Tests 

Kg/m 

Rating 

Rating 

Fluijroalkyl  CamphoratB 

E.I,  du  Pont  de  Nemours  & 

2/14 

10  . 

U 

U 

Company,  Incorporated 

0/6 

5 

— 

— 

fluorosilicdne  Polymer,  Distilled 

2/2 

10 

u 

U 

2/9 

5 

— 

0/9 

2 

7* 

- 

F-33  Detergent 

Dow  Chemical  Company 

993 

0.1%  solution 

0/20 

11 

BT 

BT 

F-33  Detergent 

Dow  Cliemical  Company 

6965 

Concentrate 

0.5  m! 

2/20 

10 

u 

U 

FKIaJak  Detector 

Fluid  Scientific,  Inc. 

■'391 

On  anodized  discs 

0/20 

10 

S 

BT 

Freon  113  <PCA) 

E,I.  du  Pont  de  Nemours  dt 
Company,  Incorporated 

8256 

0.050 

0/20 

10 

S 

S 

Freon!  13 IPDA) 

E.I,  du  Pont  de  Nemours  & 

10266 

Lot81-7M 

0.050 

0/20 

10 

S 

S 

Company,  Incorporated 

GenesqlvP 

Allied  Cliemical  Company 

10267 

Electronic  grade, 

0.050 

1/60 

10 

S 

S 

GrapW'sr  LQXPi. ' Seal 

Kennedy  Space  Center 

9908 

SeeHT56 

As  received 

0.050 

9/20 

10 

U 

BT 

Grapliitpr  LOX  Pump  Seal 

Kennedy  Space  Center 

9909 

See  Carbon  Seal — ' 

Washed  in  F-33 

0.050 

1/20 

10 

S 

BT 

Gette'  ' erial 

Union  Carbide,  Linde 

6260 

Palladium  oxide 

Stainless  steel  cups. 

0/20 

10 

S 

S 

Division 

Powder 

Heck  Check,  Type  I 

Tire  Heckemian  Corporation 

7558 

Aluminum  discs  drained 
at  90°  angle 

2/20 

10 

U 

U 

Heck  Check,  Type  H 

The  Hecketman  Corporation  — 

7560 

Aluminum  discs  drained 

2/20 

10 

u 

U 

at  90°  an^e 

Hexafluoropentamethylene 

Hooker  Electrochemical 

2/11 

10 

U 

U 

Adipate  Polyester 

Company 

0/9 

5 

— 

1-Btomohenfane 

Eastman  Organic  Chemical 

10119 

0.G50 

9/20 

10 

u 

U 

Company 

10/20 

7.7 

12/20 

5.6 

* 

4.2 

4/20 

3.2 

188 


TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


Matciial 

' 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Tiiickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Lets! 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

l.Bromoheptane 

Eastman  Organic  Chemical 

10128 

Violent  reactions 

0.025 

9/20 

10 

U 

U 

Company 

11/20 

7.7 

8/20 

4.2 

_ 

3/20 

3.5 

0/20 

1.4 

lOiIbroheptane 

Eastman  Organic  Ciiemical 

9667 

Violent  reactions 

0.050 

15/20 

10 

U 

u 

Company 

12/20 

7.7 

12/20 

5.6 

3/20 

4.2 

Bromocycloliexane 

Eastman  Organic  Chemical 

10219 

Violent  reactions 

0.050 

7/20 

10 

V 

u 

Company 

2/20 

7.7 

1/20 

7 

1-Bromohexane 

Eastman  Organic  Chemical 

9705 

Violent  reactions 

0.050 

16/20 

10 

U 

u 

iCompany 

, 

17/20 

7.7 

15/20 

5.6 

11/20 

3.5 

3/20 

2.8 

..  - 

2/20 

2.1 

0/20 

1.4 

Hexanoic  Acide 

Eastman  Organic  Chemical 

9432 

Violent  reactions 

0.050 

13/20 

10 

U 

u 

Company 

8/20 

7.7 

* 

11/20 

5.6 

10/20 

3.5 

2/20 

1.4 

— 

0/20 

0.7 

Hexanoi  2 

Eastman  Orgdnic  Chemical 

9534 

Violent  reactions 

0.050 

17/20 

10 

U 

u 

Company 

14/20 

7.7 

10/20 

5.6 

8/20 

3.5 

2/20 

1.4 

0/20 

0.7 

189 


TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


1 

No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

K^m 

Rating 

Rating 

N-Hexyl  Ether 

Eastman  Organic  Chemical 

9495 

Violent  reactions 

0.025 

l'8/20 

10 

U 

U 

Company 

16/20 

7.7 

15/20 

5.6 

13/20 

3.5 

3/20 

1.4 

0/20 

0.7 

N-Hcxyl  Formate 

Eastman  Organic  Chemical 

10196 

Violent  reactions 

0.050 

11/20 

10 

U 

U 

Company 

15/20 

7.7 

14/20 

5.6 

3/20 

3.5 

1/20 

2.8 

0/20 

1.4 

Ink,  Tech  Pen,  Black 

Mark-Tex  Corporation 

437 

3/17 

10 

U 

U 

Soy  Detergent,  5%  Solution 

472 

2/2 

10 

U 

U 

Evaporated  to  Dryness 

2/5 

5 

— 

— 

KrlOOSRedlnk 

Minnesota  Mim'ng  and 
Manufacturing  Company 

6382 

Novabestos 

0/20 

10 

S 

BT 

Laurie  Acid  Solution 

6064 

LauriO  801(1" 

Smeared  on  stainless 

Approx. 

4/20 

10 

u 

U 

(Dodecanoic  acid) 

steel  inserts,  air 

0.002 

5/20 

5 

dried 

2/20 

2 

Laurie  Acid  Solution 

6063 

Lairric  acid 

0.050 

2/2 

10 

u 

U 

(Dodecanoic  acid) 

2/4 

8 

2/6 

6 

2/8 

4 

Liberty  Stamp  Pad  Ink 

Liberty  Ink  Company 

' 6263 

F.yaporsted  to  paste 

0.25  ml 

3/20 

10 

u 

U 

MX-15  Rust  Inhibitor 

Coe  Bee  Cltentical  Contpany 

6016 

Powder 

Approx. 

2/20 

10 

u 

1 

6452 

Powder 

0.050 

0/20 

10 

s 

-I 

Methyl  and  Fluoro  Silicone 

‘ 

808 

2/2 

10 

u 

u 

Cofolymer 

2/4 

2/7 

5 

2 

- 

- 

1 Morliiind  Caulking  Cornpounii  : • 

Mporc-IIandley  Hardware 
Company 

3328 

19/20 

10/20 

10 

5 

u 

u 

• • 1 

9/20 

2 

— 

— 



0/20 

T 

— 

— 
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TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


!!atenal 

Manufacturer 
or  Source 

Test 
No.  . 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

N-Hexyl  Ether 

Eastman  Organic  Chemical 

9495 

Vklent  reactions 

0.025 

18/20 

10 

U 

U 

Company' 

16/20 

7.7 

15/20 

5.6 

13/20 

3.5 

3/20 

1.4 

0.7 

N-Hexyl  Formate 

Eastman  Organic  Chemical 

10196 

Violent  reactions 

0.050 

11/20 

10 

U 

U 

Company 

15/20 

14/20 

3/20 

1/20 

2.8 

■ 

1.4 

Ink,  Tech  Pen,  Black 

Mark-Tex  Corporation 

437 

3/17 

10 

U 

U 

Joy  Detergent,  5%  Solution 

472 

2/2 

10 

U 

U 

Evappraled  to  Dryness 

■* 

2/5 

5 

K-1008RedInk 

Minnesota  Mining  and 

6382 

Novabestos 

0/20 

10 

S 

BT 

Manufactniing  Company 

Laurie  Add  Solution 

6064 

Laurie  add 

Smeared  on  stainless 

Approx. 

4/20 

10 

u 

U 

(Dodecanoic  acid) 

steel  inserts,  air 

0.002 

5/20 

5 

dried  , 

2/20 

2 

Laurie  Acid  Solution 

6063 

Laurie  add 

0.050 

2/2 

10 

u 

U 

(Dodecanoic  add) 

2/4 

8 

2/6 

6 

2/8 

4 

Liberty  Stamp  Pad  Ink 

Liberty  Ink  Company 

6263 

Evaporated  to  paste 

0.25  ml 

3/20 

10 

u 

U 

MX-15  Rust  Inhibitor 

Cee  Bee  Chemical  Company 

6016 

Powder 

Approx. 

2/20 

10 

u 

I 

6452 

Powder 

0.050 

0|4:0 

10 

s 

I 

Methyland  Fluoro  Silicone 

808 

2/2 

10 

u 

U 

Copolymer 

2/4 

5 

— 

— 

' 

2/7 

2 

— 

♦ “ 

Mothand  Caulking  Compoimd 

Moore-Handley  Hardware 

3328 

19/20 

10 

u 

u . 

Company  ' 

10/2v 

5 

9/20 

2 

0/20 

1 

■BBR 

TABLE  VIL  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


, 

No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

orSource 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

iKg/m 

Rating 

Rating 

Magnesium  Oxide 

1951 

0/20 

10 

S 

S 

CxyleiiB  Evaporated  to  5% 

John  B.  Moore  Corporation 

6d4 

Freon  11  and  Methylene 

0/20 

10 

s 

BT 

Original  Volume 

chloride 

Methyl  FluorpsUoxane 

General  Precision  Company 

10068 

Violent  reactions 

0.040 

18/40 

10 

V 

U 

Nero-Fiil  (S-2)  Carbon 

Great  Lakes  Carbon  Products 
Company 

10038 

0.050 

0/20 

10 

S 

BT 

Ncssin  Metal  Marker 

J.P.  Nessin,  Jr.  Company  ■ 

8725 

0.004 

6/20 

10 

u 

U 

Oakite  33  Cleaner 

d962 

6962 

0.5  ml 

0/20 

10 

s 

BT 

Oakite  34  ' 

696! 

Granules 

0/20 

10 

s 

BT 

Oxy-Tec,  Type  1, 

American  Gas  and  Chemical 

(Oxygen  Leak  Detector) 

Company 

' 

0/20 

BT 

Bottle  No.  1 

7311 

Aluminum  discs  drained 

0.5  ml 

10 

s 

Bottle  No.  1 

7312 

0/20 

io 

s 

BT 

at  90°  angle 

Bottle  No.  2 

7310 

; 

^ .... 

0.5  ml 

0/20 

10 

s 

BT 

BpttlcNp.'Z 

• 

7313 

Aluminum  discs  drained 
at  90°  angle 

0/20 

10 

s 

BT 

Paper  Pockets 

Strazo  Industries 

10039 

0.009 

7/20 

10 

u 

U 

Paint,  WJiite; 

5740 

One  coatlndurall 
(MIL-P-8585A)and 

3/20 

10 

V 

U 

one  Coat  Glidden 
-white  (MIL-E-5556) 

Paint,  Black 

5739 

One  coat  Indurall 

2/20 

10 

u 

u ■ 

{.MIL-P^8585A)and 

8/20 

6 

- 

— 

one  coat  Warren 
black 

1“  • 

. h 

\ 

Piiirir,  Green 

5742 

Indurall  (MIL-P- 

5/20 

10 

u 

U 

‘ 

8S85A)  Color  No. 
34151-S-3035  (one  coat) 

6/20 

6 

“ 

* TABLE  VIL  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  {Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Tliickness 

Reactio'ns/ 

Level  ’ 

or  Jar 

Material 

Material 

or  Source 

No,  - 

Composition 

Remarks 

(inch) 

No-  Tests 

Kg/m 

Rating 

Rating 

Paint, White 

-• 

5744 

Glidden  white 
(MIL-E-S556) 

5/20 

10 

U 

u 

Passivating  Solution  (Steel) 

5429 

Solution  consisting  pf 
0.25%  disodium 

0/20 

10 

S 

S 

phosphate,  Q.25%  mono- 
sodium  phosphate,  0.50% 
sodium  nitrate  and 

water 

Chloronapthalerie 

Eastman  Organic  Chemical 

10214 

Violent  reactions 

0.050 

13/20 

10 

U 

U 

Company 

5/20 

7.7 

1/20 

7.0 

0/20 

5.6 

BromoPyplopentane 

Eastman  Organic  Chemical 

10189 

Violent  reactions 

0.050 

7/20 

10 

U 

U 

Company' 

8/20 

7.7 

IrBromopentane 

Eastman  Organic  Chemical 

' 10069 

Violent  reactions 

0.050 

19/20 

10 

U 

V 

Company 

19/20 

7.7 

14/20 

5.6 

4/20 

3.5 

2/20 

2.8 

0/20 

1.4 

1-Bromppentane 

Eastman  Organic  Chemical 

10076 

Violent  reactions 

0.025 

14/20 

10 

U 

U 

Conipany 

11/20 

7.7 

12/20 

3.5 

• 



3/20 

2.8 

0/20 

1.4 

1-3-Dibrombpentane 

Eastman  Organic  Chemical 

10208 

Violent  reactions 

0,050 . 

8/20 

10 

u 

u 

Company 

4/20 

7.7 

5/20 

5.6 

3/20 

3.5 

1/20 

2.1 

— - 

0/20 

1.4 

I-Brpmpprppane 

Eastman  Organic  Chemical 

10191 

Violent  reactions 

0.050 

9/20 

10 

u 

-U 

Company 

4/20  • 

7.7 

8/20 

5.6 

, 

7/20 

3.5 

1/20 

1.4 
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TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


* 

No. 

Eneisy 

&itch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

orlir  ' 

ItataW 

Material 

or  Source 

No. 

Composition 

ilemaiks 

•(inch) 

No.  Tests 

9Cg/m 

Rating 

lutteg  : 

2-ChIproprppane 

Eastman  Organic  Cliemical 

9645 

Violent  reactions 

0.050 

17/20 

10 

U 

y 

Company 

18/20 

7.7 

18/20 

5.6 

13/20 

3.5 

5/20 

1.4 

0/20 

0.7 

2-Chloropropane 

Eastman  Organic  Cliemicai 

9651 

Violent  reactions 

0.025 

15/20 

10 

U 

u 

Company 

16/20 

7.7 

15/20 

5.6 

11/20 

3.5 

• 

3/20 

1.4 

0/20 

0.7 

1.2-Pibromopropane 

Eastman  Organic  Chemical 

10136 

Violent  reactions 

0,050 

8/20 

10 

U 

U 

Company 

6/20 

7.7 

7/20 

5.6 

• 

1/20 

3.5 

, 

0/20 

1,4 

1.2-Dibromoprop8ne 

Eastman  Organic  Chemical 

10143 

Violent  reactions 

0.025 

11/20 

10 

U 

U 

Company 

12/20 

7.7 

— — 

13/20 

5.6 

4/20 

3.5 

1/20 

2.8 

. 0/20 

1.4 

l-3-Dibromopropane 

Eastmaii  Organic  Cliemical 

10182 

Violent  reactions 

0.050 

8/20 

10 

U 

U 

Company 

7/20 

7.7 

3/20 

5.6 

1/20 

3.5 

0/20 

1.4 

IBromoctane 

Eastman  Organic  Chemical 

10175 

Violent  reactions 

0.050 

11/20 

10 

U 

U 

Company 

14/20 

7.7 

16/20 

5.6 

1 

9/20 

4.9 

\ 

2/20 

4.2 

0/20 

2.8 

Perchloroetliylene  Liquid 

Hooker  Electrochemical 
Company 

358 

0/20 

10 

S 

S 

1S4 


TABLE  Vn.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS, -AND  MISCELLANEOUS  MATERIALS  (Continued) 


Material 

Manufacturer 
' or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

PercWpropentacycIo  Decane 

Hooker  Electrochemical 
Company 

817 

0/20 

10 

S 

BT 

No,  67  Purified 

Pittman-Dunn  Laboratory 

0/20 

10 

s 

BT 

Pctfluorotribnfylamine,  (Purified) 

Pittman-Dunn.Laboratoiy 

812 

0/20 

10 

s 

BT 

Pernuprotributylamine  and 
Cbiofotrifiuorohydrocafbcin  (1  il) 

Frankford  Arsenal 

3569 

0/20 

10 

s 

BT 

Pliirpnic  L-62-F  Detergent 

Wyandotte 

7616 

0.1  percent  solution, 
on  aluminum  discs 
drained  at  90°  angle 

0/20 

10 

s 

BT 

PlUronic  L-62-F  Detergent 

Wyandotte  e 

7615 

Concentrated  solution, 
on  aluminum  discs, 
drained  at  90°  angle 

16/20 

10 

u 

U 

Pluronic  L-62-LF 
Nonipnic  Detergent 

PlHronicD"b2-LF 
Npnipnic  Detergent 
Peiyglycpl  I l-200i  Let  261 

Wyandotte 

Wyandotte 

Dow  Chemical  Company 

7650 

7649 

931 

0.5  percent  solution 

Aluminum  discs  drained 
at  90°  angle,  0.5%  solution 

Violent 

0.5  ml 
0.050 

0/20 
- 0/20 

1/20 

10 

10 

SO 

s 

s 

u 

BT 

BT 

U 

Polyglyeol  15''200 

Dow  Chemical  Company 

932 

PoIyo3q>alkylBne  etSSS 
with  methyl  side  chains 
and  terminal  hydroxyl 
groups 

0.050 

2/12 

10 

u 

U 

Pciyglycol  166-900 

Dow  Chemical  Company 

1940 

D.05Q 

0/20 

10 

1 

1 

Polyglyeol  1 74-500 

Dow  Chemical  Company 

929 

Polypropylene  glycol 

Violent 

0.050  . 

1/20 

10 

I 

U 

Polyglyeol  P-400 

Dow  Chemical  Company 

934 

Polypropylene  glycol 

0.050 

2/20 

10 

u 

U 

Polyglyeol  P-2000 

t 

Dow  Chemical  Company 

933 

Polypropylene  glycol 

0.050 

2/2 

10 

u 

U 

Quartz  (Clear  Fused)  Sample 
M551-A-20X 

1776 

0.050 

0/20 

10 

s 

• S 

TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reacltons/ 

Level 

or  Jar 

Material 

Material 

■ or  Source 

No. 

Composition 

Remarks 

(inch) 

No,  Tests 

Kg/m 

Rating 

Rating 

Rcly-On  Caulking  Compound 

DAP  Incorporated 

3331 

10 

U 

U 

5 

— 

■wSiM 

2 

— 

— 

3/20 

1 

— 

- 

Rust  Oleum  A-4208-50 

Rust  Olenm  Corporation 

5180 

Dip  coat 

0.005 

0/40 

10 

S 

BT 

Launch  Grey  Paint 

Safety  Walk  Type  B 

Minnesota  Miningand 

1916 

1/1 

10 

U 

U 

Manufacturing  Company 

2/2 

5 

- 

4/20 

0.75 

Semco  Bubble  Check  DPS  4.905 

Semco  Sales  and  Service 

3450 

0/40 

10 

S 

BT 

Sherlock  Leak  Detector, 

V/inton  Products  Company 

8258 

Batch  12135 

0/20 

10 

S 

BT 

Type  I 

Slierlock  Lead  Detector, 

Winton  Products  Company 

8259 

Batch  3564  _ 

5/20 

10 

u 

BT 

Type  II 

Sherlock,  5 Second  Leah 

Winton  Products  Company 

5672 

2.5  ml  evaporated  at 

2.5  ml 

1/60 

10 

S 

BT 

Detector,  Type  11 

— 

loo°c 

Sherlock  C G-1  Bubble  Tester 

3419 

0/40 

10 

S 

BT 

Silica  Gel,  Indicating  6-16  Mesh 

E.H.  Sargent  and  Company 

2492 

0/20 

10 

s 

S 

Spqleheck  Cleaner  Type  SKC-2-1 

Magnaflux  Corporation 

Ciilorinated 

hydrocarbon 

0/60 

10 

s 

s 

Snoop  Leak  Detector 

Nuclear  Products  Company 

430 

0/20 

10 

s 

BT 

Skript  Writing  Fiuid 

SiiaefferPen  Company 

6264 

Evaporated  to  dryness 

0.25  ml 

0/20 

10 

s 

■ BT 

Permanent  No.  54, 
Royal  Blue 

Skript  Writing  Fluid, 
Permanent  No.  54, 

Shaeffer  Pen  Company 

6266 

0.25  ml 

0/20 

10 

s 

BT 

Royal  Blue 

Skydroi  500 

Monsanto  Chemical  Company 

455 

1/4 

0/20 

10 

7 

u 

U 
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TABLE  VIL  CtffiMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


9 

No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

level 

or  Jar 

Material  • 

Uitcrial 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Eating 

Swift  So»p  40/45 

Swift  and  Company 

10280 

0.050 

3/20 

10 

U 

0 

Soap  6606 

Hewitt  Soap  Company 

10279 

0.050 

12/20 

10 

U, 

U 

Soap  6602 

Hewitt  Soap  Company 

10274 

0.050 

3/20 

10 

U 

U 

Soap  6603  Easy  Flow 

Hewitt  Soap  Company 

10275 

0.050 

2/20 

10 

U 

U 

Sodium-Dichiomate 

584 

0/20 

10 

S 

S 

Sodium  Silicats 

Fisher  Scientific  Company 

3393 

0/20 

10 

S 

S 

1 

0/40 

5 

— 

Solution  of  30  percent  NaOH 

6929 

30  percent  solution 

Stainless  steel  cups- 

0.5  ml 

0/20 

10 

S 

I 

andSg/LofGum  Tragacanth 

NaOH  and  gum  tra^canth 

Stoddard  Solvent 

553 

Exbemely  violent 
explosion  - 

1/9 

10 

u 

u 

Tsch-Pcn  ink  Type  K 

Mark-Tex  Corporation 

7060 

0.10 

15/20 

10 

u 

u 

Work  Glove  MSA  87633 

Mine  Safety  Appliances 

6248 

Stainless  steel  inserts 

0.075 

20/20 

10 

u 

u 

Tetrone  AC 

E.I.  du  Pont  do  Nemours 
Company,  Incorporated 

1952 

■ 

3/20 

10 

u 

u 

Tenamene  —3 

Dow  Chemical  Company 

3544 

_ — 

. 

1/1 

10 

u 

u 

1/3 

2 

— 

— 

1/4 

1 

— 

Torque  Paint 

Eronel  Industries 

8251 

Room  temperature 
cured  for  20  hrs. 

0.012 

8/20 

10 

u 

u 

Triton  X-100  ' 

Kennedy  Space  Center 

8845 

0.050 

6/20 

10 

u 

u 

TricIeneWR 

Metallic  Materials  Branch  ~ 

10257 

J-1-1  Trichloroethylene 

0.050 

0/20 

10 

s 

BT 

1-1-i-TrichIoroethane 

Metallic  Material  Branch 

8380 

0.050 

0/20 

10 

S 

s 

Thermocolor  Number  34  Tempera- 

Bodishe  Awilin-Soda  Fabrilc 

430 

3/20 

10 

u 

u 

ture  Sensitive  Point 

TABLE  VIL  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 
DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Continued) 


Material 

■ 

Manufacturer 
or  Source 

Test 

No. 

Composition 

Remarks 

Thickness 

(inch) 

No.- 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

Thetmocolor  Number  1 5 

Bodishe  Awilin-Soda  Fabrik 

431 

0/20 

10 

I 

I 

Temperature  Sensitive  Point 

Tije  Detergent 

Proctor  and  Gamble  Company 

417 

2 ml  1%  solution 

4/20 

10 

U 

U 

evaporated  to  dryness 

Trichloroethylene 

Du  Pont  Trichloroethylene 

Four  batches  tested 

3/17 

10 

U 

BY 

Evaporation  Residue 

2/2 

10 

Trichloroethylene,  Extraction 

544 

0/2 

10 

c 

I 

Grade,  Evaporation  Residue 

• 

Trichloroethylene,  Missile 

396 

0/20 

10 

s 

S 

Grade,  Liquid 

Trichloroetliylene,  Liquid 

Dow  Chemical  Company 

486 

liquid 

0/20 

10 

s 

S 

Trichloroethylene  (Perma-A- 

E.I.  du  Pont  de  Nemours  & 

397 

10  mg 

2/5 

10 

u 

BT 

Chlor-NA)  Residue 

Company,  Incorporation 

2/15 

5 

— 

•“ 

Trichloroethylene  (Perma-A- 

E.I.  du  Pont  de  Nemours  & 

5 mg 

2/4 

10 

u 

BT 

Chlor-NA)  Residue 

Company,  Incorporated 

' ' 

1/16 

5 

— 

Trichloroethylene  (Perma-A- 

E.I.  du  Pont  de  Nemours  & 

25  mg 

1/20 

10 

c 

BT 

Chlor-NA)  Residue 

Company,  Incorporated 

Trichloroethylene  (Triclene  D) 

E.I.  du  Pont  de  Nemours  & 

361 

Sensitivity  varies  from 

0-2/20 

10 

c 

BT 

Company,  Incorporated 

batch  to  batch 

Trichloroethylene  Evaporation 

Detrex  Trichloroethylane  , 

Liquid 

0/20 

10 

s 

S 

Residue 

. 

Trichloroethylene  Evaporation 

Detrex  Trichloroethylene 

Liquid 

0/20 

10 

s 

S 

Residue  Lot  No.  218 

Trichloroethylene  Evaporation 

Detrex  Trichloroethylene 

544 

Liquid 

0/20 

>io 

S 

S i 

Residue  Lot  No.  WB83 

Tricresyl  Phosphate 

954 

5/20 

10 

u 

u 

Trilautyl  Silicon  Fluoride 

FranLibrd  Arsenal 

2/5 

10 

u 

u 

1/4 

5 

198 


r 

TABLE  VII.  CHEMICALS,  SOLVENTS,  PAINTS,  LEAK  CHECK  COMPOUNDS, 

DETERGENTS,  AND  MISCELLANEOUS  MATERIALS  (Concluded) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Diickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Composition 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Vycor  Glass,  Coming  Type  7913 

Coming  Glass  Works 

1693 

0/20 

10 

S 

S 

Vermiculite  (hydrated) 
Magnesium,  Aluminum,  bon 
Siiieate 

0/20 

10 

S 

S 

Vel  Pink  Liquid  Detergent 

Colgate-Palmolive  Peet  CO. 

4898 

Novabestos  751  IT 
soaked  in  Vel  for  one 
hour.  Dried  for  one 
hour  at  60°C 

S7/20 

10 

U 

U 

Ve!  Pink  J 'auid  Detergent 

Colgate-Palmolive  Feet  Co. 

4497 

0.050 

0/20 

10 

U 

U 

Warren  Spray  Eiiai..  -'I  Primer 

Warren  Paint  and  Color 

3245 

■ 

4/20 

10 

U 

u 

(Brown) 

Company 

2/20 

5 

- 

— 

Warren  Spray  Enamel  Yellow 

Warren  Paint  and  Color 

3247 



2/20 

10 

U 

u 

Zinc  Chromate 

Company 

Zinc  Chromate  Paste 

389 

389 

3/20 

10 

u 

u 

1/20 

5 

— 

— 

2/20 

2 

- 

ZincChromate  (SPEC-MIL- 

Chromatone  Corporation 

3526 

2/20 

10 

u 

u 

P-8S8S 

2/20 

5 

— 

— 

• 

0/20 

I 

c 

c 

1 ,3.S-Trimethyl,  2,4,6- 

Illinois  State  Geological 

1/20 

10 

c 

c 

1 Trifluoro  Benzene 

Survey 

'4 


TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or)w 

Materia! 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Fluoro  Finder  FL-50 

Testing  Systems,  Incorporated 

8597 

On  anodized  discs 

20/20 

10 

U 

Penetrant 

IM92A  (24-444)  Developer 

Shannon  Luminous  Materials 

4895 

0.50  cc  volume  in 

High  sensitivity  mixed 

0/20 

10 

BT 

Company 

in  test  cup 

1/2  pound  per  gallon 

D492A  (2444-4)  Developer 

Shannon  Luminous  Materials 

4894 

0.25  cc  volume  in 

0/20 

10 

BT 

Company 

test  cup 

D492A  (24444)  Developer 

Shannon  Luminous  Materials 

4893 

0.50  cc  volume  oven 

0/20 

10 

_ 

BT 

Company 

dried  30  minutes  at 
lOO’C 

D492A  (24444)  Developer 

Shannon  Luminous  Materials 

4892 

0.50  cc  volume  vacuum 

0/20 

10 

BT 

Company 

dried  for  45  minutes 

D498  Developer 

Shannon  Luminous  Materials 

4913 

G.OS  inch  in  test 

Higit  sensitivity  mixed 

0/20 

10 

— 

BT  • 

Company 

cup 

1/2  pound  per  gallon 

E-1 59  (25-7-3)  E -'sifier 

Shannon  Luminous  Materials 

4914 

O.SOcc  volume  in 

Emulsifier  for  P-505 

0/20 

10 

U 

Cotnpany 

test  cup 

Penetrant 

E-j  59  (25-7-3)  EmuIaRer 

Shatmon  Luminous  Materials 

4909 

0.25  cc  volume  in 

3/20 

10 

— 

U 

Company  _ 

test  cup 

S-|39(35-7-3)Emul9ir«r  ' ' 

"ShaimonJ-uniinousMaterials''-:-k  • 
.Company  .....  ,.i 

9.50  cc  volume,  oven 
. MWat  iWCftw 
. 3 lumrs,  30  minutes 

sm 

JO 

- 

0 ■ 

Erf  S9'(2S-7-3)  Etmjlsifier 

Shannon  Luminous  Material^:  ' 

Company  i 

A900: 

OJMicc  volume. 

. ■ * 

2/20 

: 10 

u 

vacuum  dried 

E- 159  (25-7-3)  Emukifier 

Shannon  I-uminoiK  Materials 

4910 

Novabestos  75HT  soaked 

Emuisifier  for  F-S05 

20/20 

10 

u 

Company 

in  E- 159  for  1 hour, 
oven  dired  at  60°C 
for  30  minutes 

Penetrant 

Tracer  Tech  Cleaner 

Shannon  Luminous  Materials 

10384 

On  anodized  discs 

0/20 

10 

BT 

K4-10A 

Company 

E-153  Emulsifier 

Consolidated  American 

4239 

0.50  cc  volume  in 

Emulsifier  for  P-148 

14/20 

10 

U 

Services,  Inc. 

test  cup 

Penetrant 

1/7 

5 



1/8 

3 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

. Test 
No. 

Sample  Preparation 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

P-138  Pejietrant 

Consolidated  American 

4242 

0.50  cc  volume  in 

Water-washable 

2/4 

10 

— 

U 

Services,  Inc. 

test  cup 

2/12 

5 

- 

— 

P-148  Penetrant 

Consolidated  American 

4241 

0.50  cc  volume  in 

Post  emulsifiable 

3/8 

10 

U 

Services,  Inc. 

test  cup 

2/5 

5 

1/1 

3 

P-236  (22-83-2)  Shannon 

Consoh'dated  American  ■ 

4249 

030  cc  volume  in 

Corrodes  aluminum  alloys 

0/40 

10 

— ' 

BT 

Glow  Penetrant 

Services,  Inc. 

tot  cup 

P-236  (22-83-2)  Shannon 

Consolidated  American 

4248 

0.25  cc  volume  in 

Corrodes  aluminum  alloys 

0/20 

10 

BT 

Glow  Penetrant 

Services,  Inc. 

test  cup 

P-236  (22-83-2)  Shannon 

Consolidated  American 

4302 

0.25  cc  volume  in 

Batch  No.  1 

0/40 

10 

_ 

BT 

Glow  Penetrant 

Services,  Inc. 

test  cup 

P-236  (22-83-2)  Shannon ' 

Consolidated  American  \ 

4300 

0.25  CP  volume  In 

Batch  No.  2 

0/40 

10 

— 

BT 

Glow  Penetrant 

Services,  Inc. 

test  cup 

P-236  (22-83-2)  Shannon 

Consolidated  American 

4298 

0.25  cc  volume  in 

Batch  No.  3 

0/40 

10 

— 

BT 

Glow  Penetrant 

Services,  Inc. 

test  cup 

P-236  (22-83-2)  Shannon 

Consolidated  American 

4244 

2 cc  volume  evaporated 

Batch  No.  3 

0/20 

10 

_ 

BT 

Glow  Penetrant 

Services,  Inc.< 

to  dryness 

■ 

P-236  (22-83-2)  Shannon 

Consolidated  American 

429? 

2.50  cc  volume 

Batch  No.  3 

0/20 

10 

_ 

BT 

Glow  Penetrant 

Services,  Inc. 

evaporated  to  drynKS„. 

Tracer  Tech  P-133 

Shannon  Luminous  Materials 

9394 

On  anodized  discs 

20/20 

10 

U 

U 

Penettant 

Company 

P-505  (2S-7-S)  Penetrant 

Shannon  Luminous  Materials 

4919 

0.50  cc  volume  in 

0/20 

10 

BT 

Company 

test  cup 

■ 

P-505  (25-7-5)  Penetrant 

Shannon  Luminous  Materials 

4908 

0.25  cc  volume  in 

0/20 

10 

BT 

Company  ^ 

test  cup 

II 

P-S05  (25-7-5)  Penetrant 

Shannon  Luminous  Materials 

4918 

0.50  cc  volume  oven 

0/20 

10 

BT 

Company 

dried  for  1 hour 

II 

P-505  (25-7-5)  Penetrant 

Shannon  Luminous  Materials 

4735 

0.50  cc  volume  oven 

, 

1/6 

10 

BT 

Company 

at  100°C  for  1 1 hours 

HI 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Sample  Preparation 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

P'SPS  (2S.7.5)  Penetrant 

Shannon  Luminous  Materiais 
Company 

4911 

Novabestos  751  IT  (P.P2P) 
soaked  in  penetrant  for 
1 hour,  oven  dried  at 
6P°C  for  3D  minutes, 
left  in  oven  oVerni^t 
with  heat  off 

0/20 

10 

BT 

Tracer  Tech  P-S45 
(3a-7-2)  Penetrant  ' 

Shannon  luminous  Materiais 
Company  ■ ■ 

1P383 

On  anodized  discs 

0/20 

10 

— 

BT 

P.fip0  (2S^P-5)  W/W  Diamorphic 
Tracer-Tech  Penetrant 

Shannon  Luminous  Materials 
Company 

5278 

D.5D  cc  volume  in 
test  cup 

0/20 

10 

- 

BT 

P-6PP  (25<4P-5)  WW  Piamorphic 
Tracer-Tcch  Penetrant 

Shannon  Luminous  Materials 
Company 

5279 

D.25  cc  volume  in 
test  cup 

2/20 

10 

— 

BT 

P-6PP  (25^P-5)  W/W  Diamorphic 
Tracer-TeCh  Penetrant 

Shannon  Luminous  Materials 
Company 

5277 

P.SO  cc  volume  oven 
dried  for  3 hours  at 
IDP'C 

7/20 

10 

BT 

P-pPS  (25.4P-4)  W/W  Diamorphic 
Tracer-Tecii  Penetrant 

Sliannon  Luminous  Materials 
Company 

5286 

D.SP  cc  volume  in 
test  cup 

0/20 

10 

- 

U 

P-6P5  (25-}P4)  W/W  Diamorphic 
Tracer-Tech  Penetrant 

Shannon  Luminous  Materials 
Company 

5285 

P.2S  cc  volume  in 
test  cup 

0/20 

10 

- 

U 

P-^iPS  (25-4P-4)  W/W  Diamorphic 
Tracer-Tech  Penetrant 

Shannon  Luminous  Materials 
Company 

5281 

P.5P  cc  volume  oven 
dried  at  IDD’C  for 
3 hours 

6/20 

10 

U 

P-fiPS  (25-4P-4)  W/W  Diamorphic 
Tracer-Tech  Penetrant 

Sliannon  Luminous  Materials 
Company 

5284 

D.5P  cc  volume  vacuum 
dried  for  3 hours 

6/20 

10 

- 

U 

P-0P5-W  (25-4P-4)  Diamorphic 
Tracer-Tech  Penetrant 

Shannon  Luminous  Materials 
Company 

5879 

D.SP  cc  volume  in 
test  cup 

0/20 

10 

— 

U 

P-605-W  (2S-4P-4)  Diamorphic 
Tracer-lfecli  Penetrant 

Shannon  Luminous  Materials 
Company 

5884 

5883 

0.2.5  cc  volume  in 
test  cup 

S/20 

10 

— 

U 

P-6P5-W  (2S-4P4)  Diamorphic 
Tracer-Tecii  Penetrant 

sliannon  Luminous  Materials 
Company 

5876 

D.3D  cc  volume  oven 
dried  at  IDP^C  to 
approximately  0.25  cc 

15/40 

10 

U 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


• 

No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

J>-605-W  (25-40-4)  Diamorphfs 

Shannon  Luminous  Materials 

5882 

Novabestos  751  IT  soaked 

20/20 

10 

— 

U 

Tracer-Tech  Penetrant 

Company 

5881 

in  penetrant  for  1 hour. 

20/20 

2 

— 

~ 

5880 

drained  for  30  minutes, 
dried  at  60°C  for 
30  minutes 

20/20 

1 

P-60S-W  (25-40-4)  Diamorpliic 

Shannon  Luminous  Materials 

5941 

Anodized  aluminum  discs 

Per  Shannon  Luminous 

20/20 

10 

- 

U 

Tracer-Tech  Penetrant 

Company 

5940 

dipped  in  penetrant. 

Materials  Co. 

13/20 

2 

— 

— 

5939 

drained  on  edge  15  min. 

Specification 

4/20 

I 

— 

— 

P-605-W  (25-4CM)  Tracer-Tech 

Shannon  Luminous  Materials 

6020 

0.25  cc  volume  in 

Diluted  10  to  1 

0/20 

10 

- 

BT 

Penetrant  (10:1  Dilution) 

Company 

test  cup 

F-605-W  (25404)  Tracer-Tech 

Shannon  Luminous  Materials 

6019 

Novabestos  751  IT  soaked 

Diluted  10  to  1 

0/20 

10 

- 

BT 

Penetrant  (10:1  Dilution) 

Company 

, 

in  penetrant  for  1 hour. 

'1  * 

drained  for  30  minutes, 
dried  at60“Cfor30 

minutes 

P-610  (2540-3)  W/W  Diamorphic 

Shannon  Luminous  Materials 

5273 

0.50  cc  volume  in 

4/20 

10 

- 

U 

Tracer-Tech  Penetrant 

Company 

test  cup 

P-610  (2S40-3)  W/W  Diamorphic 

Shannon  Luminous  Materials 

5272 

0.25  cc  volume  in 

• 

5/20 

10 

- 

U 

Tracer-Tech  Penetrant 

Company 

test  cup 

P-610  (2540-3)  W/W  Diamorphic 

Shannon  Luminous  Materials 

5270 

0.50  cc  volume  oven. 



8/20 

10 

- 

U 

Tracer-Tech  Penetrant 

Company 

dried  at  100°C  for 
3 hours 

- 

P-610  (2540-3)  W/W  Diamorphic 

Shannon  Luminous  Materials 

5271 

0.50  cc  volume  vacuum 

10/20 

10 

_ 

U 

Tracer-Tech  Penetrant 

Company 

dried 

P-615  (2540-1)  W/W  Diamorphic 

Shannon  Luminous  Materials 

5270 

0.50  cc  volume  in 

0/20 

10 

- 

U 

Tracer-Tech  Penetrant 

Company 

test  cup 

P-615  (2540-1)  V//W  Diamorphic 

Siiannon  Luminous  Materials 

5276" 

0.25  cc  volume  in 

2/20 

10 

- 

0, 

Tracer-Tech  Penetrant 

Company  ‘ 

test  cup 

P-6  IS  (2540-1)  W/W  Diamorphic 

Siiannon  Luminous  Materials 

5274 

0.50  cc  volume  oven 

3/20 

,10 

- 

U 

Tracer-Tech  Penetrant 

Company 

dried  at  100°C  for 
3 hours 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No.' 

Sample  Preparation 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

P-615  (25-40-1 ) W/W  Diamorphio 
Tracer-Tech  Penetrant 

Shannon  Luminous  Materials 
Company 

5275 

0.50  cc  volume  vacuum 
dried 

- 

2/20 

10 

- 

U 

PGP  + STS  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co> 

4903, 

, 0.50  cc  volume  in 
test  cup 

0/20 

10 

BT 

PGP+  STS  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4960 

0.50  cc  volume  oven 
dried  at  100°Cfor 
2 hours 

0/20 

10 

— 

BT 

PGP+  STS  Penetrant 

Space  Information  and 
Development  Division  of  • 
North  American  Aviation  Co. 

4961 

0.50  cc  volume  vacuum 
dried  for  1 hour,  30 
minutes 

0/20 

10 

~ 

BT 

PGP  + STS  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4901 

Novabestos  751  IT  soaked 
in  penetrant  for  1 hour, 
drained  for  30  minutes, 
oven  dried  at  60°C  for 
1 hour 

0/20 

10 

BT 

PGP-IO-T  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4904 

0.50  cc  volume  in 
test  cup 

0/20 

10 

BT 

PGP-IO-T  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4958 

0.50  cc  volume  oven 
dried  at  100°C  for 
2 hours 

0/20 

10 

BT 

PGP-IO-T  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4959 

0.50  CO  volume  vacuum 
dried  for  1 hour,  27  min. 

0/20 

10 

BT 

PGP-1 0-T  Penetrant 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4902 

Novabestos  751  IT  (0.020) 
soaked  in  penetrant  for 
1 hour,  dried  at  60°C 
for  1 hour 

0/20 

10 

BT 

PGP-26  AF  Penetrant 

Space  Information  and 
lievelopnient  Division  of 
Nortli  American  Aviation  Co. 

4954 

5 drops  oven  dried  at 
100°C  for  1 hour, 

45  minutes 

0/20 

10 

BT 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Sample  Preparation 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 

orJar 

Rating 

Material 

Rating 

PGP-26  BF  Penetrant 

Space  Information  and 
Development  Division  of 
North  American' Aviation  Co. 

4953 

5 drops  oven  dried  at 
100°C  for  1 hour, 
36minutes 

0/20 

10 

— 

BT 

PGP-26-BF  Penetrant 

Space  Information  and 
Deyeiopment  Division  of 
North  American  Aviation  Co. 

4949 

Novalrestos  75 1 IT  soaked 
in  penetrant  for  30  mmutes, 
oven  dried  at  60°C  for 
1 hour 

0/20 

10 

BT 

PGP-30-T80 

Space  Information  and 
Development  Division  of 
North  American  Aviation  Co. 

4951 

Novabestps  7S11T  soaked 
in  penetrant  for  30 
minutes,  oven  dried  at 
60°C  for  1 hour 

0/20 

10 

BT 

PGP-26  BF-6 

Space  Information  and 
rfevelopment  Division  of 
North  American  Aviation  Co.  • 

10332 

On  anodized  discs 

1/280 

10 

— 

BT 

SKL4  Penetrant 

Megnaniijc  Corporation 

4936 

P.50  cc  volume  in 
test  cup 

Concentrate 

t M 1 

0/20 

10 

- 

BT 

SKl/4  Penetrant 

Magnaflux  Corporation 

4934 

0.25  ce  volume  in 
test  cup 

Concentrate 

2/20 

10 

- ' 

BT 

SKL^^  Penetrant 

Magnaflux  Corporation 

4731 

0.1 25  cc  volume  in 
test  cup 

Concentrate 

0/20 

10 

- 

•BT 

SKL-4  Penetrant 

Magnaflux  Corporation 

4935 

0.50  cc  volume  oven 
dried  at  lOO'Cfor 

Concentrate 

6/20 

10 

— 

BT 

SKL-4  Penetrant 

Magnaflux  Corporation 

4745 

0.50  cc  volume  oven 
driedatl00°Cfor 
2 hours 

Concentrate 

0/20 

10 

- 

BT 

SKL-4  Penetrant 

Magnaflux  Corporation  . . 

4716 

0.50  cc  volume  oven  . 
dried  just  to  dryness 

Concentrate 

0/20 

10 

- 

BT 

SKL-4  Penetrant 

Magnaflux  Corporation  ~ 

4715 

4.00  CO  volume  oven 
dried  just  to  dryness 

Concentrate 

3/20 

10 

BT 

TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

Kg/ra 

Rating 

Rating 

SKL-4  PenetrMt 

Magnaflux  Corporation 

4933 

0.50  cc  volume  vacuum 
dried . 

Concentrate 

1/40 

10 

- 

BT 

SKWPenetrant 

Magnaflux  Corporation 

4732 

2 cc  volume  vacuum  dried 

Concentrate 

0/20 

10 

- 

■ BT 

SKL-4  Penetrant 

Magnaflux  Corporation 

0,50  cc  volume  in 

Diluted  vvith  3 parts 

test  cup 

water  to  1 part  SKL-4 

SKL-4  Peneirrnt 

Magnaflux  Corporation 

4599 

0.125  ccvolutnern 

Diluted  with  3 parts 

0/20 

10 



BT 

(3  '0  1 Diiutiou' 

test  cup 

water  to  1 part  SKL-4 

SKL-4  Penetrant 

Magnaflux  Corporation 

.4915 

Novooestos  75 1 IT  soaked 

Diluted  with  3 parts 

om 

10 

_ 

BT 

(3  to  1 Dilution) 

« 

in  penetrant  Tor  1 hour, 
drained  for  3 hours,  oven 
dried  at  60°C  overnight 

water  to  1 part  SKL-4 

SKL-4  Penetrant 

Magnaflux  Corporation 

4733 

2.00  cc  volume  evaporated 
to  dryness,  3 hours  at 
100-C 

Concentrate 

1/20 

10 

***• 

U 

SKL-4  Penetrant 

Magnaflux  Corporation 

4595 

2.50  cc  volume 

Concentrate 

3/16 

10 

— 

u 

evaporated  at  100°C 

2/17 

s 

to  0.25  cc  volume 

2/15 

3 

SKL4  Penetrant 

Magnaflux  Corporation 

4905 

Nerabcstos  7511Tsoaked 

Concentrate 

20/20 

IG 

— 

u 

,n  ^ene-rant  Tor  1 hour, 
n-dincci  >or  1 hour,  oven 
drie  ’ a>  50“C  for  1 hour 

SKL-4  Penetrant 

Magnaflux  Corporation 

4926 

Novabest-  75 IIT soaked 

Concentrate 

6/20 

10  , 

u 

in  penetrant  for  I hour. 

drained  for  3 hours,  oven 
dried  at  60°C  overnight 

SKL-4  Penetrant 

Magnaflux  Corporation 

4924 

Novabestos  75 1 IT  soaked 

Diluted  with  3 parts 

0/20 

10 

BT 

(3  to  1 Dilution) 

in  penetrant  for  I hour, 
dried  at  bOT  for  30 

water  to  i part  SKL-4 

minutes 

SKD-NF  Sp'ptcheck  Peveloper 

Magnaflux  Corporation 

4942 

0.50  cc  volume  in 
test  cup 

Concentrate 

0/20 

10 

- 

BT 

TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Sample  Preparation 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating 

SKD.W  Developer 

Magnaflux  Corporation 

4930 

0.50  cc  volume  in 
test  cup 

Concentrate 

0/20 

10 

- 

BT 

SKD.V/  Developer 

Magnailux  Corporation 

4931 

0.50  cc  volume  oven 
dried  at  100°C 

Concentrate 

0/20 

10 

- 

BT 

SKD-W  l>eveIoper 

Magnaflux  Corporation 

4930 

0.50  cc  volume  vacuum 
dried 

Concentrate 

0/20 

10 

- 

BT 

SPX-21  Spotchcck  Developer 

Magnailux  Corporation 

4945 

0.25  cc  volume  in  test 
cup 

Concentrate 

0/20 

10 

- 

BT 

Turco  Dy-CItek  Bejnover 
4441  Green  Lobe! 

Turco  Products,  Inc. 

5264 

0.25  cc  volume  in 
test  cup 

Concentrate 

0/20 

10 

- 

BT 

Tqrco  DyChek  Remover 
4441  Green  Label 

Turco  Products,  Ine.' 

S262 

0.50  cc  volume  oven 
dried  at  100°C 

Concentrate 

Q/20 

10 

- 

BT 

Tiirco  Dy-Cbek  Remover 
4441  Green  Label  ' 

Turco  Products,  Inc. 

5263 

0.50  cc  volume  vacuum 
dried 

Concentrate 

0/20 

10 

- 

BT 

Turco  Dy-Cliek  Developer 
Green  Label 

Turco  Products,  Inc. 

5261 

0.50  cc  volume  in 
test  cup 

Concentrate 

2/20 

10 

T 

BT 

Turco  Dj'-Cliek  Developer 
Green  Label 

Turco  Products,  Inc. 

5260 

0.25  cc  volume  in 
test  cup 

Concentrate 

2/40 

10 

- 

BT 

Turco  Dy<lirek  Developer 
Green  Label 

Turco  Products,  Inc. 

5258 

0.50  cc  volume  oven 
dried  at  lOO’C 

’’Concentrate 

0/20 

10 

- 

BT 

Turco  Dy-Cliek  Developer 
Green  Label 

Turco  Products,  Inc. 

5259 

0.50  cc  volume  vacuum 
dried 

Concentrate 

0/20 

10 

- 

BT 

Turco  DyCliek  Penetrant 
4449  Green  Label 

Turco  Products,  Inc. 

5265 

5269 

0.50  cc  volume  in 
test  cup 

Concentrate 

0/40 

0/40 

10 

10 

- 

BT 

BT 

Turco  Dy-Chek  Penetrant 
4449  Green  Label 

Turco  Products,  Inc. 

5269 

0.25  cb  volume  in 
test  cup 

Concentrate 

0/20 

10 

- 

BT 

Turto  Dy-Cbek  Penetrant 
4449  Green  Label 

Turco  Products,  Ins. 

5266 

0.50  cc  volume  oven 
dried  at  100°C  for 
30  minutes 

Concentrate 

0/20 

10 

■ 

BT 

TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Turco  Dy'Chek  Penetrant 

Turco  Products,  Inc. 

S267 

0.40  cc  volume  vacuum 

Concentrate 

0/20 

IQ 

— 

BT 

4449  Green  Label 

dried 

Turco  Dy^liek  Penetrant 

Turco  Products,  Inc. 

5608 

Novabestos  75 1 IT  soaked 

Concentrate 

0/80 

10 

_ 

BT 

4449  Green  Label 

in  penetrant  for  1 bour, 
drained  for  30  minutes, 
oven  dried  at  60°C  for 
30  minutes 

Tiirco  Flnoro-Chek  Penetrant 

Turco  Products,  Inc. 

4251 

0,50  cc  volume  in 

Regular 

2/6 

10 

— 

U 

test  cup 

2/3 

5 

0/20 

3 

Turco  Fluorp-Chek  Penetrant 

Turco  Products,  Inc, 

• 4252 

0.50  cc  volume  in 

High  Sensitivity 

5/20 

10 

— 

U 

test  cup 

3/20 

5 

1 

0/20 

3 

Turco  Fluoro-Chck  Emulsifier 

Turco  Products,  Inc. 

4295 

0.50  cc  volume  in 

Extremely  violent 

2/13 

10 

- 

U 

test  cup 

reactions 

Turco  Fluoro-Cliek  Penetrant  (WW) 

Turco  Products,  Inc. 

4296 

0.50  cc  volume  in 

Extremely  violent 

2/4 

10 

- 

U 

test  cup 

reactions 

Visi-Safe  Penetrant 

Turco  Products,  Inc. 

9778 

— 

. On  anodized  discs 

0/20 

10 

- 

BT 

Visi-Safc  Developer 

Turco  Products,  Inc. 

8603 

Non-aqueous 

On  anodized  discs 

0/20 

10 

- 

BT 

Visi-Safe  Developer 

Tlirco  Products,  Inc. 

8604 

Dry 

3/20 

10 

- 

BT 

Special  Penetrant  137-1  IS 

Maanafiux  Corporation 

3804 

0.50  cc  volume  in 
test  cup 

0/20 

10 

- 

U 

Special  Penetrant  137-1  IS 

Magnaflux  Corporation  ' — 

3819 

0.25  cc  volume  in 

2/10 

10 

- 

U 

test  cup 

12/15 

3 

Special  Penetrant  137-1  IS 

Magnafiux  Corporation 

3910 

Two  ruops  1%  solution 

2/7 

10 

U 

evaporated  to  dryness 

0/13 

5 

Special  Penetrant  137-1  IS 

Magnaflux  Corporation 

3819 

Porous  aluminum  castings 

2/9  ■ 

10 

- 

U 

3283 

soaked  in  penetrant  and 
dried 

2/11 

5 

TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


CO 

o 

o> 


> 

• 

No. 

Energy 

Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

orJar 

Material 

MitetitI 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Social  Penetrant  !37'1IS 

Magnafiux  Coiporation 

3822  . 

Porous  stainless  steel 

2/3 

10 

- 

U 

inserts  soaked  in 

2/9 

5 

penetrant  and  dried 

2/8 

2 

Special  Penetrant  137-S9 

Magnafiux  Corporation 

3683 

0.50  cc  volume  in 
test  cup 

Violent  explosions 

6/20 

10 

U 

Special  Emplsiner  137-90 

Magnafiux  Coipomtiun 

3682 

0.50  cc  volume  in 
test  cup 

0/20 

10 

“ 

u 

Special  Emulsifier  137-95 

Magnafiux  Corporation 

3821 

0.50  cc  volume  in 
test  cup 

0/20 

10 

- 

u 

Special  Emulsifier  137-95 

Magnafiux  Corporation 

3922 

One  drop  on  20i4-T6 
aluminum  alloy 

3/20 

10 

- 

u 

ZE-43  Emulsifier 

Magnafiux  Corporation 

4766 

0.50  cc  volume  in 

For  use  wifii  ZL-42 

0/40 

10 

— 

u 

test  cup 

Penetrant 

ZE-43  Emulsifier 

Magnafiux  Corporation 

: 4724 

0.25  cc  volume  in 

For  use  with  ZL-42 

3/20 

10 

u 

test  cup 

Penetrant 

ZE-43  Emulsifier 

Magnafiux  Corporation 

4938 

0.50  cc  volume  oven 

For  use  with  ZL-42 

6/20 

10 

u 

dried  at  10Q“Cfor 
3 hours 

Penetrant 

ZE-43  Emulsifier 

Magnafiux  Corporation 

4730 

0.50  cc  volume  vacuum 

For  use  witli  ZL-42 

2/20 

10 

— 

u 

dried  for  1 hour,  30 
minutes 

Penetrant 

ZE-43  Emulsifier 

Magnafiux  Corporation 

4922 

Novabestos  751  ’ f soaked 

For  use  with  ZL42 

3/20 

10 

- 

u 

1 hour  in  emulsifier, 
dried  3 hours  in  air 

Penetrant 

ZE-43  Emulsifier 

Magnaflux  Corporation 

■ 

4912 

Novabestos  751  IT  soaked 

For  use  wUIi  Zlr42 

20/20 

10 

u 

in  emulsifier  for  1 hour, 
oven  dried  at  60°C  for 

Penetrant 

30  minutes 

ZE-43  Emulsifier 

Magnafiux  Corporation 

■4765 

0.50  cc  volume  concen- 

For  use  with  ZL-42 

2/13 

10 

, — 

u 

trated  to  0.25  cc 

Penetrant 

2/7 

5 
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TABLE  VIII.  PENETRANTS  AND  PENETPvANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

Sample  Preparation 

Remarks 

Thickness 

(inch) 

No. 

Reactions/ 
No.  Tests 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 

Rating’ 

ZI.-42  Penetrant 

Magnaflux  Corporation 

4768 

4728 

0.50  coin  test  cup 

0/20 

0/20 

10 

10 

- 

BT 

BT 

ZL-42  Penetrant 

Magnaflux  Corporation 

4760 

0.25  cc  volume  in 
test  cup 

0/100 

10 

- 

ET 

ZL-42  Penetrant 

Magnaflux  Corporation 

4739' 

4722 

0.50  cc  volume  oven 
dried  for  1 1 hours  at 
lOO’C* 

0/20 

0/20 

10 

10 

- 

BT 

BT 

ZL42  Penetrant 

Magnaflux  Corporation 

! 4764 

2.50  cc  evaporated  to 
1.5  cc 

0/20 

10 

- 

■ BT 

ZL-44  Penetrant  (10  to  3 

Pilution) 

Magnaflux  Corporation 

S2'89 

0.50  cc  volume  in 
test  cup 

Diluted  10  parts  water 
to  1 part  ZL-44 

0/20 

10 

- 

BT 

ZL-44  Penetrant  (10  to  1 

Dilution) 

Magnaflux  Corporation 

’ 5287 

0.25  cc  volume  in 
test  cup 

0/20 

10 

— 

BT 

ZL-44  Penetrant  (10  to  1 

Dilution) 

Magnaflux  Corporation 

5288 

0.50  cc  volume  oven 
at  100°C 

0/20 

10 

- 

BT 

ZL-44  Penetrant  (10  to  1 

Dilution) 

Magnaflux  Corporation 

5282 

0.50  cc  volume  vacuum 
dried 

Diluted  iO  parts  water 
to  1 part  ZL-44 

0/40 

10 

- 

BT 

ZL-44  Penetrant 

Magnaflux  Corporation 

4746 

0.50  cc  volume  in 
test  cup 

Concentrate 

0/20  • 

10 

- 

U 

ZL-44  Penetrant 

Magnaflux  Corporation 

4725 

0.25  cc  volume  in 
test  cup 

Concentrate 

0/20 

10 

- 

U 

ZL-44  Penetrant 

Magnaflux  Corporation 

4740 

0.50  cc  volume  oven 
dried  at  100°Cfor 
1 1 hours 

Concentrate 

2/20 

10 

U 

ZL-44  Penetrant 

Magnaflux  Corporation 

4738 

0.50  cc  volume  dried  for 
1 hour,  30  minutes 

Concentrate 

3/20 

10 

- 

U 

ZL-44  Penetrant 

V 

Magnaflux  Corporation 

4929 

Novabestos  75!  IT  soahed 
in  penetrant  1 hour, 
drained  for  3 hours 

Concentrate 

20/20 

10 

— 

U 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No. 

' Sample  Freparation 

Remarks 

Thickness. 

(inch) 

No. 

Reactions'/ 
Noi  Testa 

Energy 

Level 

Kg/m 

Batch 
or  Jar 
Rating 

Material 
Rating  _ 

Z PerietraiJt 

. 

. 

Magnaflux  Cotjioration 

4906 

Novabestos  751  IT  sookerl . 
in  penetrant  for  1 hoar., 
oven  4iied  at  60°  C for 
30iKiwi«eS' 

Concentrate 

20/20 

10. 

U 

iiAm 

XainaSwt ’COToratieaj 

4758  ■ 

Q.50  CQ  usjiwfte  in  test 
cup 

■ 

0/4* 

10 

- 

U 

ZW4B 

MagnaHux  Corporatioii 

4755 

4726 

0.25  cc  vohtmc  in  test 
cup 

0/40 

0/20 

10 

10 

- 

u 

u . 

ZL-44B 

Magnaflux  Corporation 

4721 

0.50  cc  volume  evaporated 
in  oven  at  100°C  for 
7 hours 

0/40 

10 

— 

u 

ZL-44B 

Magnaflux  Corporation 

4744 

0.50  cc  volume  vacuum 
dried 

5/20 

10 

- 

V 

ZL-44B 

Magnaflux  Corporation 

4925 

Novabestos  751  IT  soaked 
in  penetrant  for  1 hour, 
oven  dried  at  60°C  for 
30  minutes 

31/40 

10 

V 

ZL-44B 

Magnaflux  Corporation 

4928 

Novabestos  751  IT  soaked 
in  penetrant  for  1 hoiu:, 
dried  for  3 hours 

■ 

0/20 

10 

— 

V 

ZL-44B,  Batch  IW9 

Magnaflux  Corporation 

7935 

Diluted  I to  1 with 
water 

0/20 

10 

- 

BT 

ZL-44B,  Batch  IWIO 

Magnaflux  Corporation 

7936 

Diluted  1 to  1 with 
water 

2/20 

10 

- 

BT 

ZW4B 

Magnaflux  Corporation 

4754 

Five  drops  in  test  cup 

..  - 

0/20' 

10 

U 

ZM4B 

Magnaflux  Corporation  - 

5393 

0.25  volume 
concentrate 

3/20 

10 

- 

U 

ZL-44B  (1  to  1 Dilution) 

Magnaflux  Corporation 

• 

6015 

Novabestos  751  IT  soaked 
in  penetrant  for  1 hour, 
drained  for  30  minutes, 
dried  at  60°C  for 
30  minutes 

Diluted  1 part  ZL-44B 
to  1 part  water 

0/20 

10 

BT' 

! 
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TABLE  VIII.  PENETRANTS 'and  PENEl  4T  COMPONENTS  (Continued) 


Manufacturer 

- 

No. 

Energy 

■nek 

Test 

Thickness 

Reactions/ 

or  Jar 

MitarU 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

; 

Rating 

Ratine 

Zyglo  ZL-2  Penetrant 

Magnaflux  Corporation 

4C22 

0.50  cc  volume  in 

Violent  reactions 

2/6 

10 

U 

test  cup 

1/6 

5 

1/9 

3 

0/20 

I 

Zyglo  ZL-2  Penetrant 

Magnaflux  Corporation 

4024 

0.25  cc  volume  in 

Violent  reactions 

1/5 

10 

U 

test  cop 

1/13 

5 

2/6 

3 

1/9 

1 

0/20 

5 

Zyglo  ZL-22  Penetrant 

Magnaflux  Corporation 

4020 

0.50  cc  volume  in 

Violent  reactions 

2/3 

10 

U 

test  cup 

- 

3/13 

5 

s 

2/3 

3 

1/5 

2 

Zyglo  ZL-22  Penetrant 

Magnaflux  Corporation 

4016 

0.25  cc  volume  in 

Violent  reactions 

2/4 

10 

U 

test  cup 

2/18 

5 

Zyglo  ZL-22  Penetrant 

Magnaflux  Corporation 

4018 

One  drop  of  1%  solution, 

Violent  reactions 

2/4 

10 

— 

U 

99%  trichloroethylene 

2/7 

5 

in  test  cup 

' 

0/12 

3 

Zyglo  ZL-22  Penetrant 

Magnaflux  Corporation 

4019 

One  spray  coat  on 

Violent  reactions 

4/4 

10 

_ 

U 

aluminum  inserts  — 

1/6 

5 

1/10 

3 

Zyglo  ZL-4A  Penetrant 

Magnaflux  Corporation 

2059 

0.50  cc  volume  evaporated 

2/6 

10 

u 

to  dryness 

0/14 

5 

Zyglo  ZL-1 A Penetrant 

Magnaflux  Corporation 

4021 

One  drop  in  test  cup 

2/3 

10 

u 

3/5 

3 

1/12 

3 

Zyglo  ZL-4B  Penetrant 

Magnaflux  Corporation 

' 

On  anodized  discs 

Diluted  9:1  with  water 

0/20 

10 

- 

BT 

Zyglo  ZLr4B  Penetrant 

Magnaflux  Corporation 

4737 

0.50  cc  volume  in 
test  cup 

0/20 

10 

- 

BT 

Zyglo  ZL-4B  Penetrant 

Magnaflux  Corporation 

4723 

0.25  cc  volume  in 
test  cup 

0/20 

10 

- 

U 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


Material 

Manufacturer 
or  Source 

Test 

No.. 

Sample  Preparation 

Remarks 

Thidkness 
• (inch) 

No. 

Reactions/ 
No,  Tests 

Energy 

Level 

K^m 

Batch 

order 

Rating 

Material 

Rating 

Zyglo  ZL-4B  Penetrant 

Magnaflux  Corporation 

4736 

0.50  cc  volume  vacuum 
dried 

3/20 

10 

- 

U 

Zyglo  ZL-4B  Penetrant 

Magnaflux  Corporation 

4743 

0.50  cc  volume  evaporated 
to  dryness  at  100°C 

2/20 

10 

- 

U 

Zygio  ZWB  Penetrant 

Magnaflox  Corporation 

4920 

Novabestos  751  IT  soaked 
in  penetrant  for  1 hour, 
oven  dried  for  30  minutes 
at  60”C 

i 

14/20 

10 

U 

Zyglo  ZP-4  Developer 

Magnaflux  Corporation 

5474 

0.50  cc  dispersion, 
oven  dried 

0/20 

10 

- 

BT 

Zyglo  ZP-4A  Developer 

Magnaflux  Corporation 

5475 

0.50  cc  dispersion, 
oven  dried  . , 

I 

I 

0/20. 

10 

» 

- 

BT 

Zyglo  ZP-4S  Developer 

Magnaflux  Corporation 

4719 

0.50  cc  volume  in. 
test  cup  ' 

1 ounce  to  pint  of  water 
« 

J 

0/20 

10 

- 

BT 

Zyglo  ZP’45  Developer 

Magnaflux  Corporation  ■ 

4720 

0.50  cc  volume  oven 
dried  at  100°C 

28.4  gnis  in  473.2  cc 
of  water 

1 

» 

0/20 

10 

- 

BT 

Zyglo  ZP-45  Developer 

Magnaflux  Corporation 

4718  ■ 

0.50  cc  volume  vacuum 
dried 

28.4  gms  in  473.2  cc 
of  water 

; 

0/2O  . 

10 

- 

BT  ’ 

Zyglo  ZP’^S  Developer 

Magnaflux  Corporation 

4747 

Stainless  steel  inserts 
dipped  in  solution  and 
dried  — 

28.4  gms  in  473.2  cc 
of  water 

t 

i 

0/20’ 

10 

. — 

BT 

Zyglo  ZP-S  Penetrex  Developer 

Magnaflux  Corporation 

3826  , 

Residue  of  approximately 
0.030  in  test  cup 

\ 

t 

0/40 

10 

- 

BT  . 

Zyglo  ZLK  38  Penetrant 

Magnaflux  Corporation 

5913 

Novabestos  751  ITsoaked 
in  solution  for  1 hour,, 
drained  for  30  minutes, 
i id  dried  at  60“C  for 
30  minutes 

. 

...  k . . • • • 

i 

j . ...  • 

; 

.0/30 

1 

V 

10 

BT 

Zyglo  ZPX  404  Developer 

MagnaflUx  Corporation 

5912 

Novabestos  751  IT  soaked 
in  solution  for  I hour, 
drained  for  30  minutes, 
and  dried  at  60°C  for  : 

30  minutes  ’ ■ ' 

• ^4  r ••••  j • 

• '■  1 , ' . 

0/20 

10 

BT 

TABLE  VIII.  penetrants  AND.  PENETRANT  COMPONENTS  (Continued) 


* 

Manufacturer 

1 

No. 

Energy 

; 

Batch 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(Inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

Zyglo  KXS  Cleaner 

Magnaflux  Corporation 

5911 

Novabestos  751  IT  soaked 
in  solution  for  1 hour, 
drained  for  30  minutes, 
and  dried  at  60°C  for 
30  minutes 

0/20 

10 

BT 

Zyglo  ZL-1 0 Colorless  Dye 

Magnaflux  Corporation 

510 

0.50  cc  volume  in  test 

Full  strength 

2/11 

10 



U 

cup 

2/11 

7 

1/13 

5 

Zyglo  ZL-10  Coloriess  Dye 

Magnaflux  Corporation 

537 

23  ml  of  5%  water 

1/17 

6 

U 

. . - 

* *"  ' 

solution  evaporated  to 

• • 

1/13 

4 

diyness 

CHI  Reri  “0”  Dye 

Magnaflux  Corporation 

3757 

Pt^te  made  of  trichloro* 

Violent  reactions  ’ 

3/9 

10 

_ 

U 

elliylene  and  Oil  Red  *'0'* 

1/2 

3 

0.050  inch  in  test  cup, 
dried  48  hours 

1/9 

2 

Oil  Red  "0"  Dye 

Magnaflux  Corporation 

3759 

Residue  from  2.5  satu- 

Violent  reactions  j 

5/12 

10 

_ 

U 

rated  solution  of  Oil 

2/7 

5 

Red  *’0**  and  methyl 
isobiity!  ketone 

* 

137-1 1 5 Special  Fencljant 

Magnaflux  Corporation  . 

3923 

2219-T87  aluminum  dipped 

; 

5/20 

10 

__ 

U 

- 

in  Special  Penetrant 

0/20 

10 

137-1  IS  emulslticd  with 
I37-9S,  rinsed,  and  dried 

« 

2/20 

10 

137-1 15  Special  Penetrant 

Magnaflux  Corporation 

3900 

Aluminum  cups  scratched 
with  emery  wheel,  soaked 

; 

- 3/20 

10 

- 

U 

in  Special  Penetrant 
I37-I  IS.cmuIsiOeii  with 
137-95,  rinsed  with  tri- 

. ! 

chluroethylene,  water. 

. , . 

ami  dried 

1 

1 

137-1  IS  Special  Penetrant 

Magnaflux  Corporation 

3916 

20I4-T6  aluminum  discs 
scratched  with  emery 

1 

0/20 

10 

- 

U 

wheel.  Noaked  in  Special 
Pcnetnml  1 37-1 1 5 for  30 

1 jun 

« 

minutes,  and  emulsified 
with  137-95  for  5 minutes, 
rinsed  in  water,  placed 
ill  developer  for  10 
minutes,  iin»;d  with 
watci.and  dried 

' 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


!37.|  IS  Special  Penetrant 


Manufacturer 
or  Source 


Magnatlux  Corporation 


;137-1  II 5 Special  Penetrant 


Magnaflux  Corporation 


137-1  I S Special  Penetrant 


Magnaflux  Corporation 


137-1  IS  Special  Penetrant 


Magnaflux  Corporation 


] 37-1  IS  Special  Penetrant 


137-115  Special  Penetrant 


Magnaflux  Corporation 


Magnaflux  Corporation 


Test 

Ko. 

Sample  Preparation 

3898 

Aluminum  cups  scratched 
with  X-acto  No.  24  Icnife, 
soaked  in  Special  Pene- 
trant 1 37-1 1 5 for  30 
minutes,  emulsified  with 
137-9S  for  10  minutes, 
rinsed  with  water,  and 
dried 

3899 

Aluminum  cups  0.032  inch 
thick  scratched  with 
X-acto  No.  24  knife, 
soaked  in  Special  Pene- 
trant 137-1 15  for  1 hour, 
eroujsined  for  10  minutes, 
rinsed  with  water,  and 
driedat  100”C 

3919 

Aluminum  discs  (cracked) 
soaked  in  Special  Penetrant 
137-115  for  30  minutes, 
soaked  In  emulsifier  for 
2 minutes,  rinsed,  dipped 
in  developer,  rinsed  with 
water,  and  dried 

3904 

2014-T6  aluminum  0.063- 
inch  thick,  scratched 
with  emery  wheeI,soaked-. 
30  minutes  in  Special 
Penetrant  137-115,  emulsi- 
fied with  137-95  for  10 
minutes,  rinsed  with  water, 
and  dried 

3908 

1 cc  of  1%  solution  of 
Penetrant  trichloroethylene 
evaporated  to  dryness 

3902 

Aluminum  casting  0.250- 
inch  thick,  soaked  in 
Zyglo  1 37-1 15,  washed  in 
Emulsifier  137-95,  rinsed 
with  water,  and  dried 

No, 

ileactions 
No.  Test: 

Energy 
• Level 
Kg/m 

2/2 

10 

2/2 

5 

2/10 

2 

2/3 

10 

3/4 

5 

2/3 

2 

0/10 

1 

0/20 

10 

2/6 

10 

2/14 

5 

0/20 

10 

0/20 

10 

Batch 

or  Jar  Material 
Rating  Rating 
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TABLE  VIII.  PENETRAKfTS  AND  PENETRANT  COMPONENTS  (Continued) 


r 

No. 

Energy 

Batch 

■ Mannfacturer 

Test 

Thickness 

Reactions) 

Level 

dtiar 

Material 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(incli) 

No,  Tests 

Kg/m 

Rating  ; 

Bating 

137-1 15  Special  Penetrant 

Mugnaflux  Corporation 

3912 

1 cc  o£  1%  penetrant  in 
trichloroethylene  in 
scratched  aluminum  cups, 
.evaporated  to  dryness 

2/20 

10 

U 

137-1 15  Special  Penetrant 

Magnaflux  Corporation 

3918 

Special  Penetrant  137-1 15 
placed  in  0.032-inch  hole, 
emulsified  with  137-95, 
rinsed  with  v/ater,  placed 
in  developer,  rinsed  with 
water,  and  dried 

1/20 

10 

U 

137-1 15  Special  Penetrant 

Magnatlux  Corporation 

3917 

2014-T6  aluminum  discs 

* 

0/20 

10 

_ 

U 

scratclied  witli  emery 

wheel,  soaked  in  Special 
Penetrant  137-115  over- 
night, soaked  in  emuisifler 
137-95  for  10  minutes, 
rinsed  with  water, 
pUv4-^  in  developer, 
rinsi.  ‘ ,bith  water, 
and  dried 

9 

■ 

137-1  IS  Special  Penetrant 

Magnaflux  Corporation 

3928 

2014-T6  aluminum 

(cracked)  soaked  in  

Special  Penetrant  137-1 15, 
emulsified  with  137-95, 
rinsed,  and  dried 

0/40 ' 

10 

“ # 

U 

137-1 15  Special  Penetrant 

Magnaflux  Corporation 

3920 

20 1 4-T6  aluminum  discs 
(cracked)  soaked  in 
Special  Penetrant  137-15 

1/40 

10 

— 

U 

- W 

for  24  hours,  emulsified 

with  137-95  for  10 
minutes,  rinsed  with 

■ 

water,  dipped  in  devel- 
oper, rinsed  with  water, 
and  dried 

■ ■ 

•dt 

1 

137-1  IS  Special  Penetrant 

Magnaflux  Corporation 

3926 

356  aluminum  soaked  in 
Special  Penetrant  137-115, 

2/40 

10 

— 

U 

emulsified  with  137-95, 

rinsed,  dipped  in 
developer,  rinsed,  and 
dried 

- 

■ ■ 1 
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TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  (ContiKued) 


. 

’ No. 

Energy 

. Batch 

Manufacturer 

Test 

Thickness 

Reactions/ 

Level 

or  Jar 

Material 

Material 

or  Source 

No. 

Sample  Preparation 

Remarks 

(inch) 

No.  Tests 

Kg/m 

Rating 

Rating 

137-11  SSpecial  Penetrant 

Magnatlux  Corporation 

3905 

2014-T6  aluminum  0.063- 
inch  thick,  scratched 
with  emery  wheel,  emulsi- 
fied with  137-95  for  30 
minutes,  washed,  soaI;ed 
in  trichloroethylene  for 
1 hour,  washed  with  137-95, 
rinsed,  dried,  washed 

0/20 

10 

U 

with  trichloroethylene, 
and  dried  at  150“C 

137-115  Special  Penetrant 

Magnaflux  Corporation 

3903 

Aluminum  casting  0.063- 

2/2 

10 

U 

inch  thick,  soaked  in 

1/2 

5 

Emulsifier  for  10 
minutes,  and  dried  at 
200°F  for  10  minutes 

2/3 

2 

TABLE  Vni.  PENETRANTS  AND  PENETRANT  COMPONENTS  (Continued) 


■ "■ 

Results 

No.  Reactions/No.  Tests  at  10  kg-m 

Anodized  Aluminum  Disc 

Matenai 

Other  Comments 

Manufacturer 

Novabestos 

Drained  at  45“  C 

Drained  at  9J‘C 

Component 

Rating 

System 

Rating 

Dye  Penetrants 
P-133 

Shannon  Luminous  Materials 
Company 

20/20 

U 

U 

P-505  (27-7-5) 

Emulsifier  E-159, 
Dcvplopers  D492, 498 

Shannon  Luminous  Materials 
C9mpany 

0/20 

0/20 

0/20 

BT 

U 

P-545  (30-7-2) 

Cleaner  K4-10A 

J$Bannon  Luminous  Materials 
■Company 

*0/20 

BT 

BT 

P-600  (25-40-5) 
W/VV  Diamprphio 
(9:1  dilution) 

Water  Washable, 
Developers  D492, 498  ‘ 

Cannon  Luminous  Materials 
Company 

. i 0/2“  ^ 

4/20,4/20 

0/20,1/20 

BT 

BT 

P-60S  (25-404) 
Concentrate 

Water  Wasliable, 
Developers  D492, 498 

Shannon  Luminous  Materials. 
Company 

■'  20/20  ' 
» 

20/20 

20/20 

U 

U 

P-605  (25404) 
(10:1  dilution) 

V/ater  W-'shablc, 
Developers  D492, 498 

Shannon  Lum'mous  Materials 
Company  — 

0/20,0/20 

7/20,6/20,5/20 

2/20 

BT 

BT 

P-6  low  (2540-3) 
Concentrate 

Water  Wasiiable, 
Developers  D492, 498 

Shannon  Luminous  Materials 
Company 

' 20/20  ! 

13/20 

11/20 

U 

U 

P-&10W  (2440-3) 
(9:1  dilution) 

Water  Washable, 
Developers  D492, 498 

Shannon  Luminous  Materiais 
Company 

2/20 

iS/20 

6/20 

U 

U 

P-615W  (2540-1) 

Water  Washable, 
Developers  D492, 498 

Shannon  Luminous  Materials 
Company 

20/20,20/20 

20/20,20/20 

20/20, 19/20 

U 

U 

P-615W  (2540-1) 
(9:1  dilution) 

Water  Wasiiable, 
Developers  D492, 498 

Shannon  Luminous  Materials 
Company 

0/20, 0/20 

6/20,3/20,4/20,5/20 

7/20,4/20,4/20,3/20 

U 

U 

POP  26-BF-3 

- 

Space  Information  Division, 
NAA 

'■'0-11/20 

BT 

BT 
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TABLE  VIII.  penetrants  AND  PENETRANT  COMPONENTS  (Continued) 


— 

» 

Results 

- 

■ 

-• 

■ No.  Rci  stions/No.  Tests  at  1 0 kg-m 

Anodized  Aluminum  Disc 

Material 

Other  Comments 

Manufacturer 

Novabestos 

Drained  at  4S°C 

Drained  at  90’C 

Component 

Rating 

System 

Rating 

S&ID  Penetrant 
NAA-M-1Q3-565H 

Emulsifier  563-C 

Space  Information  Division, 
NAA 

0/20 

0/20 

5/20 

U 

■ BT 

PCP-26BF-6 

' 

Space  Information  Division, 
NAA 

. . . 

. i/280 

BT 

BT 

Spot  Check  SKL-4 
Concentrate 

Water  Washable,  Developers 
Recommended  by  Manufacturer 

Magnaflux  Corporation 

; 20/p0, 20/20 

14/20 

10/20, 13/20 

U 

U 

Spot  Check  SKL-4 
(3:1  dilution) 

Water  Washable,  Developers 
Recommended  by  Manufacturer 

Magnafiux  Corporation 

0/20,0/20 

0/20,0/20 

0/20,0/20 

BT 

BT 

Turco  4499  Green 
Label 

Turco  Dy-Ch'sk  Remover  4441' 
and  Dy-Ciiek  Developer 

Turco  Products, 
Incorporated 

' 0/20 
i 

0/20 

0/20 

BT 

BT 

Visi-Safe 

Visi-Safe  Developer  i 

Turco  Products, 
Incorporated 

; 

0/20 

BT 

BT 

ZygIoZL-44B 

Water  Washable,  Developers 
Recommended  by  Manufacturer 

Magnafiux  Corporation— — 

T18/2D;  13/20 

" ■ ■ 4/20  - " 

■.  V 7/20  ...  , 

U 

U 

ZygloZL-44B 
' (1;1  dilution) 

Water  Washable,  Developers  • 
Recommended  by  Manufacturer 

Magnafiux  Corporation 

0/20 

0/20,.1/20  i. 

3/30,.I/20, 0/20 

BT 

BT 

ZygloZL-4BL 
{9:1  dilution) 

Water  Washable,  Developers 
Recommended  by  Manufacturer 

Magnafiux  Corporation 

. - 0/20-  . 

BT 

BT 

Zyglo  ZL-.ie 

Cleaner  ZC-46  and 
Developer  ZP-46 

Magnafiux  Corporation 

0/26,0/26,0/20 

6/20 

0/20 

BT 

BT 

ZygloZL-42* 

Emulsifier  ZE-43,  Developer 
Recommended  by  Manufacturer 

Magnafiux  Corporation 

2/20,0/20 

3/20,0/20 

4/20,7/20 

U 

U 

•Tliis  material  may  have  been  contaminated  with  ZE-43 
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. . % 

TABLE  VIII.  PENETRANTS  AND  PENETRANT  COMPONENTS  XCpntinued) . 


— 

Results 

No.  Reactions/No.  Tests  at  10  kg-m 

Anodized  .Aluminum  Disc 

Material 

Other  Comments 

■ Manufacturer 

Novabestos 

Drained  at  45°C 

Drained  at  90°  C 

Component 

Rating 

System 

Rating 

Fluoro-Finder  FI.-50 

Testing  Systeins,  Inc. 

20/20 

U 

U 

Emiilsinew 
or  Cleaners 

Emulsifier  563  C 

Penetrant  NAA-M-1 03-56SH 

•Space  Infonnatlcn  Division  ! 
•NAA 

0/20 

3/20 

2/20 

BT 

BT 

Emulsifier  E-IS9 
(25-7-3) 

Penetrant  P-505 

Shannon  Luminous  Materials  ‘ 
Company 

20/20 

19/20 

20/20 

U 

U 

Zy^Q  Cleaner  ZC-46 

Penetrant  ZL46 

Magnaflux  Corporation 

0/20 

0/20 

0/20 

BT 

BT 

Zyglo  Emulsifier  ZE-43 

Penetrant  ZL42 

Magnafiux  Corporation 

20/20 

10/20 

15/20 

U 

U 

Cleaner  K-4-10A 

Penetrant  P545 

Shannon  Luminous  Materials 
Comnanv 

0/20 

BT 

BT 

Developers 

0492(24444) 

Shannon  Luminous  Materials 

0/20 

BT 

0498 

Shannon  Luminous  Materials 
Company 

0/20 

BT 

SKDW 

Magnafiux  Corporation 

0/20 

BT 

SKDNF 

Magnafiux  Corporation 

0/20 

BT 

EPX-21 

Magnafiux  Corporation 

0/20 

BT 

Zyglp  ZP4 

Magnafiux  Corporation 

0/20 

...  . 

BT 
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Table  22.  Industry  Survey  of  Pure  Materials  Tested  for  Impact  Sensitivity  with  Liquid  Oxygen 


Material 

w 

<lb) 

h 

b 

(la-) 

A 

in.2 

E 

(ft-lb) 

e/a 

q 

"(a* 

-8)* 

Source 

A.  Chemicals 

Acetone  (reagent  grade) 

20 

42 

0.196 

70 

357 

6/20 

424 

M-D 

Butyl  Alcohol 

10 

12 

0.196 

10 

51 

0/20 

121 

AGC 

Carbon  (activated  charcoal) 

20 

42 

0.196 

70 

357 

2/2 

424 

M-D 

20 

42 

0.196 

40 

204 

2/2 

424 

20 

42 

0.196 

20 

102 

2/2 

424 

20 

42 

0.196 

10 

51 

2/2 

424 

Cgcbon  tetrachloride 

4.5 

32 

0.030 

12 

400 

0/10 

391 

T-KMD 

10 

72 

0.196 

60 

306 

0/10 

514 

AGC 

Chlorinated  biphenyl 

20 

45.8 

0.050 

0.442 

76.4 

172 

o/io 

4360 

302 

Red 

Chloroform 

35 

63.4 

0.015 

0.500 

185 

370 

o/io 

4330 

532 

D-SM 

Dibutyl  Sebacate 

20 

42 

0.010 

0.196 

70 

357 

2/8 

4240 

424 

M-D 

20 

42 

0.002 

0.196 

70 

357 

4/10 

9500 

424 

M-D 

Diethyl  Phthalate 

20 

42 

0.196 

70 

357 

2/4 

424 

M-D 

Dioctyl  Phthalate 

20 

42 

0.010 

0.196 

70 

357 

2/10 

4240 

424 

M-D 

20 

42 

0.Q02 

0.196 

70 

357 

8/20 

9500 

424 

M-D 

Oioxane 

10 

12 

0.196 

10 

51 

0/10 

86 

AGC 

Iron  Oxide  (Fe^O^) 

35 

65 

0.015 

0.500, 

190 

380 

o/io 

4430 

545 

D-SM 

Iron  Oxide  (Fe^O^j  FeO,  Te30^) 

20 

42 

0.196 

70 

357 

0/5 

424 

M-D 

Methylene  Chloride 

10 

72 

0.196 

60 

306 

o/io 

514 

AGC 

35 

63.4 

0.015 

0.500 

185 

370 

o/io 

4330 

532 

D-SM 

Methyl  Ethyl  Ketone  (reagent 

grade) 

20 

42 

0.196 

70 

357 

9/20 

424 

M-D 

Molybdenium  Disulfide 

20 

42 

0.196 

70 

357 

0/136 

424 

M-D 

35 

55 

0.015 

0.500 

165 

330 

o/io 

3760 

461 

D-SM 

Perfluoroalkyl  Camphorate 

20 

42 

0.196 

70 

357 

0/40 

424 

M-D 

Perfluoroalkyl  P3o:omellitate 

20 

42 

0.196 

70 

357 

0/60 

424 

M-D 

Perfluoro  Tributylamine 

35 

63.4 

0.015 

0.500 

185 

370 

O/lO 

4330 

532 

D-SM 

Propylene  Glycol  CjHgCOH)^ 

20 

42 

0.196 

70 

357 

2/13 

424 

M-D 

95%  P.G,  5%  Water 

20 

42 

0.196 

70 

357 

2/12 

424 

M-D 

90%  P.G,  10%  Water 

20 

42 

0.196 

70 

357 

1/20 

424 

M-D 

85%  P.G.  15%  Water 

20 

42 

0.196 

70 

357 

0/20 

424 

M-D 

Silica  Aerogel 

25.7 

72 

1.74 

170 

98 

o/io 

277 

ADL 

Sodium  Acetate 

20 

42 

0.196 

70 

357 

0/20 

424 

M-D 

Sodium  Stearate 

35 

12.7 

O.OIS 

o.soo 

37 

74 

2/2 

867 

107 

D-SM 

Sugar 

35 

25.3 

0.015 

0.500 

74 

148 

2/2 

1728 

212 

D-SM 

1,1,1,  Trichloroethane 

20 

42 

0.196 

70 

357 

2/7 

424 

M-D 

Trichloroethylene 

4.5 

32 

0.030 

12 

400 

0/10 

391 

T-RMD 

26 

11.3  . 

1.74 

28 

1.60 

1/10 

138 

ADL 

26 

17.5 

1.74 

38 

21.8 

0/10 

218 

26 

22.1 

1.74 

48 

27.5 

4/10 

269 

26 

28.5 

1.74 

62 

35.6 

5/10 

276 

26 

40.5 

1.74 

88 

50.5 

7/10 

494 

Tricresyl  Phosphate 

12 

4.94 

0.441 

59.3 

132 

0/2 

26 

GE 

20 

43.8 

0.050 

0.442 

73 

165 

2/2 

4170 

295 

Red 

20 

12 

0.050 

0.442 

20 

45.2 

2/2 

1140 

81 

25.7 

33 

1.74 

85 

48.8 

0/10* 

127 

ADL 

‘a.  Polymers 

Methyl  Methacrylate 

20 

42 

0.196 

70 

357 

6/17 

424 

M-n 

Polycarbonate 

20 

42 

0.0045 

0.196 

70 

357 

4/4 

6325 

424 

M-D 

Polyethylene 

25.7 

12 

1.74 

25 

14.5 

0/10* 

46 

Polyethylene,  irradiated 

20 

42 

0.196 

70 

357 

1/6 

424 

M-D 

20 

42 

0.015 

0.196 

70 

357 

5/5 

3464 

424 

M-D 

1 Polyethylene,  irradiated  shredded  4.5 

6.13 

0.030 

2.34 

78 

0/10* 

75 

Polyethylene  Terephthalate 

4.5 

10.9 

0.030 

3.99 

133 

0/10* 

133 

T-RMD 

20 

42 

0.010 

0.196 

70 

357 

2/30 

4240 

424 

M-D 

,, 

10 

72 

0.196 

60 

306 

0/10 

514 

AGC 

Polyst3n:ene 

25.7 

24 

1.74 

29 

0/10* 

92 

Polyyinylidene  Chloride 

10 

24 

0.196 

2u 

102 

0/10 

171 

Tetrafl^ugroe^hylene  (sheet^ 

4.5 

32 

0.010 

0.030 

12 

400 

0/10 

1238 

391 

T-RMD 

20 

42 

0.005 

0.196 

70 

357 

0/67 

424 

M-D 

10 

72 

0.196 

60 

306 

0/10 

514 

AGC 

Table  22.  (concl) 


Material 

w 

Clb) 

h 

(in.) 

b 

(in.) 

A 

in.^ 

E 

(ft-lb) 

e/a 

q 

■<s)* 

<s)‘ 

Source 

Tetrafluoroethylene  (shredded) 

4.5 

14.2 

0.030 

5.34 

178 

0/10* 

173 

T-RHD 

Tetrafluoroethylene-. 

hexafluoropropylene  (shredded) 

4.5 

15.1 

0.030 

5.67 

189 

o/io* 

185 

T-BMD 

10 

72 

0.196 

60 

306 

0/10 

514 

A6C 

Xrifluorochloroethylene  (sheet) 

70 

12 

0.050 

0.196 

70 

357 

0/20 

M-B 

20 

42 

0.025 

0.196 

70 

357 

0/20 

8484  . 

424 

M-D 

10 

72 

0.196 

60 

306 

0/10* 

514 

AGC 

(shredded) 

4.5 

12.4 

0.030 

4.65 

155 

O/lO* 

151 

T-KMD 

Oil,  AO-369 

20 

42 

0.196 

70 

357 

0/120 

424 

M-D 

HG1200-L6-160 

20 

42 

0.196 

70 

357 

0/20 

424 

M-D 

H0S36 

20 

42 

0.196 

70 

357 

2/67 

424 

M-D 

S-30 

20 

42 

0.196 

70 

357 

0/40 

424 

K-D 

Kel-F-#1 

20 

42 

0.196 

70 

357 

1/80 

424 

M-D 

Kel-F-10 

20 

42 

0.196 

70 

357 

0/380 

424 

H-D 

4-llv 

4.5 

32 

0.030 

12 

400 

o/io 

308 

T-RMD 

20 

45.8 

0.050 

0.442 

76.4 

173 

4465 

975 

Red 

20 

42 

0.196 

70 

357 

0/50 

424 

M-D 

6-25-Z  Wax 

4.5 

32 

0.030 

12 

400 

0/10 

391 

T-EHD 

10-25 

20 

42 

0.196 

' 70 

357 

0/60 

424 

M-D 

11-14 

4.5 

32 

0.030 

12 

400 

o/io 

391 

T-RMD 

20 

42 

0.196 

70 

357 

o/io 

424 

M-D 

Trifluoropropylmethyl  Siloxane, 

0.75%  Benzoyl  peroxide 

4.5 

8 

0.030 

3 

100 

0/10* 

97.8 

T-RMD 

20 

42 

0.060 

0.196 

70 

357 

2/51 

1732 

424 

M-D 

Vinylidene  Fluoride- 

20 

42 

0.070 

0.196 

70 

357 

0/20 

1603 

424 

U-D 

Hexafluoropropylene,  cured 

20 

42 

0.196 

70 

357 

0/20 

424 

M-D 

20 

42 

O.IO 

0.050 

70 

357 

0/20 

1340 

424 

M-D 

C.  Metals 

Aluminum  (chips) 

10 

72 

0.196 

60 

306 

0/10 

514 

AGC 

CoIund>ium 

20 

42 

0.005 

0.196 

70 

357 

0/18 

2040 

424 

M-D 

10%  Titanium 

20 

42 

0.196 

70 

357 

0/18 

1603 

424 

M-D 

0»75%  Zirconium 

20 

42 

0.005 

0.196 

70 

357 

1/18 

2040 

424 

M-D 

Iron  (reagent  grade)  Powder 

20 

42 

0.196 

70 

357 

0/20 

424 

M-D 

steel  <chips)  17-7  PH 

10 

72 

0.196 

60 

306 

O/lO 

514 

AGC 

Steel  (chips)  304  - Stainless 

10 

72 

0.196 

60 

306 

- 

514 

AGC 

Titanitun  (pure) 

4.5 

78 

0/10 

T-RMD 

6A1-4  V Alloy 

20 

42 

0.060 

0.196 

70 

357 

20/22 

1732 

424 

M-D 

20 

36 

0.060 

0.196 

60 

306 

2/2 

1484 

363 

20 

30 

0.060 

0.196 

50 

255 

2/2 

1237 

303 

20 

24 

0.060 

0.196 

40 

204 

2/2 

989 

242 

20 

18 

0.196 

30 

153 

2/2 

742 

181 

20 

12 

0.196 

20 

102 

2/2 

494 

121 

20 

6 

0.060 

10 

51 

1/4 

247 

60 

4.5 

6.2 

0.030 

2.3 

78 

o/io 

76 

T-RMD 

Titanium-Alloy  B120VCA 

Solution  Created 

4.5 

0.030 

122 

0/10 

T-EMD 

Aged  . 

4.5 

0.030 

67 

o/io* 

T-RMD 

2.5%-Zirconium  alloy 

4.5 

78 

o/io* 

T-RMD 

Zinc  (dust)  Tech  grade 

35 

65 

0.015 

0.050 

190 

380 

1/10 

4430 

532 

D-SH 

^Refers  Co  threshold  level  of  impact  sensitivity 
Sources:  ADL^  Arthur  D.  Little,  Inc 

AGO,  AerojeC>-General  Corp 
D>SM,  Douglas  Aircraft  Corp,  Santa  Monica 
GB,  General  Electric  Co 
H-B,  Martin  Company,  Baltimore 
M-D,  Martin  Company,  Denver 
Red,  Redel  Corporation 

T-RMD,  Thiokol  Chemical  Corp,  Reaction  Motors  Div 
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TABLE  I.  IMPAGT  SENSITIVITY  OF  MATERIALS  IN  GASEOUS  OXYGEN 


* • SB  - Sustained  Burning 


Material  Manufacturer  or  Source 


H-4001 

H-4001 

H-4001 

H-4001 

H-4001 

H-4001 

h-4001 

Houghton  Safe  1120 

IiS-53  Fluorosilicone  Dow  Corning  Corporation 

L-3251  Fluorel  Rayb e s to s -Manhattan,  Incorporated 

Mylar  Tape  49133  Minnesota  Mining  & Manufacturing  Company 

•Mystic  Tape 

Narmco  7343 

Heoprene. 

Neoprene  Coated  Nylon  Manned  Spacecraft  Center 

Neoprene  Gasket 
Plexigl ass 
Reschal  Net 
Silicone  Fabric  10470 


Silicone  Hose  (Wire) 


Manned  Spacecraft  Center 
Manned  Spacecraft  Center 


IN  GASEOUS  OXYGEN  (Continued) 


Thickness, 

(Inch) 

Potential 

Energy 

kg-m 

No.  Reactions/ 
No . Tests 

Comments 

■H 

8/20 

Flashes 

10/20 

6 SBs 

11/20 

6 SBs 

^BB 

11/20 

8 SBs 

8/20 

6 SBs 

10 

5/20 

3 SBs 

10 

6/20 

5 SBs 

0.003 

10 

8/20 

4 SBs 

0.062 

10 

4/25 

0.080 

10 

0/20 

0.003 

10 

2/20 

1 SB 

0.003 

10 

4/20 

4 SBs 

0.050 

10 

20/20 

1 SB 

0.040 

10 

4/20 

1 SB 

0.010 

10 

2/20 

1 SB 

0.100 

10 

2/10 

2 SBs 

0.063 

10 

0/20 

0.035 

10 

2/3 

16.7  psia 

0.110 

10 

1/20 

0.110 

10 

0/20 

1 


I 
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2ABLE  I.  IMPAC'S  SENSITIVm  OF  MATERIALS  IN  GASEOUS  OXYGEN  (Concluded) 


Material 

Manufacturer  or  Source 

Thickness, 

(Inch) 

Potential 

Energy 

kg-ra 

No.  Reactions/ 
No.  Tests 

Comments 

Silicone  Si -503,  White 

Manned  Spacecraft  Center 

0.110 

10 

1/20 

1 SB 

Silicone  Rubber  RTV"'60 

Manned  Spacecraft  Center 

0.075 

10 

0/20 

Solder,  60%  Tin-40%  Lead 

0.025 

10 

0/20 

Stainless  Steel  347 

0.063 

10 

0/20 

Tape  #65 

Minnesota  Mining  & Manufacturing  Company 

0.003 

10 

0/20 

Burnt  Odors 

Teflon 

Cadillac  Plastic  Company 

0.010 

10 

0/20 

•Teflon  Sheet 

E.  I.  du  Pont  de  Nemours  & Company 

0.010 

10 

1/21 

T-Pilra  Thread  Compound 

0.002 

10 

2/20 

Thermal  Barrier,  SR6A-0213 

0.010 

10 

7/20 

Tenite  II 

0.080 

10 

18/20 

2 SBs 

Tenite  II 

0.060 

10 

14/20 

5 SBs 

Tenite  II 

0.050 

10 

18/20 

17  SBs 

Tenite  II 

0.040 

10 

20/20  ^ 

20  SBs 

Tenite  II 

0.030 

10 

20/20 

20  SBs 

Tenite  II 

0.020 

10 

5/20 

3 SBs 

Tenite  II 

0.010 

10 

0/20 

Tenite  II 

0.005 

10 

0/20 

Velcro  Nylon  Pile  and  Hook 

0.200 

10 

1/4 

1 SB, 

on  Alunjinuta  Disc 

16.7  psia 

Vespel  Discs,  Batch  SRB-184 

E.  I,  du  Pont  de  Nemours  & Company 

0,050 

10 

0/20 

Vi ton  A 

0.070 

10 

1/20 

1 SB 

Zirconium 

0.063 

10 

15/20 

12  SBs 
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J\BSTRACT 


[A  review  of  the  literature  indicatefi  that  titanium  is  impact  sensitive 
under  liquid  oxygen  below  the  acceptable  limit  for  other  metals.  I 


An  experimental  program  v/as  begun  to  determine  the  mechanism  of 
the  titanium-LDX  reaction.  Several  factors  were  investigated  singly  in  a 
controlled  manner  using  unalloyed  titanium  (75A)  ana  an  alloy  {6A1-4V) 
that  were  carefully  cleaned.  The  factors  were: 


(1)  Ejqjosure  of  a fresh  surface  by  fracture  and  tearing 

(2)  Deformation  by  impact  using  steel  balls 

(3)  Impact  of  smooth  specially  cleaned  flat  surfaces 

(4)  LOX pressure  and  velocity  ( 


(5)  Galling. 


& 


v-\f 


, > 

I - 


!, 


The  results  from  thi-S;  program  indicate  that  no-one -of-the-above , 
-pe«^se7  is  a primary  cause  of  this  reaction.  A proposed  mechanism  is 
that  heat  generated  by  impact  produces  gaseous  oxygen,  which  is  com- 
pressed at  local  sites.  A fresh  surface  exposed  by  the  impact  reacts  with 
the  high-pressure  gaseous  oxygen.  Propagation  is  dependent  on  the  amount 
of  heat  generated  and  the  rate  of  heat  loss  from  the  affected  area . 


PUBLICATION  REVIEW 
This  report  has  been  reviewed  and  is  approved. 
FOR  THE  COMMANDER: 


W.  J.  TRAPP 

Chief,  Strength  and  Dynamic  Research 
Metals  and  Ceramics  Laboratory 
Materials  Central 
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the  70 -foot-pound  level,  B-120VCA  was  more  reactive  than  T1-6A1-4V, 
and  Ti-75Awas  least  reactive. 

Battelle  Memorial  Institute  (BMI)(^)  reported  that  Ti-75A  and  6A1-4V 
exhibit  sensitivity  at  the  70-foot-pound  level  with  a loud  report  and  a bright 
flash.  The  sensitivity  seemed  to  be  about  the  same  whether  the  specimen 
was  struck  with  stainless  steel  or  with  a piece  of  titanium  similar  to  the 
specimen.  When  the  Ti-75A  specimen  and  striker  were  abraded,  sensi- 
tivity was  noted  at  levels  of  10  and  30  foot-pounds.  No  change  in  sensitivity 
was  found  with  abraded  Ti-6A1-4V.  One  specimen  of  Ti-llOAT  exhibited 
no  sensitivity  with  an  impact  of  70  foot-povinds. 

Convair  Astronautics(® ) reported  finding  sensitivity  with  annealed 
A-llOAT  in  the  30  to  70-foot -pound  range.  When  Convair  used  a pointed 
striker  instead  of  a flat  face,  little  sensitivity  was  found  for  this  alloy. 

Reaction  Motors,  Inc.^^^J,  has  reported  what  it  calls  threshold  val- 
ues for  titanitun  in  LDX.  The  threshold  value  is  the  lowest  impact  level  at 
which  no  reactions  occur  out  of  20  tries.  Data  are  as  follows: 

Material XXDX  Threshold,  ft -lb/ in.  ^ 


Unalloyed  titanium 

78 

Ti-6A1-4V 

78 

Ti-25Zr 

78 

B -120  VGA  (solution  treated) 

122 

B-120  VCA  (aged  72  hr  at  900  F) 

67 

These  data  indicate  that  the  harder  (aged)  B-120VGAis  more  sensitive  than 
its  softer  counterpart,  and  more  reactive  than  6A1-4V  and  Ti-75A. 


Anodized  Titanium.  Both  Battelle and  Martin^^^)  have  investigated 
the  impact  sensitivity  of  anodized  titanium  disks  of  Ti-75A,  B-120VCA, 
and  Ti-6A1-4V  supplied  by  WADD.  These  samples,  which  had  been  punched 
from  treated  sheets,  were  slightly  dished  and  had  sharp  burrs  at  the  ex- 
posed edges.  Battelle  filed  the  edges  to  remove  the  larger  burrs,  which 
slightly  damaged  some  of  the  anodized  coatings  at  the  edge.  Martin  applied 
a proprietary  plastic  material  to  the  edges.  Both  report  that  burning  or 
detonation  occurred  at  the  70 -foot -pound  level.  However,  anodizing  sig- 
nificantly reduced  the  sensitivity. 
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Impact  of  Other  Materials  Under  LOX 


In  general,  other  materials  of  construction,  such  as  steel,  stainless 
steel,  and  aluminum,  do  not  exhibit  the  same  reactivity  at  low  energy 
levels  as  does  titanium.  ConvairC®)  noted  no  sensitivity  for  Type  301 
stainless  steel  at  an  impact  of  70  foot-pounds.  Reaction  Motors(^^)  found 
no  reaction  with  aluminum  up  to  an  impact  level  of  400  foot-pounds  per 
square  inch. 

Convair(^)  has  reported  impact  results  using  a pointed  striker  that 
pier»  es  the  specimen.  No  reactions  have  been  obtained  at  the  25 -^foot- 
pound level  for  301 -XF  stainless  steel,  K-Monel,  or  Alclad  2024-0.  Two 
nonmetallics,  Epoxylite  and  Conolon  506  (fiber  glass -phenolic  laminate), 
which  are  norihally  impact  sensitive  foi  a conventional  flat  striker,  ex- 
hibited no  reaction  at  the  75 -foot-pound  level. 

ABMA(^)  reported  that,  under  proper  conditions,  some  materials  can 
be  made  to  react  at  low  impact  levels.  For  example,  when  particles  of 
grit  were  present  on  aluminum,  burning  was  initiated  at  an  impact  level  of 
72  foot-pounds.  The  sensitivity  increased  as  the  hardness  of  the  grit  in- 
creased. Particle  size  seemed  to  be  important  also.  For  sand,  a size  of 
50  to  60  mesh  gave  the  greatest  number  of  reactions.  In  decreasing  order 
of  reactivity  were  found:  Carborundum,  sand,  Alundxim,  bentonite,  and 
asbestos.  No  reactivity  was  found  with  talc  or  NaCl. 

ABMA  also  found  that  aluminum  wool,  steel  wool,  stainless  steel 
wool,  and  magnesivim  wool  exhibit  reactivity  at  the  72-foot-pound  level. 
They  report  that  soft  solders  have  an  extremely  high  sensitivity  to  LOX. 
Magnesium,  even  when  treated  with  Dow  17  fluoride -chromate  coating,  was 
reactive  at  72  foot-poimds. 


Impact  Using  Other  Propellants 

Reaction  Motors(^®)  also  reported  threshold  values  of  titanium  and  its 
alloys  in  90  per  cent  hydrogen  peroxide,  as  follows: 

Material Thr  e shold , ft  -lb  / in.  ^ 


Unalloyed  titanium 

122 

Ti-6A1-4V 

144 

Ti-25Zr 

122 

B-120VCA  (solution  treated) 

211 

B-120VCA  (aged  72  hr  at  900  F) 

167 
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‘'(5)  Gaseous  oxygen  reacts  more  readily  with  metals  than  any 
other  element  except  fluorine.  However,  in  the  liquid 
state  oxygen  is  a very  inactive  material;  a cold  iron  wire 
immersed  in  liquid  oxygen  remains  unaffected;  a hot  wire 
is  quenched,  and  only  a burning  wire  v/ill  continue  to  burn 
and  explode. ’* 

The  physical  properties  of  titanium  suggest  that  it  might  be  more  re- 
active in  LOX  than  other  structural  materials.  First,  titanium  has  a very 
low  heat  capacity,  both  on  a mole  basis  and  on  a volume  basis.  Second, 
titanium  has  a low  thermal  conductivity  when  compared  with  other  mate- 
rials. Third,  titaniiam  has  a low  ignition  point  in  oxygen,  as  reported  by 
Grosse  and  Conway(^9).  These  data  are  shown  below: 


Heat  Capacityt^) • k,  Thermal 


Material 

Gal/Degree 

G/Mole 

Gal/Degree 
G/Gu  Gm 

GonductivityCa),  Btu/ 
hr/sq  ft/fdegree  F/ft) 

Approximate  Ignition 
Point  in  Oxygen,  G 

A1 

5.8 

0,58 

117 

Oyer  1000 

Cu 

10.8 

1.51 

220 

Gr 

5.7 

0.78 

2000 

Fe 

6.1 

0.84 

26 

930 

Mg 

5.9 

0.42 

92 

540-625 

Ni 

6.2 

0,93 

35 

Stain,  steel 

6. 6 

0.96 

9 

Ti 

4.4 

0.42 

14 

610 

Zx 

1400 

(a)  Room  temperature. 

At  least  one  theory  has  been  advanced  for  the  explosive  behavior  of 
titanium  in  LOX.  This  theory,  as  discussed  by  Alfred  Africano  , of  the 
Space  Technology  Laboratory,  depends  on  energy  considerations  of  a point 
contact  of  titanium.  An  impact  results  in  a temperature  rise  of  a single 
erv  . val  that  has  broken  apart.  With  materials  having  a high  coefficient  of 
heat  transfer,  the  heat  is  rapidly  dissipated,  whereas  with  those,  such  as 
titanium,  that  have  a low  coefficient  of  heat  transfer,  the  heat  is  trans- 
ferred less  rapidly.  Thus,  the  reaction  with  LOX  is  more  likely  to  begin. 
A mathematical  relationship  has  been  proposed. 


Reaction  of  Titanium  in  Gaseous  Oxygen 


Titanium  has  been  shown  to  be  reactive  tmder  certain  conditions  to 
gaseous  oxygen.  One  example  is  the  burning  of  titanium  in  a system  de- 
signed to  handle  uranyl  sulfate  solution  pressurized  with  oxygen  at 
ORNL.  (21,22)  Galling  was  believed  to  lead  to  the  formation  of  pyrophoric 
material,  which  was  ignited  by  impact.  These  reactions  were  noted  in 
valves  and  valve  seats.  The  ignition  was  shown  to  have  occurred  in  the  gas 
phase  at  high  oxygen  pressures. 

WADD  TR  60-258  10 
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The  findings  in  this  report  are  not  to  be  construed 
as  an  official  Department  of  the  Army  position,  unless  so 
designated  by  other  authorized  documents. 

Mention  of  a particular  commercial  product  neither 
constitutes  an  endorsement  by  the  Plastics  Technical  Evaluation 
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Trade  designations  appearing  in  the  references 
cited  have  been  included  in  this  report  if  such  inclusion  was 
felt  to  be  essential  to  an  understanding  of  the  original 
reference. 


ABSTRACT 


This  report  reviews  the  effects  of  cryogenic  temperatures  on  plastics  and  such 
related  materials  as  elastomers  and  adhesives.  It  presents  an  annotated  bibliography 
of  319  references  from  the  open  literature,  government  project  and  contract  reports, 
and  conference  papers.  A detailed  subject  indejc  and  a number  of  supplemental  indexes 
are  included.  Topics  covered  are;  Molded  Polymeric  Materials  (Plastics);  Cryogenic 
Insulation;  Structural  Plastic  Laminates;  Elastomers,  Seals  and  Sealants;  Adhesives; 
Plastic  Films,  Film  Laminations  and  Vapor  Barriers;  Fibers;  Electrical  Applications; 
Wear  and  Friction;  Liquid  Oxygen  (LOX)  Compatibility;  Radiation  and  Combined  Effects; 
and  Miscellaneous  Applications.  Test  Methods  are  not  treated  in  a separate  section  in 
the  discussion,  but  the  subject  index  refers  to  many  references  with  information  on  test 
procedures  and  apparatus. 
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TABLE  2.  MECHANICAL  AND  THERMAL  PROPERTIES  OF  FLUOROCARBON  RESINS  OF  VARYING  CRYSTA.LLINITIES 

(From  Mowers,  Rocketd3me,  Ref  237)  /(-(aS" 


Kel-P 

FEP  Teflon 

TFE  Teflon 

Mechanical 

Property 

Temp*, 

“F 

Crystallinity 

% 

Crystallinity,  % 

Crystallinity,  % 

40 

55 

60 

70 

44 

49 

51 

47 

49 

52,5 

66.2 

71 

-423 

1.4 

1.2 

1.S5 

1.7 

1.25 

1.55 

Notched  Izod 

Impact  Strength, 
It-lb/in. 

-320 

— 

— 

1.3 

1.1 

— 

1.9 

1.5 

““ 

1.17 

1.35 

(-297) 

— 

— 

(1.25) 

(1.07) 

-T. 

(1.9) 

(1.5) 

-** 

— 

(1.15) 

(1.39) 

-423 

262 

222 

230 

935 

695 

267 

275 

377 

.. 

Modulus  ol  Rigidity, 
pslxlO® 

-320 

232 

197 

- 

203 

305 

- 

305 

224 

“ 

190 

200 

- 

(-291) 

(229) 

(192) 

— 

(195) 

(275) 

— 

(275) 

(216) 

— 

(175) 

(175) 

— 

-423 

28.5 

20.5 

18.0 

23.8 

23.5 

„ 

„ 

20.0 

19.0 

15.6 

Tensile  Yield 
Strength, 

-320 

24,9 

17.5 

— 

15.3 

19.1 

18.8 

— 

ie.o 

15.4 

10.6 

— 

pal  X 10® 

(-297) 

(24.4) 

(17.0) 

~ 

(15,0) 

(17.9) 

(17.6) 

- 

" 

(14.2) 

(14.1) 

(9,0) 

- 

-423 

29.0 

22.5 

17.95 

24.0 

23.6 

«•« 

mm 

20.05 

19.0 

15,7 

mm 

Ultimate  Tensile 

Strength. 

-320 

24.9 

17.6 

— 

15.8 

18.1 

17.9 

— 

— 

17.9 

15.4 

11.8 

— 

pal  X 10® 

(-291) 

(24.1) 

(17.5) 

- 

(15.3) 

(17.0) 

(16.8) 

- 

- 

16.0 

14.2 

11.0 

- 

-423 

1.26 

0.975 



0.830 

0.825 

0.620 

— 

0.600 

0.645 

0.625 

.. 

Tensile  Modulus, 
psl X 10® 

-320 

1.11 

0.802 

~ 

0,760 

0.700 

0.450 

- 

- 

0.500 

0.520 

0.435 

- 

(-291) 

(1.08) 

(0.800) 

— 

(0.750) 

(0.652) 

(0.430) 

— 

(0.465) 

(0.480) 

(0,400) 

-423 

ca  2 

ca  1 

„ 

«•  1 

ca  5 

call 

__ 

ca  4 

ca  3 

ca2 

Elongation, 

% 

-320 

ca  4 

2.5 

— 

ca  1 

ca7 

ca  7 

— 

— 

ca  9 

ca  8 

ca4 

— 

(-291) 

(ca  4.5) 

(3) 

“ 

(ca  1) 

(ca8) 

(ca7) 

- 

“ 

(9) 

(8) 

(ca  5) 

— 

-423 

74.0 

55.5 

— 

50.5 

35.9 

39.6 

— 

~ 

33.8 

25.7 

22.8 

— 

Flexural  Strength, 
psl  X 10® 

-320 

58.0 

42.7 

- 

37.0 

25.7 

27.7 

- 

-- 

30.0 

24.0 

21,5 

- 

(-297) 

(53.5) 

(41.0) 

" 

(35.0) 

(24.0) 

(25.5) 

(28.0) 

(23.0) 

(20.5) 

si 
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TABLE  2.  MECHANICAL  AND  THERMAL  PROPERTIES  OP  FLUOROCARBON  RESINS  OF  VARIHNG  CRYSTALLINITIES 

(From  Mowers,  Rocketdyne,  Ref  237)  (CONI)  X,  ^ 2-  2— 


Kel-F 

FEP  Teflon 

TFE  Teflon 

Crystallinity,  % 

Crystallinity,  % 

Crystallinity,  % 

Temp., 

■"F 

Property 

40 

55 

60 

70 

44 

49 

51 

47 

49 

' 52.5 

66.2 

71 

-123 

2.09 

1.94 

1.84 

0.78 

0.75 

0.773 

0.72 

0.695 

Flexural  Modulus, 
psl  X 10“ 

-320 

1.83 

1.70 

— 

1.64 

0.68 

0.68 

— 

— 

0.720 

0.70 

0.64 

— 

(-207) 

(1.70) 

(1.64) 

- 

(1.59) 

(0.67) 

(0.66) 

" 

- 

(0.690) 

(0.64) 

(0.61) 

- 

50* 

55 

60 

70 

44 

49 

61 

47 

50* 

56* 

68* 

71 

-423 

42.5 

44.5 

28.8 

36.3 

35.2 

30.4 

32.5 

33.2 

mm 

Compressive  Strength, 
pal  X 10“ 

-320 

35.0 

“ 

37,5 

38.8 

30.0 

30.0 

" 

- 

20.0 

21.2 

22.0 

- 

(-297) 

(34,0) 

— 

(36.0) 

(38.8) 

(28.5) 

(28.5) 

— 

" 

(18.5) 

(20.0) 

(21.5) 

" 

-423 

1.67 

1.76 

1.48 

1.01 

1.04 



0.81 

0.80 

0.97 

— 

Compressive  Modulus, 
psl X 10“ 

-320 

1.48 

— 

1.52 

1.65 

O.Sl 

0. 91 

— 

— 

0.75 

0,79 

0.84 

— 

(-237) 

(1.27) 

~ 

(1.49) 

(1.65) 

(0.90) 

(0.89) 

~ 

- 

(0.72) 

(0.76) 

(0.81) 

- 

CoeHlcient  ol  Ther- 

-423 

0.011 

0.017 

0,0214 

mal  Expansion  (Total 
contraction  Irom 
70°r», 

e 

CM 

0,0093 

- 

- 

- 

0.0157 

" 

r- 

- 

0.0205 

- 

- 

- 

In./in. 

(-297) 

(0.0090) 

"" 

— 

(0.0154) 

— 

— 

— 

0.0201 

— 

— 

— 

The  above  values  were  obtained  by  PLASTEC  by  readl*^  oU  data  points  from  the  original  data 
curves*  The  values  in  parentheses  ( ) were  obtained  by  interpolation.  No  actual  data  was  ob> 
tained  with  liquid-oxygen  temperatures  in  the  original  study. 


Note  change  in  crystallinityi  indicated  by  asterisk  {*) 


TABLE  6.  APPARENT  MEAN  THERMAL  CONDUCTIVITY  OF  SOME 
SELECTED  FOAMS  (FromKropschotj  National  Bureau  of 

Standards,  Ref  124. ) Z- 


Boundary 

Test 

Thermal 

Foam 

Density 

Temps. 

Space 

Conductivity 

(g/cm°) 

(°K) 

Pressure 

(uw/cm/“K) 

Polystyrene 

0.039 

300-77 

1 atm 

330 

0.046 

300-77 

1 atm 

260 

0.046 

77-20 

10  mm  Hg 

81 

Epoxy 

0,080 

300-77 

1 atm 

330 

0.080 

300-77 

10  mm  Hg 

168 

0.080 

300-77 

4 X 10"°  mm  Kfe 

130 

Polyurethane 

0..08-0.14 

300-77 

1 atm 

330 

300-77 

10"°  mmHg 

120 

Rubber 

0.08 

300-77 

1 atm 

360 

Silica 

0.16 

300-77 

1 atm 

550 

Glass 

0.14 

300-77 

1 atm 

350 

their  conductivity  by  as  much  as  30%.  If  Hs  or  He  is  allowed  to  permeate  the 
cells,  the  conductivity  can  be  increased  by  a factor  of  3 or  4.  Even  under  evacu- 
ation, foam  insulations  have  much  higher  conductivities  than  other  types  of  in- 
sulation. 

Cryo-pumping  effects  are  responsible  for  the  partial  evacuation  of  foam  in- 
sulations upon  exposure  to  liquid  hydrogen  (142).  For  this  reason  precautions 
must  be  taken  to  assure  that  gas-tight  barriers  are  provided  to  stop  the  penetra- 
tion of  moisture  and  air  into  the  insulation.  Such  penetration  would  result  in  a 
marked  increase  in  thermal  conductivity  and  the  possible  disruption  of  the  cells  if 
the  surface  temperature  were  to  suddenly  increase.  An  explosion  hazard  might 
also  be  created  if  hydrogen  were  to  leak  from  the  tank  and  come  in  contact  with  any 
condensed  air.  To  reduce  such  a hazard  a helium  purge  can  be  introduced  to  car- 
ry away  any  diffusing  atmospheric  gases.  Such  a purge  v/ill,  however,  lead  to  a 
substantial  decrease  in  the  insulating  effectiveness  of  the  foam.  Polyurethane 
foams  rank  poorly  when  compared  to  other  insulating  materials  such  as  multiple- 
layers,  opacified  powders,  glass  fibers  and  Perlite  over  the  range  60°  to  -320°F. 

Studies  have  been  carried  out  on  the  use  of  evacuation  to  reduce  the  thermal 
conductivity  of  load-bearing  plastic  foams  for  use  in  cryogenic  applications  (267). 
Urethane  foams  sliowed  the  greatest  decre'^.se  in  conductivity,  while  the  reduction 
in  the  case  of  styrene  foams  was  only  moderate.  Most  closed- cell  rigid  foams 
could  be  evacuated  to  give  conductivity  values  as  low  as  1/3  to  1/2  those  of  the 
unevacuated  foains. 
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Figure  21,  Apparent  Mean  Thermal  Conductivity  between  300°  and  76°K  of 
Selected  Foams  as  a Function  of  Time  under  Evacuation.  (From  Kropschot, 
National  Bureau  of  Standards,  Ref  124.) 


The  range  of  values  for  thermal  conductivities  of  typical  foams  used  for 
cryogenic  insulation  is  shown  in  Table  7,  which  includes  values  for  vacuum 
powder  and  multiple- layer  insulation  (124).  The  relatively  high  conductivities  of 
the  foams  is  readily  apparent. 

MULTIPLE- LAYER  INSULATIONS 


Multiple-layer  insulations  are  composed  of  highly  reflective  radiation 
shields  of  thin-gage  foil  separated  by  low- conductivity  spacer  materials  such  as 
glass  or  quartz.  In  some  cases  multilayers  of  aluminized  polyester  film  (Mylar) 
are  used  without  spacers.  When  evacuated,  multiple- layer  insulations  have  very 
high  thermal  efficiency  for  both  cryogenic  and  high-temperature  service  because 
of  their  radiation  attenuation  characteristics  (7).  Some  foams  of  multiple- layer 
insulations  have  yielded  the  lowest  thermal  conductivity  of  any  bulk  insulations 
developed  to  date  (124).  The  lowest  thermal  conductivity  values  have  been  ob- 
tained by  using  layers  of  aluminum  foil  separated  by  glass  fiber  paper.  Many 
other  materials  can  be  used,  such  as  glass  fiber  mat  (bonded  and  unbonded), 
glass  fabric,  nylon  net,  and  finely  divided  powder. 


-31- 


TABLE  7.  B'ANGE  OP  THERMAL  CONDUCTIVITIES  FOR  VARIOUS 
INSULATIONS  (From  Kropschot^  National  Bureau  of 
Standards,  Ref  124. ) X' 


At  w/cm/°K 

Btu-ft/hr/ft^/°F 

Btu-in.  /hr/ft^  /°F 

300 

0.0173 

0.208  ) 

200 

0.0116 

0.139  f 
0.0693( 

100 

0.00578 

50 

0.00288 

0, 0347; 

20 

0.00116 

0.0139  \ 

15 

0.000867 

0.0104  / 

10 

5 

0.000578 

0.000288 

0.00693  1 j 

0.00347  i Vacuum  powder 

3 

0.000173 

0.00208  ) 

2 

0.000116 

0.00139 

1 

0.3 

0.0000578 

0.0000173 

oiSSS } 

Note:  1 w/cm/°K  = 57.79  Btu-ft/hr/ft^/°P  = 693,5  Btu- in. /hr/ft® /°F 


There  are  problems  in  the  use  of  multiple-layer  composites.  Evacuation  to 
relatively  high  vacuum  levels  is  required,  necessitating  the  use  of  encapsulation. 
As  with  powder  insulations,  these  composites  are  sensitive  to  acoustic  vibrations, 
compressive  loading,  and  thermal  cycling  (7).  When  evacuated,  these  so-called 
"super-insulations"  have  by  far  the  lowest  thermal  conductivity  of  any  systems 
developed  to  date  (10"^  to  10“®  BTU  in./hr-ft®-°F  (118).  Although  extremely 
efficient  from  a thermal  viewpoint,  multiple- layer  high- vacuum  insulations  suffer 
from  serious  physical  and  design  limitations  which  may  preclude  their  application 
in  many  liquid  propulsion  systems.  The  structural  integrity  of  two  surfaces  with 
an  evacuated  space  between  them  is  limited  by  the  strength  of  the  massive  feed- 
through supports.  These  supports  provide  the  major  heat  leak  in  the  system.  In 
such  a system  an  outer  shell  of  large  area  and  light  weight  must  be  supported  against  the 
load  resulting  from  the  pressure  differential  between  the  evacuated  shell  and  tbe 
external  environment.  This  results  in  severe  design  limitations.  A large  weight 
penalty  may  be  imposed  to  maintain  structural  stability  with  large,  low-pressure 
propellant  tanks.  Large  evacuated  structures  are  considered  to  be  inherently  un- 
reliable. Film  bladders  have  been  used  to  compress  the  multilaminar  insulations 
into  stacks  in  order  to  circumvent  some  of  these  difficulties.  Unfortunately  the 
thermal  conductivity  of  such  a system  is  increased  by  about  two  orders  of  magni- 
tude (118). 

Table  8 lists  tliermal  conductivity  and  density  values  of  a number  of  insu- 
lating materials,  including  multilayer  insulations  (174).  The  kp  or  density- 
thermal  conductivity  factor  included  in  this  table  is  useful  in  initial  screening  of 
candidate  insulation  materials.  This  factor  is  really  a statement  of  the  relative 
weight  per  unit  area  for  equal  performance  and  is  a measure  of  overall  insulation 
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TABLE  8.  TYPICAL  THERMAL  CONDUCTIYITY  (k),  DENSITY  (p)  AND  kp  FACTORS  OF  VARIOUS  THERMAL 

INSULATIONS  (From  McGrew,  Martin-Marietta  Corp,  Ref  174. ) 


Insulation 

k* 

p** 

kp 

Insulation  Pressure 

Materials 

Air  environment  (1  atm) 

Silica  Aerogel 

0.12 

8.5 

1.02 

Polyurethane  foam 

0.20 

2.0 

0.40 

Air  environment  (1  atm) 

Kapok 

0.24 

0.88 

0.21 

Air  environment  (1  atm) 

Corkboard 

0.30 

20.0 

6.0 

Air  environment  (1  atm) 

Balsa  wood 

0.36 

8.0 

3.88 

Air  environment  (1  atm) 

Rubber 

0.98 

75.0 

73.0 

Air  environment  (1  atm) 

Multilayer  (S-l)  Insulation 

10"^  mm  Hg 

S-1 10 

0.00078 

2.5 

0.0020 

S-1 12 

0.00108 

2.0 

0.0020 

10"*  mm  Hg 

S-I  44  (formerly  4) 

0.00024 

4.7 

0.0011 

10"*  mm  Hg 

S-I  62 

0.00022 

5.5 

0.0012 

10"*  mm  Hg 

S-I  62 

0.0072 



— 

15  psi  external  load 

S-I  91 

0.00012 

7.5 

0.009 

10"*  mm  Hg 

Opacified  Powders 

10  “*  mm  Hg 

Santocel  "A" 

0.0011 

6.0 

0.0066 

Perlite 

0.000864 

8.0 

0.0069 

10"*  mm  Hg 

Cab-o-sil 

0.0014 

4.5 

0.0063 

10"*  mm  Hg 

Fiberglass 

0.05 

AAAA  2.2  X 10  in.  diameter 

0.01 

4.0 

10"®  mm  Hg 

fiber-heat  felt 

AAAA.  2.2  X 10"®  in.  diameter 

0.03 

1.04 

0.03 

10"®  mm  Hg 

fiber-heat  felt 

AAAA  2.2x10"®  in.  diameter 

0.21 

4.0 

0.84 

1 atm 

heat  felt 

* Btu/hr-ft®-°F/in. 
**  Ib/ft^ 


efficiency  for  a particular  material  or  composite.  Final  material  selection,  how- 
ever, should  be  made  on  the  basis  of  heat  transfer  rates  and  the  weight  of  the  total 
Insulation. 

The  use  of  vacuum- coated  aluminum  on  25-gage  Mylar  provides  low  bulk 
density  and  the  advantages  of  a single- component  system  (136).  At  atmospheric 
pressure  this  system  performs  as  a good  bulk,  sponge  or  fiber  insulation.  Wlien 
the  interstitial  pressure  is  reduced  to  10"^  Torr  or  belov/,  performance  is  about 
three  orders  of  magnitude  better.  Such  a system  offers  extremely  low  kp  pro- 
ducts.. The  tolerance  in  weight  per  square  foot  of  the  metallized  Mylar  is  a vari- 
able of  critical  interest  in  space  applications  (136).  The  gage  of  the  Mylar  base 
material  can  be  controlled  to  within  +32%  by  the  film  manufacturer.  The  aluminum 
coating  adds  only  about  0, 8%  to  this  variation,  and  from  a weight  standpoint,  is  not 
a controlling  factor.  The  Mylar  substrate  is  not  normally  subject  to  requirements 
for  close  weight  control.  Its  extremely  thin  gage  makes  high  percentages  of  vari- 
ation difficult  to  avoid  in  manufacture.  For  space  applications  there  is  a definite 
need  for  tightening  control  of  specific  v/eight  of  this  ms>terial. 

In  multilayer  insulations  radiative  heat  transfer  becomes  important  once 
gas  conduction  and  solid  conduction  have  been  reduced  (142).  Ideally,  radiation 
shields  of  the  highest  reflectivity  are  separated  by  nearly  nonconducting  spacers 
in  a high  vacuum.  Representative  multilayer  insulations  are  described  in  some 
detail  in  Table  9.  Multilayer  insulations  have  been  used  successfully  in  cryogenic 
storage  and  transportation  problems  of  large  tanks  on  earth.  In  all  likelihood 
they  can  be  used  successfully  for  thermal  protection  of  liquid  hydrogen  during 
long  periods  of  space  travel.  Multiple- layer  insulations  of  quite  reasonable  thick- 
ness will  probably  be  adequate  to  reduce  the  boil-off  losses  to  acceptable  propor- 
tions. 


Large-scale  tests  in  liquid- hydrogen  service  have  been  carried  out  using 
model  space  tankage  and  a compressible  superinsulation  (137).  Such  insulation, 
which  requires  very  low  residual  gas  pressure  in  its  interstices  for  proper  ther- 
mal performance,  is  obviously  applicable  in  the  vacuum  environment  of  space. 

As  a design  compromise  to  satisfy  the  atmospheric  storage  problem  the  insula- 
tion volume  is  encapsulated  within  a hermetically  sealed,  flexible  plastic  laminate 
jacket,  which  is  evacuated  to  the  required  degree  of  vacuum,  hi  this  system  an 
external  bearing  pressure  of  one  atmosphere  will  compress  the  insulation,  re- 
ducing its  thickness  and  increasing  its  thermal  conductivity. 

Aluminized  Mylar  in  multiple- layer  insulations  may  not  be  as  effective  as 
aluminum  foil,  since  the  coated  plastic  is  somewhat  transparent  to  infrared 
energy  (268).  Tests  carried  out  at  the  National  Bureau  of  Standards  indicated 
that  several  layers  of  aluminized  Mylar  separated  by  a spacer  were  required  to 
indicate  an  emissivity  equivalent  to  thin  aluminum  foil.  The  utilization  of  multi- 
ple-shield insulations  presents  advantages  in  weight  savings,  increased  pay  load, 
and  shorter  cool-doWn  time.  Present  evacuated  powder- insulated  28, 000-gallon 
liquid-oxygen  tanks  have  a loss  rate  of  about  35%  per  year.  It  may  be  possible  to 
reduce  this  to  1/10  of  this  value  with  multiple-layer  insulations.  This  advantage 
is  offset  by  the  considerably  lower  cost  of  the  powder  insulation. 
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TABLE  9.  TYPICAL  MULTILAYER  INSULATIONS  (Prom  A.  D.  Little, 

Inc.  , Ref  142) 


Radiation  Shield 

Spacer 

0.002-inch  thick  H-19  tempered  aluminum, 
bright  on  two  sides  (Alcod) 

0.020-inch  thick  vinyl-coated 
glass-fiber  screen,  grid 
dimensions  1/8  x 1/8  inch 
(Owens-  Corning) 

0. 00025-inch  thick  crinkled  polyester  film, 
aluminized  on  one  side  (Nat.  Res.  Corp.) 

0. 020- inch  thick  vinyl-coated 
glass-fiber  screen,  grid 
dimensions  1/8  x 1/8  inch 
(Owens-  Corning) 

0.002- inch  thick  H-19  tempered  aluminum, 
bright  on  two  sides  (Alcoa) 

0.008- inch  thick  glass-fiber 
mat  (Dexter  Paper)  with 
50%  perforations 

0. 00025- inch  thick  crinkled  polyester  film, 
aluminized  on  one  side  (Nat.  Res.  Corp.) 

0.001- inch  thick  glass-fiber 
cloth  (J.P.  Stevens) 

0. 00025-inch  thick  crinkled  polyester  film, 
aluminized  on  one  side  (Nat.  Res.  Corp.) 

none  

0.00025- inch  thick  crinkled  polyester  film, 
aluminized  on  one  side  (Nat.  Res.  Corp.) 

0. 008-inch  thick  glass-fiber 
mat  with  50%  perforations 
(Dexter  Paper) 

0. 0005-inch  thick  soft  aluminum,  bright  on 
one  side  (Alcoa) 

0. 003- inch  thick  polyester  fiber 
spacers  (Dexter  Paper) 

Recent  work  with  vacuum  fiberglass  and  superinsulation  using  a flexible 
type  of  vacuum  jacket  is  encouraging  (62) . Even  though  the  materials  are  com- 
pressed due  to  &e  atmospheric  load  on  tiae  flexible  vacuum  jacket,  they  have  ex- 
cellent thermal  resistance  and  recover  almost  completely  when  the  load  is  re- 
moved as  the  insulated  cryogenic  tankage  leaves  the  earth’s  atmosphere.  Crin- 
kling of  aluminized  Mylar  is  sometimes  carried  out  to  minimize  interlayer  con- 
tact (258).  A patented  superinsulation  method  involving  ’’quilted  superinsulation" 
has  been  used  to  insulate  a 105, 000-gallon  liquid- hydrogen  tank  (119).  Blankets 
of  the  quilted  material  can  be  readily  installed  in  position  in  an  essentially  field- 
erected  tank.  Total  expected  heat  leak  of  this  system  is  1480  Btu/hr,  which  is 
equivalent  to  0. 3%  of  total  capacity  per  day. 

A jacketed  multilayer  insulation  system  has  been  applied  to  a 150-gallon 
cylindrical  cryogenic  ta^  and  tested  under  compression  due  to  atmospheric  pres- 
sure with  vacuum  within  tlie  insulation  (SI- 62)  (222).  This  condition  simulated  the 
effect  of  the  ground-hold  condition  on  the  insulation.  Additional  studies  were 
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carried  out  at  reduced  pressures,  simulating  the  conditioa  in  space.  The  flexible 
vacuum  jacket  material  is  a laminate  of  1- mil  aluminum  sandwiched  between  two 
layers  of  a 1/2-mil  Mylar.  Heat  flux  with  1-atmosphere  compressive  load  on  the 
tank  was  20  Btu/hr-ft®  (vacuum  within  the  insulation  about  5 m Hg),  Under  a re- 
duced pressure  of  10“'^  atm  it  was  0.83  Btu/hr-ft®  (vacuum  within  the  insulation 
about  0.5  n Hg).  These  results  show  that  heat  flux  is  increased  by  a factor  of 
about  25  when  the  insulation  is  compressed  under  ground-hold  conditions.  The 
preliminary  tests  indicate  the  applicability  of  this  type  of  insulation  system. 

An  interesting  development  involves  the  use  of  a honeycomb-reinforced  foam 
insulation  next  to  a liq[uid-hydrogen  tank  wall,  followed  by  a layer  of  multi-foil  re- 
flective insulation.  This  system  is  enclosed  in  a Mylar  sheath,  which  serves  as  a 
vacuum  jacket  prior  to  launch,  protects  the  fragile  multi-foil  insulation  during 
ascent,  and  serves  as  a meteroroid  bumper  in  space.  The  Mylar  sheath  is  held 
in  place  with  a piece  of  nylon  netting  until  the  vehicle  is  in  the  parldng  orbit  (144) . 

Table  10  gives  the  apparent  mean  thermal  conductivities  of  a number  of 
multiple- layer  insulations  (122,  124). 

Super  insulation  appears  to  be  most  attractive  for  intermediate  duration 
(greater  than  1 day  but  less  than  1 year)  space  flights  (90A).  Super  insulation 
systems  such  as  NRG-2  and  Linde  SI- 62  have  apparent  thermal  Conductivily  values 
when  measured  under  high  vacuum  between  room  temperature  and  -320°F  of  1 to 
3 X 10 Btu-ft/hr-ft®-°F.  In  comparison  to  these  values,  evacuated  fiberglass 
and  evacuated  powder  insulations  have  k-factors  approximately  30  to  50  times 

higher,  and  plastic  foams  500  to  1000  times  higher.  The  differences  between  the 

1 

systems  are  reduced  if  comparison  is  made  on  a kp  or  (k  p)  ^ basis,  but  the 

super  insulations  are  still  significantly  better  than  the  other  passive  systems. 

One  of  the  most  critical  problems  arising  in  insulating  large  tanks  with  multilayer 
insulation  is  the  manner  of  attaching  the  insulation  to  the  lank.  Heat  leaks  through 
attachments  as  well  as  through  interconnecting  structural  members  and  plumbing 
can  negate  all  the  advantages  of  a "super  insulation”  system.  No  more  than  30% 
of  the  total  heat  leak  into  a taiik  insulated  with  multilayer  insulation  should  be 
caused  by  discontinuities  such  as  joints,  supports  and  piping  attachments. 

POWDER  INSULATIONS 

Powder  insulations  consist  of  finely  divided  particulate  materials  such  as 
perlite,  expanded  silicone  dioxide,  calcium  silicate,  and  diatomaceous  earth. 
Phenolic  spheres  are  also  used.  At  one  atmosphere  pressure,  powder  reduces 
the  total  heat  transport  across  the  insulation  by  reducing  bofe  convection  and 
radiation,  and,  if  the  particle  size  is  small  enough,  by  reducing  the  mean  free 
path  of  the  gas  molecules  (124).  When  the  powder  is  at  low  pressures  (10  p of  Hg 
or  less),  gas  conduction  is  negligible  and  heat  transport  is  chiefly  by  radiation  and 
solid  conduction.  Phenolic  ^heres  of  25-100  p particle  size,  0,2  g/cm®  density 
and  < 10"®  mm  Hg  gas  pressure  give  conductivity  values  of  13  ±1  pw/cm/°K.  At 
pressures  above  10“®  mm  the  conductivity  of  phenolic  spheres  rises  rapidly  (41c, 
124). 


The  vacuum  required  with  powder  insulations  is  much  less  extreme  than  in 
the  high- vacuum  or  multiple- layer  insulations.  However,  most  powders  can 
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TABLE  10.  THE  APPARENT  MEAN  THERMAL  CONDUCTIYITY  OF  ALUMINIZED  MYLAR  AND  SELECTED 
MULTIPLE- LAYER  INSULATIONS  OP  ALUMINUM  FOIL  SPACED  v/ITH  VARIOUS  IvIATSRIALS 
(From  Kropschot,  National  Bureau  of  Standards,  Ref  122,  124) 


Sample  Thick- 
ness (cm) 

Number  of 
Layers  or  Shields 
(per  cm) 

Density 

(g/cm®) 

Cold-Wall 
Temp.*  (°K) 

Thermal 

Conductivity 

(Mw/cm/°lQ 

Spacer 

Material 

Aluminized  Mylar 

3.5 

24 

0.045 

76 

0,85 

None;  Al  one  side 

1.3 

47 

0.09 

76 

‘S  o 
JL«0 

None;  Al  one  side 

Multiple- Layer  Insulations  of  Aluminum  Foil  Spaced  with  Various  Materials 


-q 

I 


3.7 

26 

0.12 

76 

0.7 

Glass  fiber 

3.7 

26 

0.12 

20 

0.5 

Glass  fiber 

2.5 

24 

0.09 

76 

2.3 

Nylon  net 

1.5 

76 

0.76 

76 

5.2 

Glass  fiber 

4.5 

6 

0.03 

76 

3.9 

Glass  fiber  (unbonded) 

2.2 

6 

0.03 

76 

3.0 

Glass  fiber  (unbonded) 

* Warm- wall  temperature  300  °K 


absorb  considerable  moisture  and,  therefore,  must  be  thoroughly  dried  before  the 
required  vacuum  can  be  attained. 

Powder  insulations  tend  to  pack  and  therefore  change  in  volume  when  sub- 
jected to  vibration  for  extended  periods  (118).  They  also  require  an  external  sup- 
porting shell.  When  the  temperature  does  not  fail  below  that  of  liquid  nitrogen, 
gas- filled  powder  insulations  may  be  used. 

Tables  7 and  11  give  some  data  on  the  insulating  picoperties  of  powders. 
’’Multiple-layer  Insulations”  shouldbe  consultedfor  additional  information. 


TABLE  11.  TYPICAL  THERMAL  CONDUCTIVITY,  DENSITY  AND  kx  p FAC- 
TORS OF  VARIOUS  THERMAL  INSULATIONS  AT  A MEAN  TEMPERATURE 
OF  -250  °F  (From  Minges,  Aeronautical  Systems  Div., 

WPAFB,  Ref  7) 


xnsuiaaon 

Thermal 
Conductivity,  k* 

Density, 

p *>i< 

k X p Factor 

Organic  Foam 

lx  10-^ 

2.0 

2.0x10”^ 

Fibrous  Insulation 
(Evacuated) 

lx  10-^ 

7.0 

7 X 10”^ 

Air 

7 X 10  -® 

0.2 

1.4x  10“® 

Evacuated  Powder 

8 X 10-® 

6.0 

4.8 X 10“® 

Multilayer  Compo- 
site (Evacuated) 

3 X 10“* 

D 

1.4 X 10“^ 

* Btu-in. /hr/ft® /°F 
**  lbs/ft° 


REINFORCED  PLASTICS 

Several  studies  have  been  carried  out  on  the  applicability  of  reinforced 
plastics  for  use  in  structural  insulations  (90A,  266).  Such  insulations  include  the 
following: 

Ref  90A  ^ 

Narmco  570/143  (E  glass)  ”E”  glass- cloth-reinforced 

epoxy 

Insurok  T-601  Medium  weave  cotton  fabric 

(canvas)  base  phenolic 
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SECTION  11.  LIQUID  OXYGEN  (LOX)  COMPATIBILITY 


In  addition  to  performing  satisfactorily,  polymeric  materials  in  a cryogenic 
system  must  'withstand  the  effects  of  the  cryogenic  fluids  themselves.  Materials 
subject  to  contact  with  LOX  may  be  evaluated  by  the  ABMA  Impact  Sensitivity 
Test,  primarily  designed  for  application  to  materials  used  in  missiles,  but  which 
yields  results  which  may  also  be  used  as  a criterion  for  most  other  cryogenic 
applications  (29,  190).  The  test  is  performed  by  subjectii^  a sample  of  the  ma- 
terial, immersed  in  LOX,  to  impact  at  various  levels  up  to  70  foot-pounds.  Any 
signs  of  oxidation,  such  as  odor,  change  of  color,  evolution  of  light,  or  audible 
sound,  are  called  detonations,  and,  as  such,  are  considered  to  be  failures  of  the 
sample.  For  a material  to  be  considered  compatible  with  LOX,  it  must  withstand 
70  foot-pound  impacting  of  20  samples  with  no  more  than  one  detonation.  The  de- 
gree of  compatibility  for  those  samples  producing  more  than  one  detonation  in  20 
tries  is  dependent  on  the  number  and  'violence  of  the  reactions. 

All  hydrocarbons  are  considered  to  be  sensitive  to  LOX  to  some  degree 
(67).  The  degree  of  sensitivity  is  an  inverse  function  of  the  amount  of  substitution 
of  various  strongly  bonded  atoms,  especially  halogens,  for  the  hydrogen  atom. 
Hydrocarbons  immersed  in  LOX  are  susceptible  to  explosions  under  impact  load- 
ing because  the  C-H  bond  is  easily  broken,  with  oxygen  reacting  with  both  C and  H. 
The  susceptibility  to  explosion  is  decreased  by  replacing  the  H with  an  element 
that  forms  a stronger  bond  with  the  C.  This  is  the  sitaation  in  Kel-F,  where  the 
H atoms  are  replaced  by  fluorine  and  chlorine  atoms  in  the  ratio  of  3:1,  and  Teflon 
(TFE),  where  H is  completely  replaced  by  fluorine.  These  C-F  bonds  are  very 
strong,  and  therefore  such  materials  show  no  impact  sensitivity  (67). 

The  LOX  impact  sensitivity  of  fluorocarbon  plastic  films  is  shown  in  Fig.  46 
(33) . The  data  was  obtained  on  an  RMD  impact  tester.  The  rather  low  -value  for 
polyvinylidene  fluoride  points  up  the  effect  of  hydrogen  on  the  molecule.  The  fig- 
ure also  shows  that  sample  thickness  has  a strong  effect  on  impact  sensitivity. 
Reactions  of  organic  materials  with  LOX,  using  relatively  pure  elastomeric  and 
thermoplastic  polymers,  have  been  extensively  studied  and  reported  (105,  159). 
Plasticizers  and  antioxidants  were  also  studied  in  this  recent  work.  The  flash  of 
light  resulting  from  impact  was  measured  with  a photocell,  and  the  sound  inten- 
sity or  pressure  pulse  was  monitored  with  a microphone.  Many  of  the  pure  poly- 
mers were  found  to  be  resistant,  although,  in  the  compounded  form,  they  may 
have  been  fairly  reactant  on  contact  with  LOX-  Table  29  shows  the  results  of 
these  tests. 

Fluorinated  polymers,  primarily  Teflon,  have  been  in  wide  use  for  cryo- 
genic seals.  The  development  of  a new  cryogenic  gasket  for  LOX  service  has  re- 
cently been  described  (99,  187,  293).  The  gasket  is  a glass-fiber- laminated 
structure  in  which  the  glass  fiber  bundle  is  not  completely  saturated  with  fluoro- 
carbon (Teflon)  polymer  binder  (See  also  Ref  234).  Most  elastomers  are  not 
satisfactory  for  service  in  LOX  because  of  their  reactivity.  Several  fluorinated 
elastomers  (Viton,  Eel-Fand  Fluorel)  have  shown  high  sensitivity  to  LOX,  how- 
ever, and  have  been  considered  for  cryogenic  seals.  The  results  of  LOX  com- 
patibility tests  on  -various  polymers  used  as  gaskets  are  sho'wn  in  Table  30  (29). 
Note  the  non-reactivity  of  Mylar  A in  this  table.  In  an  earlier  program  of  study 
2/30  ‘detonations  were  obtained  for  an  impact  level  of  70  foot-pounds  (219). 
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FLUOROCARBON  PLASTIC  FILM 


IMPACT- FT- LBS/SQ.  IN. 
100  200 


300 


400 


POLYVINYLIOENE  FLUORIDE,  10  MIL 


POLYCHLDROTRIFLUOROETHYLENE,  10  MIL 


20  MIL 


30  MIL 


40  MIL 


POLYTETRAFLUOROETHYLENE,  10  MIL 
(UNSINTERED) 


POLYTETRAFLUOROETHYLENE,  10  MIL 
(SINTERED) 


POLYTETRAFLUOROETHYLENE,  20  MIL 
(SINTERED) 


FEP- FLUOROCARBON  RESIN,  10  MIL 


HAS  UNSATURATED  vinYLIDENE  GROUP,  -(CFjS  CHg)- 


Figure  46.  LOX  Impact  Sensitivity  of  Fluorocarbon  Plastics  - HMD  Impact  Tester  (After  Bringer,  3M  Co, 
Ref  33,  based  on  data  by  Reaction  Motors  Div,  Thiokol  (Chemical  Corp) 


TABLE  29.  DETONATION  FREQUENCIES  OF  MATERIALS  IN  LIQUID  OXYGEN* 
(USING  ALUMINUM  CUPS,  A-286  STRIKERS).  (From  Hauser  and  Rumpel, 
Hauser  Bles  & Eng  Co  and  Martin-Marietta  Corp  Resp,  Ref  105,  159) 


Impact  Energy,  ft-lb 

Material 

70 

60 

50 

40 

30 

20 

10 

5 

Polymers 

Acrylooltrile-butadlene  1000  x 132 

1/20 

1/13 

4/20 

3/10 

2/2 

0/20 

Chlorinated  polyether  (Penton) 

0/20 

•ee 

-- 

-- 

-- 

— 

-- 

— 

Polyacebd  (Delrln) 

0/20 

-•> 

-e. 

-- 

>•> 

-- 

-- 

Polybutadlone 

0/20 

-- 

0/5 

-- 

-- 

— 

— 

-- 

Polychloroprece 

0/20 

mm 

-- 

-- 

— 

-- 

Poly  (cyasoethyl)  allozaae 

1/20 

1/10 

0/20 

-- 

-- 

— 

-• 

-- 

PolydimethylsUozaae 

1/30 

0/20 

0/5 

— 

-- 

-- 

-- 

.. 

Folyetbyiese,.  branchedl 
Polyethylene,  linear  (ln^lex) 

0/20 

0/20 

0/5 

“** 

»«■ 

Polyiiwprene 

0/20 

-- 

0/5 

-- 

— 

-- 

Polypropylene 

0/20 

«••• 

0/5 

-- 

-- 

— 

— 

Polystyrene 

2/11 

3/4 

4/5 

4/5 

-- 

4/10 

0/20 

— 

Poly  (trifluoropropyl)  methylsUoaane 

0/20 

— 

-- 

-- 

— 

-- 

— 

Polyvinyl  chloride 

0/20 

-- 

0/6 

-- 

-- 

— 

-- 

— 

Polyvinylldene  clilwlde 

0/20 

— 

— 

-- 

— 

— 

-- 

— 

Polyvlnylldene  fluoride  (Kynar) 

0/20 

-- 

-- 

-- 

— 

— 

— 

Yinylidene  fluoriderhexafluoropropylene 

0/20 

-- 

-- 

-- 

— 

-- 

— 

(YltonA) 

Plaetlclrers 

Dlhutyl  phthaUte 

1/10 

1/15 

3/10 





... 

1/15 

0/5 

Dlbutyl  sebscate 

0/20 

0/5 

— 

-- 

-- 

Trl-o-creByl  phoephate 

1/10 

1/10 

3/3 

““ 

1/10 

0/5 

Frequencies  measured  by  number  of  detonatlons/number  of  trials 


TABLE  30.  IMPACT  SENSITIVITY  OF  MATERLVLS  IN  LIQUID 
OXYGEN  (From  Walker,  Boeing  Airplane  Co,  Ref  29) 


Specimen 

Material 

Specimen 
Form,  in. 

Weight 
Diropped,  lbs 

Distance 
Dropped,  ft 

Impact, 

ft-ibs 

No.  of 
Trials 

. of 
. lons 

Nitrile  Rubber 

.75  dial  .035 

5.0 

3.5 

17.5 

3 

3 

Neoprene  Rubber 
2.0006 

.75dlax.035 

7 

3.5 

24.5 

3 

3 

Mylar  Type  A 

.76dlax.007 

thicic 

12 

2 

24 

10 

0 

Teflon  ielt  and 
Teflon  lOQX  Lami- 
nate 

Teflon  lOOX  sand*^ 
i^iched  in  Teflon 
felt-  ..75  din 

Z.12 

20 

3.5 

70 

3 

0 

Sllicono  Rubber 
DC  916  60268 

.7£dlax.03 

20 

.7 

14 

3 

3 

Butyl  Rubber 

.75dlax.045 

20 

.6 

12 

10 

2 

CViolent  deto- 
nation) 

Kei-F 

ldlax.5 

20 

3.5 

70 

40 

0 

VltonA 

ldiax.5 

20 

3.5 

70 

20 

0 

Polydlmethylailosanc 

1 dlax  .5 

20 

3.5 

70 

3 

3 

Fluorinated  Siloxans 
LS-S3 

1 diax  .6 

20 

3.5 

70 

51 

2 

103 
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ABSTRACT 


The  Seal  Material  Developm-ant  Program  is  planned  as  a three- 
phase  program.  This  report  coi  ers  Phase  I which  was  conducted  to 
identify  and  characterize  materials  which  would  advance  the  state  of  the 
art  for  oxygen- hydrogen  propulsion  system  seals.  The  temperature 
range  to  be  covered  was  from  -423 °F  (37°R)  to  +200°F  (660°R).  A total 
of  nineteen  materials  were  evaluated,  with  fourteen  being  tested  at  least 
once  during  the  program.  Inchided  in  the  materials  tested  were  Teflon 
(as  the  control  material),  ethylene  propylene  terpolymer  compounds, 
two  silicone  compounds,  HYSTL  (a  TRW  polyurethane  resin),  an  experi- 
mental fluorinated  elastomer  (AF-E-124D),  and  Viton-A.  Although  the 
goal  of  the  program  was  to  identify  a single  material  for  use  in  both 
oxygen  and  hydrogen  over  the  entire  temperature  range,  a number  of 
materials  were  characterized  for  use  in  either  oxygen  or  hydrogen. 

The  experimental  fluoroelastomer  AF-E-124D  generally  indicated 
superior  performance  to  other  materials  for  use  in  both  oxygen  and 
hydrogen  systems.  The  Te^  TFE  performed  satisfactorily  in  both 
propellants.  Viton  A and  I exhibited  excellent  seal  characteristics 

for  use  in  liquid  hydrogen  systems.  Tests  conducted  included  liquid 
hydrogen,  seal  tests,  ABMA  LO2  impact  sensitivity  tests,  and  cleaning 
and  flushing  fluid  and  elevated  temperature  exposure  tests. 

Further  characterization  of  AF-E-124D  as  well  as  other  promising 
materials  is  recommended  to  establish  design  parameters  for  these 
materials.  In  addition,  fabrication  and  test  of  materials  in  various  seal 
configurations  are  the  next  steps  in  developing  promising  materials  as 
advanced  oxygen-hydrogen  propulsion  system  seals. 


Table  5-7.  ABMA  LO2  Impact  Sensitivity  Test  Results  Summary 


Material 

Impact  Load  (ft -lb) 

72 

60 

50 

40 

30 

20 

10 

Teflon  TFE 
(control) 

0/40 

AF-E-124D 

' 

0/20 

255-2 

Viton-A 

3/3^ 

2/10* 

8/46 

0/2 

310-1 

Phenyl  Silicone 

6/10 

- 

3/3 

12/24 

2/2* 

2/20 

1904-85 

HYSTL 

4/5 

- 

- 

2/2 

2/5 

2/8 

1/20 

316-1 

Fluor  0 silicone 

3/3 

- 

2/4 

7/11* 

3/3 

4/10 

1/10 

AF-E-71-2 

EPT-HYSTL 

3/3* 

- 

- 

2/5 

2/2* 

1/1 

1/10 

263-2 

EPT-Hydrin 

3/3* 

- 

- 

3/5 

2/2 

2/2 

2/10 

' Indicates  an  audible  detonation. 

Code;  Fractions  depict  number  of  reactions /total  impact  tests. 


Although  it  was  difficult  to  obtain  realistic  seat  impression  photo- 
graphs, Figures  5-19  through  5-25  give  a relative  comparison  of  the  seat 
conditions  after  being  subjected  to  equal  test  conditions. 

The  data  provided  in  Table  5-8  reflects  average  data  derived  from 
various  test  samples.  The  apparent  significant  superiority  of  the  HYSTL 
over  the  other  xnaterials  in  the  group  v/as  unexpected  and  may  not  be  a 
result  of  relative  materials  capability.  Since  HYSTL  is  a plastic,  the 
surface  finish  is  normally  very  smooth.  At  the  other  extreme,  the 
AF-E-124D  samples  available  for  test  (since  material  is  in  limited  supply) 
had  relatively  tineven  surfaces,  as  may  be  seen  in  Figure  5-19.  This 
may  account  for  the  variation  in  seat  stress  required  to  effect  a seal  as 
shown  in  Table  5-8  both  at  ambient  temperature  and  -423 ^F.  Other  mate- 
rial surfaces  were  of  approximately  equal  quality  with  the  HYSTL  surface. 

5.  4 SOLVENT  AND  CLEANING  FLUID  EXPOSURE 
TEST  DESCRIPTION 

Each  candidate  seal  material  was  subjected  to  a series  of  solvent 
exposure  tests  to  establish  fluids  compatibility.  The  fluids  used  in  this 
test  are  common  cleaning  and  test  fluids  normally  used  in  propellant 
systems.  They  are; 

• Distilled  water 

• Freon  TF 

• Isopropyl  Alcohol  (IPA) 

9 Trichlorethylene 

The  test  procedures  used  were  as  follows:  First,  samples  were 
obtained  in  standard  test  sample  sizes.  Measurements  of  lengtli,  thick- 
ness and  weight  were  taken.  The  samples  were  placed  in  individual  con- 
tainers with  each  fluid.  The  samples  were  exposed  to  the  fluids  for  the 
following  lengths  of  time: 

9 One  hour 
9 Four  hours 
© One  day 
® Three  days 
e Seven  days 
9 Fourteen  days 
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TABLE  X7 

IMPACT  SENSITIVITY  GE  MATERIALS  IN  LIQUID  OXYGEN 


Spscimen 

Material 

Specimen 
Eorm  (in.) 

Weight 

Dropped 

Distance 

Dropped 

Impact 
(Et.  Lbs.) 

No,  of 
Trials 

No.  of 
Reactions 

Nitrile  RubUer 

,75  Dia.  X .055 

5*0  lbs, 

5.5  ft. 

17.5 

5 

5 

Neoprene  Rubber 
2-0006 

•75  Dia,  X ,055 

7 

5.5 

24,5 

5 

5 

^ylar 

Dupont  [type  A 

•75  Dia,  X ,007 
Thick 

12 

2 

2k 

10 

0 

Teflon  Eelt  and 
Teflon  lOOX 
Laminate 

Teflon  lOOX 
sandwiched  in 
Teflon  Eelt 
,75  Dia,  X ,12 

20 

5.5 

70 

5 

0 

Silicone  Rubber 
DC  916  60263 

,75  Pia,  X ,05 

20 

.7 

14 

5 

5 

Butyl  Rubber 

,75  Dia,  X ,0^5 

20 

.6 

12 

10 

2 

(Violent 

Detonation) 

Kel-E 

1 Dia,  X ,5 

20 

5.5 

70 

40 

» 0 

Yiton  A 

1 Dia,  X ,5 

20 

5.5 

70 

20 

0 

Polydimetbylsilozane 

1 Dia,  X .5 

20 

5.5 

70 

5 

5 

Eluorinated  Siloxane 
LS-55 

1 Dia,  X .5 

20 

5-.  5 

70 

51 

2 
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An  Apparatus  for  Determination 
of  impact  Sensitivity  of 
Materials  in  Contact  with 
Liquid  and  Gaseous  Oxygen 
at  High  Pressures 

C.  F.  Key 


REFERENCE:  Key,  C.  F.,  “An  Apparatus  for  Deter- 
mination of  Impaet  Sensitivity  of  Materials  in  Contact 
with  Liquid  and  Gaseous  Oxygen  at  High  Pressures,” 
Materials  Research  and  Standards,  MTRSA,  Vol.  11, 
No.  6,  p.  28. 

ABSTRACT:  An  apparatus  developed  by  the 
Marshall  Space  Flight  Center  for  use  in  determining 
the  impact  sensitivity  of  engineering  materials  in  liquid 
and  gaseous  oxygen  at  pressures  greater  than  1 atm 
is  described.  This  apparatus  uses  the  basic  impact  tester 
described  in  ASTM  D2512,  with  the  addition  of  a 
pressurized  specimen  holder  in  place  of  the  D 2512 
anvil  region.  A certain  flexibility  in  test  conditions  is 
allowed  for  in  that  drop  height  can  be  varied  as 
specified  and  reproducible  results  can  be  obtained.  In 
addition,  two  view  ports  allow  both  operational  view- 
ing of  results  and  Him  documentation. 

The  use  of  a uniquely  balanced  striker  pin  arrange- 
ment with  less  than  0.31  kg'  m energy  loss  allows  3ie 
direct  comparison  of  results  of  all  tests  with  pressure 
as  a variable.  It  is  anticipated  that  this  tester  can  be 
lued  for  evaluation  of  materials  in  other  reactive 
propellants  such  os  nitrogen  tetroride,  Toflox,  and 
fluorine. 

KEY  WORDS:  o^qigen,  liquid  oxygen,  liquid  propel- 
lants, cryogenic  rocket  propellants,  impact  tests,  low 
temperature  tests,  ignition,  hypergolic  ignition 

Liquid  and  gaseous  oxygen  (lox  and  gox) 
are  used  extensively  in  botL  the  space 
program  and  industry  in  general.  Pure 
liquid  and  gaseous  oxygen  are  stable  and 
not  subject  to  detonation;  however,  mixing 
with  most  organic  and  some  inorganic 
materials  can  cause  ignition  or  explosion 
tmder  stimuli  such  as  impact  or  puncture. 
Many  fires  and  explosions  involving  gase- 
ous or  liquid  ojq'gen  have  been  reported. 

Organic  materials  of  the  type  conven- 
tionally used  as  adhesives,  lubricants,  gas- 
kets, elastomers,  etc.,  are  particularly 
hazardous.  However,  this  hazard  is  not 
confined  to  them  alone,  it  applies  to  many 

C.  F.  Kcy»  projects  olllccr.  Materials  Div.,  Astronautics  Lab., 
NASA,  Marshall  Flight  Space  Center,  Ala. 


totally  inorganic  substances  in  contact 
with  lox  or  gox.  The  environmental  and 
structural  demands  inherent  in  space  ve- 
hicle systems  make  it  a matter  of  prime 
urgency  to  characterize  all  materials  p;  .s- 
cisely  ivith  regard  to  lox/gox  sensitivity. 

Accordingly,  a lox  impact  test  device 
was  developed  at  the  George  C.  Marshall 
Space  Flight  Center  (MSFC)  to  provide 
information  on  the  relative  hazards  pre- 
sented by  these  materials.  The  develop- 
ment of  this  test  method  and  device  was 
described  by  W.  R.  Lucas  and  W.  A.  Riehl 
in  the  ASTM  Bulletin,  February  1960.  This 
device  has  been  used  successfully  at  MSFC 
over  the  past  decade  for  the  selection  of 
materials  in  liquid  or  gaseous  oxygen  sys- 
tems. '"'■'e  test  procedure  and  criteria  of 
accepittoility  have  been  issued  as  MSFC- 
SPEC-106B.  The  basic  parameters  also 
have  been  accepted  as  ASTM  Test  for 
Compatibility  of  Materials  with  Liquid 
Oxygen  (Impact  Sensitivity  Threshold 
Technique  (D  2512-f?)). 

While  impact,  or  mechanical  energy,  is 
the  basis  for  this  test  method,  other  forms 
of  energy  also  are  capable  of  triggering  the 
mixtures.  These  energy  forms  can  arise 
from  virtually  unforseen,  unpredictable, 
and  seemingly  unknown  sources.  The  mere 
fact  that  an  unsatisfactory  or  “sensitive” 
component  or  material  in  a liquid  or 
gaseous  oxygen  system  is  not  expected  to 
encounter  impact  energy  at  tlie  location 
where  it  is  to  function  cannot  be  consid- 
ered sufficient  justification  for  its  use. 

An  earlier  report,  NASA  TM  X-53846, 
described  the  development  of  the  first- 
generation  gox  impact  tester  for  use  at  low 
pressures  up  to  34  X 10^  N/m®.  A device 
for  transmitting  impact  energy  was  ff  vored 
for  this  test  program  because  basically  it 


Fig.  -[—High  piessure  oxygen  tester. 

is  tile  simplest  method  of  transmitting  a 
measurable  amount  of  energy  to  a test 
fixture.  This  paper  describes  the  second- 
generation  tester,  which  is  designed  for  use 
at  higher  pressures. 


Theoretical 

It  generally  is  accepted  that  the  high  tem- 
peratures resulting  from  nearly  affiabatic 
compression  are  the  cause  of  ignition  in- 
an  impact  tester.  It  should  be  noted  that 
these  conditions  also  can  be  produced  by 
the  rapid  pressurization  of  a line.  The 
theoretical  temperature  due  to  adiabatic 
compression  can  be  calculated  from  the 
following  equation: 


II 

Ti 


p 1 [n-l/nj 

aJ 
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where 


Fj  = initial  pressure, 

T{  = initial  temperature, 

Pf  = final  pressure, 

Tf  = final  temperature,  and 
n = Cp/c„  (specific  heat  ratio). 

For  oxygen  n = 1.4,  thus 

II  - r.S:l 

T,  "LPiJ  ~LpJ 

Assume  an  initial  pressure  jf  9.5  X 
10^  N/m®  and  an  initial  temperature  of 
20  C (293  K),  then 


The  final  temperature  for  various  pressures 
is  shown  below. 


deg  C 

Temperature,  Tf 

(deg  K) 

Pressure, 

N/m- 

233 

(506) 

68  X 10^ 

488 

(761) 

2.72  X 10“ 

649 

(922) 

5.44  X 10“ 

763 

(1036) 

10.88  X 10“ 

926 

(1199) 

13.6  X 10“ 

1182 

(1455) 

27.2  X 10“ 

It  is  obvious  from  the  above  that  rapid 
pressurization  of  lines  with  gox  may  gen- 
erate high  temperatures  which  are  suffi- 
cient to  ignite  a large  number  of  materials. 

Because  adiabatic  compression  consti- 
tutes yet  another  potential  source  of  en- 
ergy for  ignition  or  detonation,  the  devel- 
opment of  a high  pressure  gox  tester  was 
undertaken  at  MSFC.  This  report  describes 
in  some  detail  the  design  and  operation 
of  this  tester.  Comparison  of  test  results 
with  those  obtained  with  the  Army  Ballis- 
tic Missile  Agency  (ABMA)  lox  tester  also 
are  presented. 

Description  of  Tester 

The  gox  tester  utilizes  the  basic  ABMA 
tester  assembly  with  a pressurized  speci- 
men holder.  The  tester  is  designed  to  allow 
a 9.04-kg  plummet  to  fall  through  a dis- 
tance of  1.1  m onto  a striker  pin  protruding 
from  the  specimen  holder.  The  maximum 
allowed  deviation  from  free  fall  is  3 per- 
cent. Figure  1 shows  details  and  orienta- 
tion of  striker  pin  and  specimen.  The  basic 
instrument  as  shown  consists  of  a plummet 
guided  in  its  vertical  fall  by  two  sets  of 
bearings,  one  set  at  each  end  of  the  plum- 
met. The  bearings  arranged  at  tire  vertices 
of  equilateral  triangles  roll  freely  in  tracks 
milled  in  steel  bars.  These  tracks  are  bolted 
rigidly  to  steel  tubing  supports  and  are 
aligned  accurately  with  shims  so  that  uni- 
form contact  with  the  ball  bearings  is 
maintained  at  all  points  along  the  length 
of  the  track.  The  supports  are  anchored 


securely  to  the  top  and  base  plate.  The 
2.54-cm-thick  base  plate  is  anchored  in  a 
0.028-m®  cube  of  concrete. 

The  control  panel  is  separated  from  the 
instrument  by  a reinforced  concrete  wall 
containing  an  observation  window  aligned 
with  the  viewing  port  of  the  specimen 
holder  so  the  operator  has  a view  of  the 
specimen.  AnoOier  viewing  port  is  pro- 
vided on  the  holder  for  photographic 
coverage  of  test  evaluation.  The  room  is 
darkened  to  a predetermined  level  during 
the  tests  to  enhance  observation  of  reac- 
tions. 

The  plummet  is  held  at  the  desired 
height  by  an  electromagnet  and  a safety 
catch  spring  loaded  in  the  holding  position. 
Wlien  power  is  delivered  to  the  solenoid 
the  safety  catch  is  released.  The  drop 
height  may  be  varied  from  0 to  1.1  m.  A 
height  indicator  is  located  on  the  electro- 
magnet support  strut  and  must  be  reset  to 
zero  with  the  plummet  resting  on  the 
striker  pin  and  specimen  whenever  the 
drop  height  or  specimen  thickness  are 
changed. 

The  plummet  is  released  by  activating 
two  switches  on  the  control  panel,  one 
releases  the  safety  catch  and  the  other 
reverses  the  electromagnetic  field,  whose 
collapse  releases  the  plummet.  The  plum- 
met delivers  the  impact  to  a stainless  steel 
striker  pin  resting  on  the  specimen.  The 
specimen  holder  is  pressurized  to  the 
desired  pressure  by  a remotely  controlled 
solenoid  valve. 

The  striker  pin  is  20.65  cm  long  and  has 
a 1 ,27-cm-diameter  impacting  surface  area. 
The  position  striker  assembly  has  a 12.4 
to  1 pressure  ratio  to  balance  system.  This 
provides  a method  for  decreasing  the  stable 
friction  losses  of  the  system  to  less  than 
0.31  kg  • m. 

Procedure  for  Test  Evaluation 

The  physical  nature  of  the  specimen  de- 
termines the  manner  in  which  it  is  pre- 
par  sd  for  test  evaluation.  Solids  and  sheet 
materials  are  cut  into  1.90  to  2.54-cm- 
diameter  disks.  Oils,  greases,  and  other 
semisolids  are  evaluated  as  thin  films  in  the 
bottom  of  the  specimen  holder.  It  is  im- 
perative that  the  specimens  and  holders 
be  precleaned  prior  to  test.  After  each  test. 


Table  1— Drop  Height  Schedule  for 
Approximate  Threshold  Value 
Determination 


Measurement 

Drop  Height,  cm 

First  height 

109.98 

Second  height 

83.82 

Third  height 

60.96 

Fourth  height 

38.10 

Fifth  height 

15.24 

the  specimen  holder  is  dismantled  and 
cleaned  with  a pure  chlorinated  hydro- 
carbon solvent  and  dried.  A clean  striker 
pin,  whose  face  must  be  free  of  pits  and 
scratches,  is  used  for  each  test.  The  striker 
pin  is  cleaned  by  vapor  degreasing  and 
alkaline  soak,  followed  by  rinsing  in  water 
and  drying. 

A precleaned  specimen  is  placed  in  the 
holder.  The  cap  is  placed  on  the  specimen 
holder  and  bolted  in  place.  The  system 
is  purged  and  pressurized  to  the  desired 
pressure  with  the  test  fluid.  Twenty  speci- 
mens are  tested  at  each  decreasing  impact 
level  from  10  kg  * m until  there  is  no  evi- 
dence of  reaction  at  the  pressure  of  inter- 
est. One  of  the  following  will  serve  as 
evidence  of  reaction: 

An  audible  explosion 

A visible  flash  in  a darkened  room 

Discoloration 

Evidence  of  burning  (charring) 

The  approximate  threshold  value  is  ob- 
tained by  testing  20  specimens  at  each  of 
the  drop  heights  listed  in  Table  1.  The  first 
height  at  which  no  reactions  are  obtained 
in  20  consecutive  drops  is  called  the  “ap- 
proximate threshold  value.”  The  “defini- 
tive threshold  value”  is  determined  by  20 
tests  at  drop  height  increments  of  7.62  cm 
starting  at  a height  of  14.24  cm  above  the 
approximate  threshold  value;  it  is  the 
higher  of  the  two  adjacent  heights  at  which 
no  reaction  was  obtained. 

Test  Results 

Effect  of  Specimen  Thickness/  A series 
of  test  evaluations  were  made  to  determine 
the  effect  of  specimen  thickness  on  impact 
sensitivity  at  pressures  up  to  1000  psi  in 
room  temperature  gaseous  oxygen.  The 
results  are  tabulated  in  Table  2.  It  is  obvi- 
(continiied  on  page  51) 


Table  2— Effect  of  Specimen  Thickness  of  Various  Materials  at  10-kg-m  Impact  Energy 


Materiel 

Thickness, 

cm 

Pressure, 

N/m2 

% Reaction 

Increase  In 
Sensitivity 

Silicone  rubber 

0.152 

34  X 10“ 

55 

Silicone  rubber 

0.050 

34  X 10“ 

100 

1.8 

Polytetrafluoroethylene 

0.157 

6.8  X 10“ 

10 

Polytetrafluoroetliylene 

0.086 

6.8  X 10“ 

20 

2 

Fluorinated  rubber 

0.229 

6.8  X 10“ 

10 

Fluorinated  rubber 

0.152 

6.8  X 10“ 

33.3 

3.3 
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Fig.  1 Z— Thermal  conduclivily  of  mirror  sub- 
strate materials. 
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An  Apparatus  for  the  Determination  of 
Impact  Sensitivity 
(continued  from  page  29) 

ous  from  the  data  that  the  impact  sensi- 
tivity of  materials  varies  inversely  with 
thickness;  consequently,  it  is  mandatory 
that  materials  be  evaluated  for  impact 
sensitivity  in  the  thickness  of  interest.  This 
is  a fact  which  cannot  be  overstressed. 

Effect  of  Pressure/  Tlie  effect  of  pres- 
sure on  test  results  was  observed  by  drop- 
ping a 10-kg  • m plummet  through  a dis- 
tance of  1.1  m.  The  results  given  in  Table  3 
indicate  that  the  impact  sensitivity  of  the 


materials  evaluated  increases  rapidly  as 
pressure  is  increased. 

Effect  of  lox/gox  Impact  Tests/  There 
always  have  been  questions  about  the  rel- 
ative severity  of  impact  testing  in  gaseous 
and  liquid  oxygen.  Some  workers  believe 
that  lox  impact  testing  is  more  severe  tlian 
gO.’c  impact  testing  a*-  a given  pressure.  A 
series  of  test  evaluations  were  conducted 
to  determine  the  relative  diS^erences  be- 
tween lox  and  gox  tests  with  a 10-kg  • m 
impact  energy.  The  results  (Table  4)  indi- 
cate that  materials  generally  are  more 
impact  sensitive  in  gaseous  than  in  liquid 
oxygen  at  a given  pressure. 


Conclusions 

An  impact  sensitivity  tester  has  been  de- 
veloped for  determination  of  impact  sensi- 
tivity of  selected  materials  in  liquid  and 
gaseous  o;q'gen  and  other  propellants  at 
various  pressures.  The  preliminary  data 
indicate  the  following: 

1.  The  impact  sensitivity  of  the  mate- 
rials tested  tends  to  be  more  pressure 
dependent  in  gaseous  oxygen  than  in  liquid 
oxygen. 

{continued  on  page  52) 
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(continued  from  page  51) 


Table  3— Effect  of  Pressure  on  Impact  Sensitivity  In  Gaseous  Oxygen 

% Reaction  at 

MaUrtol 

Tiilcknasa, 

Pressure,  N/cm- 

6.S  X 10'’ 

3.4  X 10" 

63  X 10" 

34X10" 

Fliiorinatcd  hydrocarbon 

0.188 

66.6 

50 

20 

0 

Fluorinated  silicone 

0.328 

100 

100 

50 

50 

Silicone 

0.152 

... 

100 

100 

50 

Table  4— Impact  Sensitivity  of  Selected  Materials  in  Liquid  and  Gaseous  Oxygen  at 

10  kg*m 

Material 

Thickness, 

Pressure, 

% neacllon  in 

cm 

N/m” 

lox 

gox 

Nylon 

0.008 

3.4  X 10® 

20 

50 

Silicone 

0.152 

68  X 10" 

lOO 

100 

Polytetrafluoroethylene 

0.165 

3.4  X 10® 

6 

10 

Clitorotrifluorouarbon  plastic 

0.317 

6.8  X 10' 

0 

0 

2.  The  impact  sensitivity  of  materials  in 
gaseous  oxygen  varies  directly  witli  pres- 
sure. 

3.  The  relative  rating  of  the  materials 
tested  in  lox  at  pressures  up  to  6.8  X 
10®  N/m®  is  the  same  as  lox  at  9.5  X 
10'*  N/m2. 

4.  This  tester  provides  flexibility  of  test 
conditions  for  evaluation  of  a wide  variety 


Assessment  of  Impact  Test  Techniques 
(continued  from  page  35) 

input.).  By  our  previous  definition  of  com- 
patibility, it  follows  that  tliere  are  two 
categories  of  compatible  materials:  those 
that  are  insensitive  and  those  that  are 
sensitive  but  do  not  propagate.  Incom- 
patible materials,  of  course,  are  those  that 
exhibit  both  sensitivity  and  a tendency  to 
propagate. 

Clearly,  if  we  are  to  define  the  compati- 
bility of  a material  by  test,  we  must  meas- 
ure both  sensitivity  and  the  tendency  to 
propagate,  that  is,  the  potential  reaction 
intensity. 

Conclusions 

We  have  attempted  herein  to  review  the 
development  of  the  two  lo.v  impact  test 
methods  appearing  in  Part  18  of  the  ASTM 
Standards  and  to  present  some  of  the 
aspects  involved  in  using  such  tests  to 
choose  materials  for  lox  systems.  Hope- 
fully, we  have  presented  a conclusive  case 
to  the  elFect  that  both  sensitivity  and  reac- 
tion intensity  meiisurcmcnts  are  necessary 
for  credible  choices  iictwcen  materials. 

Noting  that  one  of  the  above  methods 
purports  to  measure  sensitivity  and  the 
other  yields  reaction  intensity,  it  would 
seem  that  the  use  of  both  would  solve  the 
problem.  We  have  attempted  to  show, 
however,  that  the  sensitivity  test  violates 
so  many  fundamental  aspects  that  its  in- 
ability to  yield  acceptable  precision  is  not 
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of  materials  in  fuels  and  oxidizers. 

5.  The  above  data  are  tentative  and,  as 
such,  constitute  preliminary  test  results  for 
the  conditions  noted.  A much  more  com- 
prehensive test  program,  structured  to 
yield  statistically  meaningful  cardinal  data 
over  a wide  variety  of  materials  of  interest 
currently  is  in  progress  at  the  Marshall 
Space  Flight  Center.  ■ a ■ 


surprising.  The  reaction  intensity  test  ap- 
pears to  yield  meaningful  results,  but  the 
method  is  so  new  that  it  has  not  been  used 
outside  the  laboratory  where  it  was  de- 
veloped, and  we  know  nothing  about  its 
reproducibility.  Moreover,  even  if  the 
reaction  intensity  test  does  prove  to  be  re- 
producible through  interlaboratory  testing, 
it  will  not  constitute  a complete  measure 
of  compatibility;  precise  sensitivity  infor- 
mation also  is  needed.  Therefore,  we  must 
conclude  that  a new  test  for  sensitivity 
with  better  precision  than  now  available 
is  needed  urgently. 
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Determination  of  Flash  and  Fire  Points 
and  Impact  Sensitivity 
(continued  from  page  43) 

spark  propagation;  thus,  arcing  at  the 
points  occurs  during  the  spark  discharge. 
Because  this  arcing  causes  a higher  tem- 
perature spark,  it  is  expected  that  the  flash 
and  fire  points  occur  at  lower  tempera- 
tures. 

Another  interesting  observation  is  that, 
whereas  numerous  flashes  but  few  fires 
occur  witli  the  low  pressure  .system,  flash 
and  fire  points  generally  occur  simulta- 
neously when  the  high,  pre.ssure  system  is 
used.  This  variance  is  attributed  to  the 
difference  in  spark  generators  or  perhaps 
tlie  greater  possibility  of  autoignition 
under  high  pressure  coiiditions.  WSTF  is 
performing  studies  to  determine  the  rela- 
tionship of  flash  and  fire  points  to  spark 
characteristics  as  well  as  autoignition 
properties  under  high  pres.sure  o.sygen  en- 
vironments. 

It  should  be  pointed  out  that  a difficulty 
arose  when  we  attempted  to  speciiy  spark 
energy  as  a control  parameter.  Energy 
measurement  in  the  low  pressure  system 
is  straightforward  andean  be  accomplished 
by  measuring  the  spark  current  and  voltage 
compared  to  time,  plotting  a power  enve- 
lope, and  then  obtaining  the  area  under 
the  curve.  This  measurement  can  be  per- 
formed readily  because,  at  the  low  pres- 
sures involved,  the  .spark  is  in  the  form  of 
a “normal  glow  discharge”  as  described  by 
Cobine®;  dius,  the  voltage  wave  form  is 
fairly  smooth  and  easy  to  define.  At  higher 
pressures,  however,  the  required  increase 
in  spark  voltage  causes  an  erratic,  frequent 
transition  from  normal  glow  to  arcing  dur- 
ing the  spark  period.  Because  different 
energies  exist  for  the  two  conditions,  even 
an  appro.ximate  measurement  of  energy  is 
difficult.  Nonetlieles.s,  a quantity  that  is 
measured  easily  is  spark  gap  current  as  a 
function  of  time,  which  can  be  displayed 
on  a storage  oscilloscope  by  using  a current 
probe  or  a current  sampling  resistor.  Al- 
tliough  this  current  measurement  does  not 
describe  directly  the  spark  energy  deliv- 
ered (as  is  de.sired),  it  does  give  a means 
for  calibrating  individual  spark  generators 
to  ensure  that  the  same  energy  profile  is 
u.sed  for  different  test  setups. 

General  conclusions 

Gaseous  0.xygen  Impact  Testing/  Test- 
ing to  date  using  the  WSTF  mechanical 
and  pneumatic  impact  systeins  has  pro- 
vided reproducible,  repeatable  data  for 
test  pre,ssures  up  to  5000  psia  in  a 100 


^Cpbine,  J.  D..  Gaseous  Conductors,  Thaory  and  Engi~ 
nearing  Applications,  Dover  Publications.  NeWYork,  1958, 
p.  250. 
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ABSTRACT 


A mechanism  for  the  LOX -titanium  reaction  was  proposed  during  a 
previous  investigation  (WADD  TR  60-258).  It  was  postulated  that  the  impac^ 
of  a titanium  surface  immersed  in  LOX  generates  sufficient  heat  to  gasify  a 
pocket  of  oxygen.  In  addition,  the  impact  tends  to  compress  the  oxygen  at 
the  local  impact  sites.  A rapid  reaction  occurs  at  the  fresh  surface  formed 
by  the  impact. 

The  present  investigation  has  established  that  a fresh  titanium  sur- 
face, formed  by  rupture  of  a tensile  specimen,  would  react  in  gaseous  oxy- 
gen under  approximately  100  psig  pressure  at  temperatures  as  low  as  about 
-250  F.  These  results  tend  to  substantiate  the  proposed  mechanism. 

Means  of  eliminating  or  minimizing  the  reaction  of  titanium  when 
ruptured  in  gaseous  oxygen  were  investigated.  The  addition  of  HF  as  a gas 
to  the  oxygen  resulted  in  some  inhibition.  Argon  reduced  the  reactivity  of 
oxygen  gas  by  dilution'.  Coating  the  tensile  specimens  with  fluoride -phosphate 
or  with  vapor -deposited  aluminum  did  not  affect  the  reactivity.  These  same 
coatings  furnished  some  protection  to  titanium  from  reactivity  during  impact 
under  LOX. 
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A literature  survey  showed  that  the  impurity  content  of  LOX  is  very 
low.  Only  solid  impurities  in  LOX  are  believed  to  affect  the  impact  sensi- 
tivity of  titanium. 

The  experimental  program  included  an  investigation  of  means  of  elimi- 
nating or  minimizing  the  reaction  of  titanixim  when  ruptured  in  gaseous 
oxygen.  Two  means  were  tried,  namely  (1)  gaseous  additions  to  the  oxygen 
atmosphere  and  (2)  the  coating  of  titanium  surfaces.  These  experiments 
were  conducted  under  conditions  of  oxygen  pressure  at  which  reactions  had 
occurred  previously.  It  was  found  that  the  addition  of  2 per  cent  HF  gas'  to 
oxygen  at  room  temperature  raised  the  threshold  pressure  for  the  reaction 
from  75  to  about  200  psig.  An  inert  gas  also  reduced  the  titanium  sensitivity 
by  acting  as  a diluent.  However,  the  addition  of  about  5 per  cent  or  more  of 
argon  was  required  to  raise  the  threshold  to  about  200  psig.  Fit  irine  ad- 
ditions apparently  increased  the  reactivity  of  the  fresh  titanium  surface. 

Coated  titanium-  tensile  specimens  were  ruptured  in  gaseous  oxygen  at 
room  temperature.  No  reduction  in  reactivity  was  noted  when  using  coatings 
of  a fluoride-phosphate  or  a vapor-deposited  aluminum.  In  fact,  the  experi- 
ments indicated  that  somewhat  greater  damage  occurred  with  an  aluminum 
coating  than  with  vincoated  specimens  „ 

Impact  studies  showed  some  effectiveness  for  the  fluoride -phosphate 
and  vapor-deposited  aluminum  coatings  for  inhibiting  reactions  in  LOX, 
particularly  for  75A  material. 


EXPERIMENTAL  PROGRAM 


Tensile  Rupture  of  Titanium  in 
High-Pressure  Oxygen 


The  following  paragraphs  describe  an  experimental  program  which  was 
designed  to  investigate  the  reactivity  of  a fresh  titanium  surface  in  gaseous 
oxygen  over  a wide  range  of  temperatures.  The  fresh  surface  was  obtained 
by  breaking  a titanitim  tensile  specimen,  and  the  atmosphere  was  maintained 
in  a specially  outfitted  autoclave  system. 


Equipment  and  Operation 

A standard  1-liter  AISI  Type  316  stainless  steel  autoclave  was  used  as 
the  container.  It  was  fitted  with  a holder  so  that  a tensile  specimen  could  be 
fractured  while  being  exposed  to  high-pressure  gaseous  oxygen  at  low  tem- 
perature. Figure  1 is  a schematic  diagram  of  the  autoclave  system  used. 
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The  load  was  applied  to  the  system  from  a hydraulic  ram  connected  to  the 
specimen  through  the  pull  rod.  The  relative  size  and  shape  of  the  compon- 
ents are  shown  in  Figure  2. 

The  top  of  the  specimen  was  attached  to  the  pull  rod  and  the  bottom  x>i 
the  specimen  to  the  stainless  steel  support  bracket  by  use  of  stainless  steel 
pins  about  0.  25  inch  in  diameter.  To  protect  the  autoclave  in  the  event  of  a 
violent  increase  in  temperature,  a Pyrex  cyiinder  was  placed  around  the 
specimen  within  the  support  bracket,  as  shown  in  Figure  2.  In  later  experi- 
ments, it  became  expedient  to  use  a ceramic  liner  between  the  walls  of  the 
autoclave  and  the  support  bracket. 

Figure  3 shows  the  support  used  for  mounting  the  autoclave  and  pull 
jack.  The  pull  rod  was  sealed  at  the  top  of  the  extension  tube  with  a Teflon 
O-ring.  The  autoclave  was  cooled  in  a large  stainless  steel  Dewar,  shown 
in  the  photograph.  The  temperature  was  measured  with  a copper-Constantan 
thermocouple  located  about  1 inch  from  the  center  of  the  specimen.  Addi- 
tional thermocouples  were  attached  to  the  outer  autoclave  surface  at  several 
other  areas. 


Procedure 

Both  Ti-75A  and  Ti-6A1-4V  tensile  specimens  were  prepared  from 
sheet  stock.  The  physical  properties  and  the  chemical  analysis  for  each 
alloy  is  listed  in  Table  1.  The  specimens  were  machined  2-11/16  inch  long 
by  9/16  inch  wide  with  a reduced  section  1 inch  long  by  0.  19  inch  wide  and 
0.  050  inch  thick.  The  original  surface  was  left  in  the  as- received  condition, 
and  the  edges  were  surface  ground. 

TABLE  1 ANALYSES  OF  TITANIUM  MATERIALS  (a) 

Specimens  were  0.050  inch  thick 


Physical  Analysis 

C 

Chemical  Analysis, 

Fe  N2  H2  A1 

V 

Yield 

Strengdi, 

psi 

Tensile 

Strength, 

psi 

Elongation, 
per  cent 

Bend 

Test(b) 

Surface 

Roughness, 

microinches 

Ti-75A.  Heat  M7S26 

L-80,500 

100, 150 

22 

2.0T 

15-20 

.025 

0.08  .009 

.005 

. _ 

T-91,600 

105.800 

21 

2.0T 

35-40 

Ti-GA1-4V,  Heat  M8545 

1.-138,300 

147,400 

14 

2.8T 

18-20 

.020 

0.17  .020 

.007 

6.0 

4.1 

T-143,700 

150,500 

15 

3.6T 

25-30 

• 

. 

(a)  Produced  bjr  TMCA 

(b)  Press  brake  at  105  degrees. 
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All  materials  use^  in  contact  with  high-pressure  oxygen  were  cleaned 
thoroughly  by  first  scrubbing  with  soap  and  water,  followed  by  degrea.sing 
for  1/2  to  1 hour  in  a boiling  alkaline  cleaner'lS  After  rinsing  in  water  and 
drying,  the  materials  were  given  a final  degreasing  for  1/2  to  1 hour  in  dis- 
tilled carbon  tetrachloride.  After  cleaning,  these  materials  were  handled 
only  by  clean  metal  tools . 

In  tlie  conduct  of  an  experiment,  a standard  sheet  tensile  specimen 
was  first  fastened  in  place  using  stainless  steel  pins.  Next,  the  specimen 
assembly  was  inserted  into  the  autoclave  and  sealed.  The  hydraulic  jack 
assembly  was  then  fastened  in  place  (see  Figure  3). 

In  the  early  experiments,  the  system  was  leak  tested  by  adding  high- 
pressure  helium.  If  no  significant  pressure  drop  occurred,  the  pressure 
was  released.  The  system  was  evacuated  by  a vacuiom  ptimp  and  flushed 
with  helium  two  to  three  times.  After  the  final  evacuation,  the  system  was 
pressurized  with  gaseous  oxygen. 

In  later  experiments,  the  atmosphere  was  obtained  by  repeated 
flushing  with  oxygen  under  pressure.  This  modification  avoided  the  possi- 
bility of  nitrogen  from  the  air  leaking  into  the  system  during  the  evacuation 
cycle.  The  fina.l  pressure  adjustment  was  made  when  the  autoclave  had  been 
cooled  to  the  desired  temperature. 

The  autoclave  was  cooled  in  a stainless  steel  Dewar  by  using  liquid 
nitrogen.  The  liquid  level  was  adjusted  to  2 to  3 inches  above  the  bottom  of 
the  autoclave.  The  upper  portion  of  the  autoclave  remained  in  the  cold 
jiitrogen-vapor  phase.  The  top  of  the  Dewar  was  closed  with  a thick  Styro- 
foam instilating  cover.  The  temperature  in  the  vapor  phase  of  the  Dewar  was 
controlled  with  tank  nitrogen  gas  and  a circulating  fan.  V/hen  the  tempera- 
ture, measured  inside  the  autoclave  near  the  specimen,  was  close  to  the  de- 
sired value,  the  Dewar  was  lowered  so  that  the  autoclave  was  completely  in 
the  vapor  phase. 

Then,  the  oxygen  pressure  was  adjusted  to  the  desired  level  and  the 
system  was  allowed  to  reach  an  equilibrium  temperature.  The  specimen  was 
ruptured  by  pumping  the  hydraulic  system.  The  force  required  to  break  the 
specimen  was  indicated  by  the  recording  .needle  on  the  hydra\ilic  system  gage. 

The  temperature,  indicated  by  the  thermocouple  in  the  well  near  the 
specimen,  was  registered  on  a fast- response  recorder.  The  system  pres- 
sure v/as  observed  on  the  pressure  gage  by  use  of  a mirror.  A reaction  was 
indicated  by  an  immediate  temperature  rise  and  possibly  a change  in 
pressure.  Experience  showed  that  it  was  desirable  to  release  the  oxygen 
pressure,  usually  within  10  to  30  seconds  after  rupture.  This  stopped  the 
burning- titanium  reaction,  and  thus  prevented  serious  damage  to  the  stainless 
steel  autoclave  fittings. 

•The  alkaline  cleaner  consisted  of  30  g/1  sodium  metasilicate,  7. 5 g/l  sodium  hydroxide,  and  0. 5 g/1  Duponol. 
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TABLE  2.  RESULTS  OF  TENSE.E-RUPTURE  EXPERIMENTS  IN  GASEOUS  OXYGEN 
WITH  UNALLOYED  TITANIUM  (TI-75A) 


Initial 

Oxygen 

Final(3) 

Temperature, 

Pressure, 

Concentration, 

Pressure, 

Experiment 

F 

psig 

g/cc 

psig 

Reaction  ? 

Remarks 

1 

-250 

100 

0.031 

80 

No 

Pressure  drop  due  to  ram 

movement 

2 

-190 

550 

0.162 

>2000  (l>) 

Yes 

Rupture  disk  blew;  autoclave 

3^ 

damaged 

-190 

450 

0. 116 . 

655 

Yes 

Specimen  grips  ignited;  severe 

4(c) 

autoclave  damage 

-190 

250 

0.055 

325 

Yes 

Moderate  damage  to  specimen 

grips 

5 

-190 

150 

0.032 

150 

Yes 

Moderate  damage  to  specimen 

6(c) 

grips 

-190 

100 

0.022 

100 

Yes 

Portions  of  titanium  sper  men 

remain('l) 

20 

-190 

75 

0.016  . 

75 

No 

Bright  metallic  surface  at 

tji(c) 

fracture 

-190 

50 

0.012 

50 

No 

Bright  metallic  surface  at 

fracture 

24 

-50 

100 

0.014 

iOO 

Yes 

Severe  damage  to  specimen 

grips 

25 

-50 

75 

0.011 

75 

Yes 

Small  piece  of  titanium  speci- 

men remains 

26 

-50 

50 

0.008 

50 

No 

Bright  metallic  surface  at 

sCc) 

fracture 

77 

350 

0.033 

275 

Yes 

Severe  damage  to  specimen 

9(c) 

' 78 

150 

0.015 

150 

Yes 

grips 

Moderate  damage  to  specimen 

grips;  some  of  titanium 
specimen  remains(‘^) 

79 

100 

0.010 

75 

Yes 

Small  piece  of  titanium  speci- 

men remains;  grips  damaged 

18 

76 

100 

0.010 

100 

Yes 

Large  piece  of  titanium  speci- 

men remains 

13 

83 

75 

0.008 

65 

Yes 

Upper  half  of  specimen  showed 

no  reaction 

14 

80 

75 

0.008 

70 

Yes 

Large  pieces  of  titanium  speci- 

men remain 

IS 

78 

60 

0,007 

60 

No 

Very  small  burned  spot  oa 

fractured  face 

lii 

77 

50 

0.006 

50 

No 

Bright  metallic  surface  at 

fiactute 


(a)  Oxygen  pressure  released  10  to  30  seconds  after  rupture  in  all  experiments  except  1,  2,  and  3, 

(b)  lOX  may  have  been  condensed  during  cooling.  Rapid  evaporation  may  have  produced  the  pressure  rise. 

(c)  Sta  inless  steel  pins  brazed  in  titanium  specimens. 

(d)  Sea  Figure  6, 
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Reactivity  at.- 50  F and  at  Room  Temperature.  Reactions  were  ob- 
tained at  both  -50  F and  at  room  temperature  for  oxygen  pressures  of  75 
psig  and  above.  In  Experiment  13  conducted  at  room  temperature,  however, 
only  one -half  of  the  specimen  burned. 

In  Experiment  16  conducted  at  room  temperature  at  60  psig,  no  propa- 
gating reaction  was  obtained.  However,  one  very  small  burned  spot  was 
fotmd  on  the  fractured  face  upon  examination  (see  Figure  7).  This  shows 
that  the  reaction  initiated  but  did  not  propagate,  and  apparently  represents 
a borderline  case  for  propagation. 

With  a pressure  of  50  psig,  at  both  -50  F and  room  temperature,  no 
indication  of  any  reaction  was  observed.  Thus  the  threshold  pressure  is 
between  50  and  75  psig  at  both  these  temperatures. 


Rupture  of  Alloyed  Titanium 


Tensile  specimens  of  Ti-6’A1-4V  were  ruptured  in  gaseous  oxygen  at 
-190  F and  at  room  temperature  using  the  same  techniques  as  for  the  un- 
alloyed titanium  experiments.  The  results  are  given  in  Table  3. 


TABLE  3.  RESULTS  OF  TENSILE  RUPTURE  EXPERIMENTS  IN  GASEOUS  OXYGEN  WITH 
ALLOYED  TITANIUM  (Ti-6A1-4V) 


Experiment 

Temperature, 

F 

Initial 

Pressure, 

psig 

Oxygen 

Concentration, 

g/cc 

Final(a) 

Pressure, 

psig 

Reaction? 

Remarks 

30 

-190 

125 

0.02e 

115 

yes 

Specimen  largely  consumed; 
grips  damaged 

29 

-190 

100 

0.022 

No  , 

Bright  metallic  surface  at 
fracture 

10(b) 

75 

150 

0.015 

150 

yes 

Some  of  titanium  specimen 
remains;  grips  damaged  (c) 

28 

78 

100 

0.010 

100 

yes 

Specimen  largely  consumed; 
grips  damaged 

27 

77 

75 

0.008 

75 

no 

Bright  metallic  surface  at 
fracture 

11(b) 

80 

75 

0.008 

75 

no 

Bright  metallic  surface  at 
fracture 

(a)  Oxygen  pressure  released  10  to  30  seconds  after  rupture. 

(b)  Stainless  steel  pins  brazed  in  titanium  specimens. 

Jc)  See  Figure  6. 
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Generation  of  Heat.  One  factor,  which  should  be  considered  in  the 
'discussion  of  the  mechanism,  is  whether  the  generation  of  heat  is  sufficient 
to  initiate  the  propagating  reaction  without  the  exposure  of  a fresh  surface. 

The  temperature  of  the  surface  may  be  raised,  as  during  impact,  to  some 
point  where  rapid  oxidation  and  subsequent  burning  will  occur  without  neces- 
sarily rupturing  the  surface,  as  proposed  in  the  hypothesis. 

Dean  and  Thompson^^^  reported  that  titanixam  was  the  most  reactive 
material,  in  high-pressure  atmospheres,  of  the  common  metals  and  alloys. 

It  was  shown  that  titanium  tubing  (about  0. 5-inch  OD  x 0.  03-inch  wall)  would 
react  at  35-psig  oxygen  pressure  when  the  specimen  was  heated  electrically 
(within  1 to  2 minutes)  to  2400  F.  At  285-psig  oxygen  pressure,  reaction 
occurred  at  1600  F.  In  addition,  titanium  reacted  in  a 50  per  cent  02-50  per 
cent  CO2  mixture,  at  a temperature  of  1400  F,  xmder  285-psig  pressure.  In 
100  per  cent  CO2,  reaction  occurred  at  2600  F at  285  psig. 

On  the  basis  of  the  results  of  these  tests,  it  would  appear  that  titanium 
heated  in  LOX  at  atmospheric  pressure  would  not  react  until  temperatures 
in  excess  of  2400  F were  obtained  over  some  large  area.  At  these  tempera- 
tures, rapid  diffusion  of  the  oxide  coating  into  the  metal  would  occur,  and  a 
fresh  surface  could  actually  be  formed  to  initiate  the  reaction.  However,  no 
’ evidence,  such  as  oxidized  or  discolored  surfaces,  has  been  found  to  indicate 
that  temperatures  in  this  range  can  be  achieved  by  impact  alone,  in  addition, 
the  low  temperature  of  the  system  and  vaporization  of  LOX  would  tend  to  re- 
move the  heat  rapidly. 

The  experimental  results  show  that  a titanium  specimen,  even  when  £i.t 
low  temperature,  will  ignite  under  pressure  if  a fresh  surface  is  presented 
by  fracture.  According  to  the  hypothesis  prepared,  the  temperature  of 
gaseous  oxygen  needs  only  to  be  high  enough  so  that  it  will  not  be  condensed 
when  the  pressure  reaches  about  100  psig.  This  temperature  is  about  -250  F, 
as  shown  by  the  threshold-pressure  graph  of  Figure  8. 

It  should  also  be  mentioned  tliat  the  driving  force  for  the  reaction  is 
actually  greater  at  low  temperature  than  at  room  temperature,  as  shown  by 
thermodynamic  considerations.  The  difference  in  the  free- energy  values  is 
only  about  5 per  cent  however;  so  the  effect  probably  could  not  be  detected. 
Therefore,  the  reaction  is,  essentially,  as  probable  thermodynamically  at 
room  temperature  or  above  as  at  low  temperatures,  as  demonstrated  by  the 
experimental  results. 


Effect  of  Strain  Rate.  Previous  tensile -rupture  experiments,  using 
titanium  specimens  submerged  in  LOX,  showed  that  no  reactivity  at  the  break 
was  obtained  at  strain  rates  from  100  to  10,000  inches  per  inch  per  minute. 

In  the  present  investigation,  reactions  were  obtained  under  high-pressure 
gaseous  oxygen  at  a strain  rate  of  about  2 inches  per  inch  per  minute.  The 
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INVESTIGATIONS  OF  THE  ADMISSIBLE  OXYGEN  PLOW  VELOCITY 
IN  STEEL  PIPES  PROM  A SAFETY  POINT  OP  VIEW* 

W.  Wegener 

Operational  Dangers  and  Safety  Requirements 


The  use  of  steel  pipe  in  pipe  systems  for  compressed  oxygen 
has  been  subjected  to  certain  safety  requirements  in  Germany  since 
the  year  1942.***  It  has  only  been  modified  slightly  since  that 
time.  One  of  the  important  restrictions  is  the  limitation  of  the 
flow  velocity  of  oxygen  to  8 meters/second.  The  reason  for  this 

I 

restriction  is  that  at  higher  velocities  there  is  a danger  of  | 
pipe  fires.  This  occurs  when  scale  and  corrosion  products  separ-f 
ate  when  moist  oxygen  is  being  transported.  These  products  are 
then  carried  along  by  the  flow  and  can  start  to  glow  because  of 
friction  at  the  pipe  walls.  The  existence  of  this  danger  has  11 
been  verified  in  a certain  sense.  When  new  pipelines  which  are 
somewhat  contaminated  are  cleaned  by  a high-pressure  flow,  one 
can  observe  fire  phenomena  at  the  two  ends.  The  oxygen  flow 
velocities  which  occur  are  then  considerably  higher  than  those 
usually  used  in  the  operation  of  the  system.  On  t?ie  other  hand, 

*Ooinmunlcation  No.  6 of  the  Machine  Installation  and  Report 
No.  360  of  the  Machine  Board  of  the  German  Association  of  Iron 
Miners.  Reprint  requests  should  mention  the  Group  No.  D No.  7581 
Communication  of  the  Federal  Institute  for  Material  Testing.  | 

**Numbers  in  the  margin  Indicate  pagination  of  the  original' 
foreign  text . ‘5 

*** Joint  Bulletin  of  the  Reichs  Business  Ministry  and  ReichS4 
Labor  Ministry  of  November  28,  1942,  as  well  as  directives  for.- J 
the  use  of  steel  pipes  in  pipe  systems  (distribution  networks  ^ 
for  compressed  oxygen).  Reichsarbeitsblo  (1943)  Nr.  1,  P.  Ill,  2 
1,  u.  Bundesarbeitsbl.  (1955)  Nr.  12,  P.  481/84. 


! the- oxygen  pressure  is  relatively  low. 

’ i 
1 

->  i 

I The  operational  dangers  which  did  occur  at  the  time  were 

I tested  by  experiments.  However,  the  experimental  results  were 
i not  published.  Therefore  today  we  can  no  longer  determine  what 
! the  exact  conditions  were  for  which  flashes  occurred  in  pipes. 

, Other  investigations  showed  that  the  oxygen  lines  installed  up 
to  the  year  1942  were  made  of  unalloyed  steel  almost  without 
exception.  Also  we  found  that  the  systems  were  operated  at  flow' 

' velocities  below  8 meters/second.  Apparently  the  oxygen  fluxes 
corresponded  to  the  operational  requirements.  This  could  have 
been  the  reason  vihy  the  highest  permissible  velocity  was  specified 
at  8 meters/second.  According  to  present  technical  requirements > 
this  limiting  value  is  too  low. 

The  directives  for  Germany  were  in  part  taken  over  by  other 
countries.  For  example,  in  the  United  States  and  Great  Britain, 
other  recommendations  have  been  published.  In  these  cases,  they 
were  usually  in  the  form  of  plant  specifications  or  they  were 
i specified  by  insurance  companies.  They  are  different  from  the 
I German  specifications  because  they  allow  higher  flow  velocities 
j which  are  specified  independent  of  the  pressure. 

^ i 
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Good  results  have  been  obtained  with  flow  velocities  over  ’ 

I 8 meters/second.  For  this  reason  and  because  oxygen  is  being 
used  in  metallurgical  Installations  to  an  ever  increasing  degree, 
the  Association  of  German  Iron  Miners  and  the  Mining  and  Rolling 
i Mill  Associa.tlons  decided  many  years  ago  to  again  test  the  safety 
j aspects  for  oxygen  steel  pipe  systems.  The  purpose  was  to  reducfe 
' j the  restrictions.  A research  contract  was  awarded  to  the  German  5 
Institute  fox*  Material  Testing  (BAM)  after  a Joint  conference  4 

I 

with  the  Ministries  for  Labor  and  Social  Order,  the  BAM  and  ' ‘"3 
1 other  occupational  associationsj  and  operators  of  air-separation  2 
■ plants. I .. • ^ 1 
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■■  Experiment  Planning 

2 

The  experiment  planning  was  structured  into  three  phases. 

A ■ I 

^ I 

•i  ' I 

1.  A suitable  test  set-up  had  to  be  developed  for  experi-! 

ments  under  laboratory  conditions.  This  installation  was  operated 
at  differing  flow  velocities.  Solids  were  introduced  into  the 
oxygen  stream  and  their  influences  in  straight  and  curved  pipes 
was  observed.  The  experimental,  set-up  had  to  be  designed  so 
that  it  could  be  transferred  to  larger  scales  with  as  little 

; change  as  possible. 

» 

2.  Subsequent  to  thiSj  a large  test  section  should  be 
operated,  in  which  experiments,  made  with  the  installation  mentioned 

! in  Paragraph  1 could  be  made. 

3.  Finally  a continuous  test  section  is  to  be  installed, - 
in  which  oxygen,  having  the  conventional  purity,  l.e.,  without  i 
any  solid  additives,  was  to  be  operated  over  a time  period  of  | 
several  weeks  at  a high  velocity. 

! The  experiments  carried  out  under  laboratory  conditions  were 

performed  in  the  open  air  ground  installation  of  the  German 
Ministry  for  Material  Testing  in  Berlin-Dahlem.  They  were  con- 
^ eluded  approximately  two  years  ago.  The  experimental  set-up  and^ 

' the  essential  results  were  reported  in  [1].  This  is  why  we  willl 

i I 

now  report  on  the  second  and  third  phases  of  the  experiments. 

I The  test  sections  were  built  at  the  Duisburg-Ruhrort  factory 

'■’i  of  the  Phoenlx-Rhelnrohr  AG.  - . 
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Test  section 
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Length  ~ UO  m 

Figure  1.  Diagram  of  the  experimental  set-up 


Experimental  Set-Ut 


Prom  an  approximately  15-meter  high  NW  300  (nominal  width  \ 
300  mm)  oxygen  pipe  there  is  a NW  200  bend  which  drops  down  per- 
pendicular to  it.  It  runs  into  a vertical  NW  150  pipe  through  a 
sleeve  valve.  After  53  m*  the  steel  pipe  is  extended  by  means  of 
a 13  m long  copper  tube  pipe  having  the  same  dimensions.  Prom 
this  main  line  there  is  a bypass  line,  which  can  be  closed  off 
by  means  of  a sleeve  valve.  It  contains  a container  for  intro-  i 
duced  solids  (Figure  2),  Just  before  the  connection  flanges  for' 

the  test  section,  there  is  a 


oxygen  flowing  per  unit  5 

Figure  2,  Bypass  pipes  with  of  time  and  therefore  also  deter-  a 
container,  for  collection  of  veloclty-ln-  the-  - 3 
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test  section.  The  safety  line  and  the  restrictors  are  made  of 
copper.  If  steel  were  used,  the  solids  carried  along  by  the 
oxygen  flow  could  trigger  an  undesirable  fire  in' the  pipe  when 
they  impact  the  restrictor  vertically. 


The  oxygen  flows  into  the  free  atmosphere.  Because  of  the  , 
considerable  noise  levels,  it  later  on  became  necessary  to  install 
a sound  absorber  at  the  pipe  end.  It  also  seemed  appropriate  to 
Install  the  restrictors  in  an  eccentric  manner  along  the  lower 
parts  of  the  tube  end,  so  that  the  introduced  foreign  particles 
could  not  accumulate  there. 

There  is  an  additional  restrictor  in  the  main  line  between 
the  tap  and  reentry  point  of  the  bypass  line.  Because  of  the 
restricted' tube  cross  section  at  this  point,  part  of  the  oxygen 
flows  through  the  bypass  line  and  carries  along  the  materials 
introduced  into  the  container.  Manometers  are  installed  ahead  - 
of  the  test  section  as  well  as  at  its  end.  These  measure  the 
pressure  decrease  in  the  line.  All  the  lines  and  the  valves  are 
designed  for  ND  40  (nominal  pressure  40  atmospheres  gauge  pres- 
sure). The  valves  are  operated  from  a secured  panel  with  a 
pneumatic  system. 


Forty-meter  long  straight  steel  pipes  having  nominal  dimen- 
sions of  40,  50,  65  and  80  were  available  for  the  test  section. 
However,  as  we  will  show  later  on,  only  the  NW  40  line  could  be 
used.  During  the  experiments  in  the  middle  of  the  test  section, 
i.e,,  that  is  about  20  meters  from  the  beginning,  either  two  5s 
bends  (arc  radius  « 5 x tube  radius)  or  an  expansion  arc  with 
four  3s  or  5 D bends  (arc  radius  ■ .5  x pipe  radius)  were  welded 

in.  ■ I ''  ■ \ ' 


Determination  of  the  Flow  Velocity 

A uniform  flow  velocity j which  was  not  known  at  first,  was 
adjusted  by  means  of  the  restrictors  (Figure  1),  which  were 
installed  at  the  ends  of  the  safety  line.  This  meant  that 
repeatable  experimental  conditions  were  produced.  The  oxygen 
flux  could  not  be  determined  with  measurement  restrictors,  because 
there  was  a danger  that  the  writing  instruments  would  be  damaged' 
because  of  the  pressure  shocks  in  the  line  which  occur  when  the 

slide  is  open  and  closed  before  and  after  each  experiment.  Since 

i 

the  aperture  ratio  of  the  measurement  restrictor  should  corres-  I 
pond  to  the  expected  flux,  it  would  have  been  necessary  to  exchange 
it  with  a considerable  expenditure  in  time  when  other  velocities 
were  tested. 


Another  possibility  for  calculating  the  oxygen  flux  was 
then  considered.  This  is  based  on  the  fact  that  compressed  gases 
flow  into  the  atmosphere  at  the  speed  of  sound,  as  long  as  the  j 
pressure  ratio  is  above  the  critical  pressure  ratio.  The  amount 
of  outlet  flow  is  primarily  determined  by  the  pressure  and 
temperature  of  the  gas  ahead  of  the  restrictor  as  well  as  the  j 
restrictor  cross  section.  The  discharge  ratio  a must  be  intro- 
duced as  a correction  factor.  It  considers  the  Jet  constriction 
due  to  sharp  edges  and  similar  effects.  Therefore  it  essentially 
depends  on  the  geometric  shape  of  the  restrictor.  Because  of 
the  unknown  discharge  ratios  in  the  restrictors,'  the  calculated 
discharge  amounts  were  uncertain. 


i Finally  another  method  was  used.  It  led  to  exact  values. 

The  NW  300  oxygen  line  mentioned  and  used  in  the  experimental  5 

‘‘I  arrangement  could  be  closed  off  over  a distance  of  about  36O  m 4 

i 

‘j  by  means  of  a slide.  This  closed  off  part  of  the  tube  including.  3 
^ i the  main  line  ahead  of  the  test  section  forms  a "container”  2 
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having  a volume  Vg  of  about  27  After  the  slide  in  the  main  j 

line  is  opened,  the  oxygen  flows  through  the  test  section  and  | 
through  the  final  restrictor  to  the  outside  air.  The  line 
pressure  decreases  from  about  28  atmospheres  operational  pressure 
to  about  10  atmospheres  depending  on  the  cross  section  of  the 
final  restrictor  and  during  a time  interval  of  about  5 to  20 
minutes.  If  the  recorded  pressure  p values  are  plotted  as  a 
function  of  time  t in  the  form  Ig  p = f(t),  we  obtain  a straight 
line.  The  inclination  of  this  line  is  proportional  to  the  flow 
velocity  at  the  beginning  of  the  test  section.  The  somewhat 
simplified  derivation  is  as  follows  (notations  see  Table  l)s 


1,  21, 


p?-,-.t‘-,^T?. 


TABLE  1 
NOTATIONS  USED 

F = cross  section  of  the  test  section  in  m® 

Vg  “ volume  of  the  pipe  segment  which  can  be  blocked 

ahead  of  the  test  section  in  m* 

Po  “ normal  pressure  (=  1.033  at) 

To  ® normal  temperature  (=  273°  K = ,0°  C) 

Vo  =.  gas  flow  in  Nm^/sec  reduced  to  normal  conditions 
(Po#  To) 

p = gas  pressure  in  at 
T = absolute  gas  temperature  in  °K 
w = gas  velocity  in  meters/s.econd 
t = time  in  seconds 

,•  3 * subscripts  characterising  the  experimental 

conditions  at  the  following  points;  1 — at  the 
beginning  of  the  test  sectionj  2 at  the  end  of  ■ 
the  test  sectionji  3 in  front  of  the  final  ^ 

restrictor 

H 

T?-^»  for  unsteady  flow  C(dp/dtX  03j  P and  p'  are  the  ^ 
gas  pressures  at  the  times  t and  t’,  respectively,  2 
in  the  range  of  constant  temperature  T* . 
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The  gas  volume  flowing  through  the  NW  300  line  per  unit  of 
time  and  recalculated  per  normal  conditions  is  specified  by  the 
equation 


Po  dt  i 


! The  same  pressure  and  the  same  temperature  exist  at  the  beginning 
of  the  test  section.  The  equation  which  specifies  the  gas  volume, 

: also  recalculated  for  normal  conditions,  flowing  through  the  cross 
‘ section  P per  unit  of  time  at  the  velocity  wi  — if  the  pressure 
change  dp  is  Ignored  — is 

i 

I (2) 

I 

Since  the  gas  fluxes  specified  by  Equations  (1)  and  (2)  must  be 
the  same,  the  differential  quotient  has  the  value 

* .—I. 

After  transforming  the  abov^we  obtain  the  following  equation  which 
must  be  integrated  I 


j.'  -r  dpi  F 

\l  ft  . 

Pi-  ,i  ' 

I— . . ( ^ . --  V 


• Wj*'  7 dt  ] 


and  after  carrying  out  the  integration  we  find 


[in  Pi;f  In  p\:=4-  * ‘ j 


•ji  Using  base  ten  logarithms,  we  finally  obtain  the  following  equa-  5 
' i tlon  for  the  flow  velocity  at  the  beginning  of  the  test  section  ^ 


- -|3 

(6)  2 

1 
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Jig  P (P  = line 
pressure  in  at) 


^ ^ In  the  determination  of  wi  it  is  necessary  to  consider  the  7472 
• f act  that  the  oxygen  cools  off  (Ti  + T'l)  during  expansion  In  the  ; 

;NW  300  line.  It  was  found  that  for  a pressure  drop  from  28  atmos- 
' ,pheres  to  about  20  atmospheres  the  temperature  dropped  from 
j between  8 to  10  degrees  0 below  the  outside  temperature.  However, 
^because  of  the  Increase  in  heat  transfer,  from  the  atmosphere,  it 
remained  constant  along  the  line.  The  function  Ig  p « ,f(t)  is 
therefore  only  linear  in  the  range  of  the  final  temperature  T*i. 

Figure  3 shows  such  a curve. 


The  velocity  wi  calculated 


according  to  Equation  (6),  which 
1 is  only  valid  for  T*x,  can  be 


corrected  for  any  other  temperature 
Ti  by  multiplying  it  with  /Ti/T*  x . 
This  correction  factor  is  found 


from  the  temperature  dependence  of  i 


100  ISO  BOO  B50 

Time  in  seconds 


the  velocity  of  sound  which  exists 
at  the  final  constrictor.  It  is 


Figure  3.'  Pre^eurrdeorease  Important  whether  the  gas  tem-  | 

in  the  pipe  NW  300.  peratures  T3  or  T*s  (ahead  of  the  i 

final  restrictor)  agree  with  the  j 
gas  temperature  Tj  or  T'l  (at  the  beginning  of  the  test  section), 
respectively.  This  is  because  the  value  of  the  quotient  T /T’ 


This  is  because  the  value  of  the  quotient  T^T'^ 


, remains  almost  unchanged.  This  then  results  in  the  final  relation- 
! ship  for  the  flow  velocity  at  the  beginning  of  the  test  section 


The  pressure  pa  at  the  end  of  the  test  section  can  be  calcu« 


lated  according  to  the  flow  velocity  which  exists  there 
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I 


J i 
1 


wi  to  be  substituted  Is  taken  from  Equation  (?’).  No  temperature  | 
correction  Is  necessary  because  there  were  no  measurable  differ- | 
ences  between  Ti  and  Tz. 


j The  values  of  wx  and  wa  determined  In  this  way  for  various  j 

i * 

restrictor  cross  sections  have  a maximum  possible  error  of  ±3%,  | 

I It  Is  Important  to  realise  that  for  steady  flow,  the  velocity  j 
found  Is  Independent  of  the  absolute  pressure  In  the  main  line. 

This  means  that  fluctuations  in  ^e  average  ~2 8~'atmbsph~^r e~s ~bpera^ ^ 

' tlonal  pressure  could  be  Ignored. 

I 

i 

I Experimental  Procedurei 

Before  each  test  series  we  determined  the  flow  velocity  wi  • 
and  measured  the  pressures  px  and  pa  at  the  beginning  and  end  of 
the  test  section.  It  was  especially  important  to  make  sure  that 
there  were  no  differences  when  the  bypass  line  was  opened  or 
closed.  Otherwise  the  cross  section  of  the  restrictor  In  the  j 
main  line  had  to  be  enlarged.  The  measurements  after  each  test  | 
series  gave  values  within  the  experimental  error  bounds.  ! 

During  the  test  series,  the  slide  In  the  NW  300.  line  remained 
open.  Thus  the  same  pressure  prevailed  at  all  times  (27  to  29 

j atmospheres,  corresponding  to  the  operational  pressure). 

I 

I 

j The  container  In  the  bypass  line  was  filled  with  1 to  2 kg 

'i  of  solids  while  the  main  line  was  not  under  pressure.  It  was  5 

j 

" I then  again  hermetically  closed.  After  the  slide  was  opened  In  ^ 

■*!  the  main  line,  we  first  had  to  wait  until  there  were  stationary  3 ' 
■ flow  conditions.  Then  the  slide  in  the  bypass  line,  which  had  2 

^ ...  I : |l 
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been  closed  up  to  that  time,  was  operated  and  the  solids  were 
introduced  from  the  container  into  the  test  section.  Depending 
on  the  material,  the  container  was  emptied  after  0.5  to  1 minutedi. 
As  soon  as  there  was  only  pure  oxygen  in  the  test  section,  the 
experiment  could  be  terminated. 

We  used  roll  scale,  welding  cinders  and  rust  as  solids. 

These  are  materials  which  can  be  introduced  into  the  lines  by 
modification,  operation  or  displacement  of  the  systems.  In 
addition,  we  also  used  sand.  For  example,  sand  is  used  for  sand 
blasting  storage  containers.  We  used  flue  dust  as  a comparison  j 
material  because  of  its  high  iron  oxide  content.  We  also  used  i 

i 

coke,  stone  coal,  and  sand  and  iron  powder  mixtures,  which  are  j 
more  or  less  combustible  materials.  The  solids  were  sometimes 
in  powder  form  or  in  granular  form.  The  grain  sizes  were  as  high 
as  5 mm.  The  dry  oxygen  used  had  a purity  of  about  99.63b. 


The  first  experiments  were  carried  out  in  a straight  pipe 
segment  at  a flow  velocity  of  30  meters/second  at  the  beginning 
and  33  meters/second  at  the  end  of  the  test  section.  According  ; 
to  results  of  earlier  laboratory  experiments  [1],  these  condi-  | 
tlons  were  still  not  dangerous  for  the  lines.  Later  on  we 
increased  the  initial  velocity  up  to  53  meters/second  when  various 
lines,  both  curved  and  straight,  were  Installed.  The  final 
velocity  calculated  from  a pressure  loss  of  385S  amounts  to 
85  meters/second.  It  was  not  possible  to  obtain  steady  velocities 
because  of  the  capacity  of  the  air-separation  installation.  This 
is  why  we  were  not  able  to  use  lines  larger  than  NW  40  as  ini- 
tially  planned.  In  order  to  give  a fair  representation  of  the  ' 
operational  conditions,  we  primarily  carried  out  experiments  with^ 
curved  lines.  In  contrast  to  this,  it  was  only  necessary  to  4 

carry  out  a small  number  of  experiments  with  straight  lines. 3 

This  was  because  in  lines  having  curved  segments,  there  was  a 2 
, 20rmeter,_long_.5traight  pipe  segment  after  them. l 
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Experimental  Results 


Table  2 shows  the  results  obtained  with  various  materials  j 
for  various  oxygen  flow  velocities  for  the  straight  test  sectionJ 
Table  3 shows  the  same  thing  for  the  lines  with  curved  segments. | 
It  is  not  necessary  to  further  classify  them  according  to  radii 
of  the  pipe  bends,  because  we  were  not  able  to  detect  differenceii 
in  the  experimental  results. 


The  final  restrictors  used  to  lim|.t  the  discharged  amounts 
of  oxygen  had  diameters  of  12,  13,  15 » 20,  26,  and  32  mm. 

Accordingly,  there  were  stepped  flow  velocities  in  the  test  ; 
section.  As  the  number  of  experiments  was  increased,  the 
restrictor  cross  section  gradually  increased  because  of  erosion, 
so  that  the  flow  velocity  also  increased.  The  oxygen  temperature  /473 
which  depends  on  the  outside  temperature  also  had  a small  influ- 
ence on  the  flow  velocity.  In  addition,  the  oxygen  pressure  ” 
fluctuated  according  to  operational  conditions.  Nevertheless, 
all  experimental  conditions  remained  within  small  limits. 

Rust,  Flue  Dust,  Sand 


The  solids  rust,  flue  dust  and  sand  were  found  to  be  safe. 

¥e  were  not  able  to  find  glowing  particles  at  the  end  of  pipes 
or  flashes  in  the  pipes  themselves  in  either  straight  lines  or 
lines  having  several  bends.  Plow  velocity  values  up  to  53  meters/ 
second  and  oxygen  pressures  up  to  28  atmospheres  prevailed  at  the 
beginning,  and  the  maximum  values  at  the  end  of  the  test  section 
were  85  meters/second  and  17  atmospheres.  We  could  only  observe 
dense  dust  clouds.  L . ^ 
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Added  solid 


TABLE  2 

EXPERIMENTAL  CONDITIONS  AND  RESULTS 
FOR  A STRAIGHT  TEST  SECTION 

Flow  velocity  w and  pressure  p 
of  oxygen  at  the  beginning 
(subscript  1)  and  at  the  end  of 
the  test  section  (subscript  2) 

I Wl , I . Pi,  I ' I , Pi, 

I ,lis  tn/s  I In  ata  | In  m/s  I In  ata  i 


Sand 


Number  of 
experiments 
and  results* 


Rust 


Flue  dust 
(deposited) 


(29'r,^33 
44  " 


25  33  — 37 

28  I 57 

27  84 


Roll  scale 


Welding 

cinders 


Coke 


i29.-^33  25  33—37  22  * 

f 29  57  23  I 

I 51  27  84  16  : 


2-.1  +t 
2 + 
3 + ' 


Stone  coal 


11  29  II  29 

13  22 — 29  13  22v— 29 

18  20  — 29  19  19  — 28 


I 


I *+  = sparks  observed;  ~ = sparks  not  observed 


Roll  Scale 


The  same  is  true  for  roll  scale  in  the  case  of  straight  4 
lines  only.  In  curved  lines,  glowing  particles  emerged  from  the]  3 
pipe  ends  at  an  initial  velocity  of  28  meters/second.  In  the  2 
case  of  an  increased  initial  velocity  of  52  meters/second  in  one,  1 


TABLE  3 

EXPERIMENTAL  CONDITIONS  AND  RESULTS 
FOR  A CURVED  TEST  SECTION 


Added  solid 


Sand 


Rust 


Flue  dust 
(deposited) 

Roll  scale 


Welding 

cinders 


Submerged 
arc  welding 
cinders 

Coke 


Stone  coal 


Mixture  of  20^ 
iron  dust  and 
80^  sand 


Plow  velocity  w and  pressure  p 
of  oxygen  at  the  beginning 
(subscript  1)  and  at  the  end  of 
the  test  section  (subscript  2) 


Number  of  ( 
experiments 
and  results* 
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® sparks  observedj  ~ « sparks  not  observedi 


In  m/5 

Pi  1 Ws 

In  ata  | in  m/s 

in  ata  , 

30>i— 32 

28—29 

33—36 

25  — 26 

43 — 44 

26 28 

55 — .57 

21  — 22 

Cl 

28 -29 

82 

18 

- 

30 — 32 

28—  29 

33—36 

25  — 20 

43 — 44 

26 — 28 

35 — 57 

2! 22 

, 

27 — 29 

82 85 

17—18 

1 

r* 

_ . 

30’— 32 

28 —*29 

33  — 36" 

~25  — 26" 

43 — 44 

26  — 28 

55  —57 

21  — 22 

52-4‘S3 

28  4^29 
*• 

82-— 85 

17 18 

~28  ■ — 32 

'28  — 29' 

'30—36 

25— '26'1 

42— r44 

27—29 

65—57 

21—22 

62 

. 29 

82 

18 

, 

■ 52 

29 

82 

18 

, 

Fire  g 

' ■ 

- 

first 

13 

29 

13 

29 

17 

29 

18 

28 

28 

29 

31 

26 

42-e-44 

27  — 29 

65  — 57 

21  — 22 

60—53 

28  — 29 

82—85 

17—  18 

42-^44 

27'—  29 

'55— '57~ 

21  — 22 

* 

1 

60-- 52 

27 29 

82—83 

17.— 18 

17 

■“29' 

'"J8~ 

^ 28'  ‘1 

30—32 

28 — 29 

33-^36 

is — 26  1 

42 — -44 

27—29 

55—57 

21  — 22  1 

62  — 53 

27—  28 

82  — 85 

• 17—  18 

63 

; 29 

65 

. 18  1 

Fire 









fifth 

13 

29 

13 

29 

13 

29 

13 

29 

Fire  € 

32 

29 

. 36 

*26 

Fire  g 

bend 

1 13* 

29 

13 

29 

1 28 

29 

31 

26  . 

28 

29 

33 

26 

42 

29 

. 66 

22 

Fire  g 

1 

third 

fire  £ 

...... 



4- 

3- 

18- 


4- 

3- 

16- 


II 2-1- 
5-,  9-}- 
3-,  4-h 


2- 

2-1- 
6— » 4 -f- 
l 5 -!- 
2-,  13  -1- 


3-,  3-f 

l+J 


2-,  I -{- 
5 + 
18  -1- 
13  -1- 


2- 


* 2 *4*  * 

I ‘ ~ 


■ case  the  pipe  line  sparked,  The  fire  occurred  just  behind  the 
first  bend  of  the  expansion  arc  (Figure  4a)  consisting  of  four 
3s  bends.  This  divided  the  test  section  into  two  parts.  The 

oxygen  emerged  at  a very  high 

s-  v from  the  segment  ahead 
'v;  ^ of  the  fire  noint.  It  blew  awa"' 


tirl  •■  r . 


of  the  fire  point.  It  blew  away 

3 the  resulting  liquid  iron  oxide 
slag.  As  other  investigations 
have  shown,  the  presence  of  this 
1 slag  is  required  in  order  for  the! 


(a)  Fire  caused  by  roll 
scale  after  the  first  bend. 


this  section  subsided  immediately 
after  the  line  was  broken.  The 


K?'-~ 


I 1 * - -X  • -■  • ‘ 


I L ; 

(b)  Fire  caused  by  coke 
> behind  the  fourth  bend. 


, test  section  segment  downstream  j 
of  the  fire  location  was  contlnu-j 
ously  bathed  by  the  expelled  I 
I oxygen.  At  the  same  time,  the 
.1  glowing  slag  was  blown  into  the 
I line.  This  is  why  the  fire  con» 
tinned  until  the  oxygen  stream  was 
j cut  off  by  closing  the  slide  in  i 
■‘sMthe  main  line.  1 

‘ 1 


Welding  Cinders 


behind  the  fourth  bend.  Some  welding  cinder  particles 

Figure  D.  Fire  in  the  *>®San  to  glow  in  the  straight  line 

test  section,  at  initial  velocities  of  44  meters/ 

second.  In  curved  lines,  some  5 
sparks  occurred  at  17  meters/second.  However,  we  were  not  able  4 
to  trigger  a fire  in  the  pipe  for  initial  velocities  up  to  '3 
53  meter  s/second.  In  curved  tubes  and  with  sillicate  slag  from 
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submerged  arc  welding,  which  contained  almost  no  free  iron,  we  j 

* I 

were  able  to  observe  individual  weak  sparjkjs  for  initial  velocities^ 
of  44  meters/second. 


Coke,  Stone  Coal,  Iron  Powder 


i As  expected,  much  more  dangerous  conditions  prevailed  when 

coke,  stone  coal  and  iron  powder  were  used  than  before.  In  the 
I straight  tube,  we  were  able  to  observe  glowing  of  the  coke  parti- 
cles  at  initial  velocities  of  30  meters/second.  In  curved  pipes 
: this  occurred  beginning  with  17  meters/second.  At  an  initial 
velocity  of  53  meters/second,  the  pipe  burned  out  behind  the 
fourth  3s  bend  of  the  expansion  arc  (see  Figure  4b).  With  stone'  /4?4 
coal  , during  the  first  experiment  with  the  line  having  two  5s 
bends,  a fire  occurred  behind  the  second  bend.  The  flow  velocity 
vms  approximately  34  meters/second.  Further  experiments  showed 
that  stone  coal  Ignites  in  straight  as  well  as  in  curved  pipes 
at  velocities  above  about  13  meters/second.  In  one  case,  igni-  ! 
tion  occurred  very  close  to  the  entrance  of  the  bypass  line  intOi 

I 

the  test  section.  Apparently  a dust  explosion  originated  at  | 
this  point,  because  the  test  section  as  well  as  the  bypass  line 
with  the  solids  container  was  broken  into  many  parts.  In  addition, 
various  burned  points  were  found  in  the  destroyed  pipe  ahead  of  ! 
the  expansion  arc.  When  an  80^  sand  and  20%  iron  powder  (flame 
powder)  was  used,  some  sparks  were  observed  at  flow  velocities 
of  13  meters/second.  At  28  meters/second  initial  velocity;,  the 
line  behind  the  third  3s  end  of  the  expansion  arc  burned  off. 

In  the  experiments  carried  out  under  laboratory  conditions  [1] 
with  iron  powder,  ignitions  were  obtained  only  above  43  meters/ 
second.  ! 5 
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The  course  of  the  line  fire  in  the  experiment  with  roll 
scale  was  similar  to  what  was  observed  with  coke,  stone  coal  or 
iron  powder.  We  also  found  here  that  the  fire  does  not  advance  ! 
in  the  direction  opposite  to  the  oxygen  flow  direction.  In  one  i 
experiment,  we  were  only  able  to  observe  a fire  phenomenon  which 
lasted  a short  time.  In  this  case  the  recoil  produced  by  rupture 
of  the  line  which  was  transferred  perpendicular  to  the  main  flow 
direction  because  of  the  Installed  bend  tore  the  line  out  of  the 
foundation  and  bent  it  greatly.  The  emerging  oxygen  was  no  longer 
able  to  reach  the  part  of  the  line  downstream  of  the  fire.  After 
the  oxygen  remaining  in  this  line  segment  had  been  reduced  to 
normal  pressure  by  expansion  into  the  atmosphere,  the  fire  could | 
no  longer  be  maintained  because  of  insufficient  oxygen  supply. 

Continuous  Run  Test  Section 


In  order  to  Install  a continuous  run  test  section,  which  was 
to  have  been  operated  at  flow  velocities  of  more  than  8 meters/ 
second,  an  oxygen  line  installed  in  the  factory  was  bridged  by 
means  of  a low  cross  section  bypass  line.  The  bypass  line  con- 
sisted of  two  20-meter  long  ND  40  and  NW  50  steel  pipes.  At 
first,  the  reversal  point  was  connected  by  a large  copper  arc. 

The  oxygen  flux  was  Increased  over  two  days  until  a velocity  of 
wx  = 29  meters/second  was  reached  at  the  beginning  of  the  line  | 
at  a pressure  of  pi  = 3^  atmospheres.  The  corresponding  condi-  ! 
tions  at  the  end  of  the  line  were  pa  = 33  atmospheres  and  wa  = 

32  meters/second.  After  a time  period  of  36  days,  the  copper  arc 
was  replaced  by  a connection  piece  made  of  steel  pipe  containing 
two  3s  bends.  This  bypass  line,  which  was  made  entirely  of  stee: 
remained  in  continuous  operation  for  another  28  days  under  the 
stated  conditions.  No  complaints  were  recorded  over  the  time 
span  which  extended  over  more  than  two  months.  No  changes  could 
be  observed  inside  the  line  compared  with  the  earlier  state. 
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Consequences  for  the  Test  Results 


In  the  experiments  described  above,  we  did  not  determine 
after  what  path  length  the  velocity  of  the  introduced  solids 
reached  a certain  constant  fraction  of  the  flow  velocity  of  the 
^ oxygen.  According  to  other  investigation  results,*  we  may  assume 
that  there  is  a uniform  velocity  ratio  after  only  a few  meters. 

The  question  of  the  eigen  velocity  of  the  solids  remains  unanswered 
f as  well  as  their  dependence  on  certain  parameters  such  as  density, 

; drain  size  and  shape  of  the  particles,  as  well  as  pressure  and  j 
; velocity  of  the  oxygen.  These  questions  were  not  investigated  | 

I further  because  we  believed  that  even  if  the  kinetic  energy  of  ; 

the  particles  were  known,  for  example,  the  production  of  sparks 
* in  the  lines  could  not  be  adequately  explained.  In  addition, 

the  kinetic  energy  of  identical  particles  would  only  have  resulted 
in  a statistical  average  value.  This  is  because  in  all  test 

conditions  used,  there  were  turbulent  flow  conditions  in  which  the 

! 

, materials  moved  not  only  parallel  but  also  perpendicular  to  the  ; 
tube  axis.  * In  addition,  we  must  consider  the  fact  that  it  would 
be  difficult  to  experimentally  verify  theoretical  models  because 
processes  which  occur  inside  the  pipes  could  not  be  directly 
observed.  For  this  reason  it  is  not  possible  even  for  experiments 
with  the  straight  line  to  state  where  and  at  what  velocity  and 
pressure  the  particles  start  to  glow  because  of  friction  or  vrhere 
they  start  to  burn.  ¥e  can  even  assume  that  some  sparks  are  pro- 
duced by  impact  of  the  paxticles  along  the  restrictors  at  the 
' tube  ends.  The  fact  that  there  are  significantly  more  sparks  in 
curved  lines  even  at  low  velocities  leads  us  to  believe  that  they 
are  produced  in  the  bends.  In  addition  the  observed  line  fires 
, always  begin  just  behind  the  bends.  We  were  clearly  able  to  show,/475 
■ that  glowing  particles  will  only  occur  in  the  llnes>  or  line  flres^ 

^Private  communication  of  the  British  Oxygen  Company,  London. 
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will  only  occur  when  the  velocity  carries  along  combustible 
solids  at  a sufficiently  high  velocity.  Among  these  materials 
we  have  roll  scale  and  welding  slagj  because  they  contain  some 
amounts  of  free  metal.  Non-combustible  materials  such  as  rust 
and  sand  only  lead  to  mechanical  damage  to  the  pipes  at  the 
velocities  used  here. 

We  could  imagine  that  adding  stone  coal,  coke  and  Irohi 
powder  would  considerably  intensify  the  experimental  conditions. 
If  we  consider  the  fact  that  often  easily  combustible  materials 
can  be  contained  in  newly  laid  lines,  then  the  experimental 
results  are  important  for  two  reasons.  First  of  all,  they  show 
how  necessary  it  is  to  carefully  remove  all  foreign  ma'.erial  by 
pressure  cleaning  before  the  lines  are  used.  They  also  show 
that  it  is  dangerous  to  use  oxygen  for  this  purpose.  This  is 
why  it  is  best  to  blow  out  the  pipes  using  inert  gases  with  no 
oil  or  with  air  containing  no  oil.  On  the  other  hand,  there  is  - 
no. reason  for  alarm  if  combustible  materials  are  sucked  into  the 
line  after  setting  it  into  operation.  There  is  the  possibility 
that  seal  particles  will  enter  the  gas  stream,  but  only  experi- 
ence can  show  whether  this  danger  really  exists.  In  any  case, 
we  did  not  obtain  any  information  on  such  a danger  during  the 
experiments  with  the  continuous  test  section. 


It  is  not  absolutely  certain  that  all  scale  in  pipes  can-  • 
be  removed  by  staining  before  they  are  laid.  It  is  also  not 
certain  whether  welding  slag  can  be  removed  by  blowing  the  pipes 
out  after  they  are  laid.  These  materials  can  separate  from  the 
pipe  wall  even  after  the  line  has  been  set  into  operation. 
However,  there  is  immediate  danger  to  the  lines  only  at  high 
velocities,  which  will  probably  not  be  used  dviring  operation 
because  of  the  considerable  pressure  losses. 
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We  do  not  have  any  reservations  in  using  flqv/  velocities 
greater  than  8 meters/second  in  steel  pipelines  for  pressure 
stages  up  to  ND  40.  If  an  upper  value  were  specified ^ it  would 
be  easy  to  consider  the  safety  aspects  because  of  the  economical 
limitations . 

Danger  to  the  Valves 

Valves  are  required  components  of  pipeline  networks.  In 
general  they  contain  combustible  seals  which  of  necessity  will 
be  in  contact  with  the  oxygen  stream.  Such  seals  can  start  to 
burn  much  more  easily  than  the  metallic  components.  Therefore 
there  is  the  danger  that  the  sparks  which  can  be  produced  under 
the  given  conditions  will  cause  them  to  ignite.  Not  only  the 
energy  determines  this,  but  also  the  duration  over  which  they 
are  effective.  The  questions  related  to  this  must  be  investi- 
gated in  separate  experiments.  — 

In  addition  to  danger  to  the  seals  by  glowing  particles, 
there  is  another  danger  for  the  valves.  At  pressure  ratios  of 
about  1,9  and  up,  flow  velocities  can  occur  which  come  close 
to  the  speed  of  sound.  Under  these  conditions,  thermodynamic 
effects  can  occur  which  will  lead  to  a division  of  the  gas  j 

stream  into  hot  and  cold  partial  streams  if  the  valve. has  an 
unfavorable  fluid-dynamic  shape.  These  processes  were  already 
described  a few  years  ago  [3].  They  must  be  given  special 
attention  because  of  numerous  cases  of  damage  caused  by  oxygen 
slides, 

ils  long  as  no  information  and  experience  is  available  on 
the  question  of  how  an  increased  oxygen  flow  velocity  in  the 
lines  will  affect  the  operational  safety  of  the  valves,  we  must* "1 
introduce  appropriate  measures  in  order  to  avoid  accidents 
caused  by  valve  fires,  . . 1 _ 
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j"  In  oxygen  networks  which  are  operated  at  flow  velocities 
'■  ! above  8 meters/second , new  installations  should  only  have  valves 
^ j in  which  the  housings  are  made  of  special  brass  or  other  copper 
; alloys.  Pipe  bends  ahead  of  these  valves  should  be  avoided. 

In  existing  lines,  the  installed  valves  with  steel  housings 
[ should  be  replaced  by  housings  made  of  copper  alloy  if  this  is 
* not  too  difficult.  They  can  also  be  converted  to  remote  control 

I 

I or  at  least  have  a fireproof  covering  so  the  operating  personnel 
I will  be  protected. 

i 

I 
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Summary 


By  means  of  experimental  investigations  we  wanted  to 
clarify  whether  the  oxygen  flow  velocity  limit  of  8 meters/second 
in  steel  pipes  according  to  safety  regulations  could  be  increased 
without  the  danger  of  pipe  fires.  We  were  able  to  determine  the 
conditions  required  to  produce  pipe  fires  by  an  appropriately 
designed  test  section  in  vrhich  the  usual  operational  conditions 
were  simulated  and  sometimes  exceeded  by  introducing  impurities 
such  as  rust,  sand,  welding  slag,  roll  scale,  etc.,  into  the 
line.  According  to  the  experimental  results,  there  is  a danger 
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to  the  lines  by  the  usual  expected  impurities  only  at  high 

1 

! velocities  which  are  usually  not  used  in  operational  Installa-  : 

3 ’ 

I tions  for  reasons  of  economy  (large  pressure  decrease).  On  the  : 

4 1 , , 

I other  hand,  valves  are  exposed  to  more  danger.  Therefore  special 

5 i 

I requirements  must  be  placed  on  the  design,  selection  of  material  ; 

\ 

i and  method  of  operation. 
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REACTIONS  OF  TITANIUM  WITH  WATER 
AND  AQUEOUS  SOLUTIONS 


I,  Introduction 

For  the  past  fifteen  months  the  Institute  has  been  investigating  the 
conditions  under  which  relatively  massive  shapes  of  titanium  undergo 
spontaneous  ignition  and  continue  to  react  with  systems  containing  oxygen 
and  water.  This  investigation  grew  out  of  concern  arising  fi'om  several 
incidents  in  which  titanium  parts  suddenly  failed  in  the  course  of  a pro- 
longed test^’^.  These  failures  were  quite  unexpected  in  view  of  titanium's  _ 
corrosion  and  erosion  resistance,  which  seemed  to  make  it  a choice 
material  of  construction  for  homogeneous  reactors  and  fuel  recovery 
systems.  Examination  of  the  physical  evidence  at  the  damaged  site  in- 
dicated-that  a violent  brief  reaction  had  occurred,  resulting  in 'melting 
of  a portion  of  the  titanium  part. 

On  the  theory  that  these  reactions  were  initiated  by  exposure  of  a 
fresh  titanium  surface  (formed  mechanically  by  abrasion  or  galling)  to 
the  oxygenated  solutions,  a series  of  tests  was  conducted  to  delineate  the 
conditions  of  pressure,  oxygen  concentration,  and  temperature  which 
are  conducive  to  initiation  and  propagation  of  such  reactions. 

II.  Summary 

The  work  described  in  this  report  delineates  the  engineering  con- 
ditions under  which  it  is  safe  to  use  titanium  as  a material  of  construe- 

, t 

tion  in  the  presence  of  oxygen.  These  conditions  apply  not  only  to  the 
atomic  energy  industry  but  to  chemical  processing  as  well. 

The  working  hypothesis  stated  in  the  introduction,  was  in  part  con- 
firmed by  the  experimental  results.  A freshly  formed  titanium  surface 
reacted  rapidly  with  oxygen  and  the  energy  released  by  this  reaction 
resulted  in  an  ignition ’of  the  titanium  sample,  which  then  continued  to 
burn  until  either  the  metal  was  consumed  or  the  supply  of  oxygen  exhausted 
Water,  however,  played  only  a very  minor  role  in  this  reaction.  Some 
of  the  more  significant  results  of  this  investigation  are; 


^Hammond,  J.  P. , T.  J.  Vegley,  Jr.,  and  G.  M.  Adamson.  Failures  of 
Tf^anium  Alloy  Trim  in  HRP  Dump  Valve  Lpop.  ORNL  56-8-214. 
zGrxess,  J.  C. , et  al.  Report  on  Corrosion  of  Titanium  Impeller 
Number  One.  ORNL  55-9-65  , 


i 


A fresh  titanium  surface  produced,  for  example,  by  the  rupture 
of  a sample  in  tension  at  room  temperature,  will  react  with  oxygen 
and  ignite.  If  the  oxygen  is  diluted  with  steam  or  an  inert  diluent,- 
higher  oxygen  pressures  are  reqxaired  than  for  pure  oxygen.  For  example, 
with  100%  oxygen  a minimum  pressure  of  350  psi  is  necessary  for  the 
ignition  of  a titanium  sample.  With  907o  oxygen  a total  pressure  of 
500  psi  is  required;  with  65%  oxygen  a pressure  of  1000  psi;  and  with 
50%  oxygen,  1700  psi.  Helium  and  steam  behave  as  diluents.  If  a fresh 
surface  is  produced  on  a sample  submerged  in  oxygenated  water  con-  • 
taining  up  to  3000  ppm  of  oxygen,  no  observable  reaction  resulted. 

In  some  experiments  a rupture  disk  made  of  12-mil  titanium  foil 
was  used  as  a closure  of  the  pressure  vessel.  When  this  disk  was  bro- 
ken by  puncturing  it  with  a spring-loaded  knife,  the  freshly  formed 
surfaces  were  exposed  to  a stream  of  the  compressed  gases  contained 
in  the  bomb  aa  the  bomb  discharged.  The  lirhits  of  ignition  xmder  these 
cynamic  conditions  are  lower  than  those  of  samples  in  a static  atmosphere. 

• Ignition  occurred  at  pressures  above  50  psi  with  pure-  oxygen,  at  500  psi 
with  60%  oxygen,  at  1000  psi  with  45%  oxygen,  and  at  1700  psi  with 
38%  oxygen.  The  shape  of  the  curves  separating  the  ignition  region 
from  the  "safe"  region  is  such  that  no  autoigniti'on  is  likely  to  occur  at 
room  temperature  unless  the  oxygen  concentration  exceeds  35%  irre- 
spective of  pressure. 

The  ignition  limits  described  above  were  not  markedly  affected  by 
changes  in  the  surface-to-volume  ratio  of  the  sample,  the  alloy  used, 
or  its  temperature  in  the  range  up  to  300°C. 

When  a sample  of  titanium  ignited  in  the  vapor  space  was  allowed 
to  burn  down  into  a pool  of  water,  the  primary  result  seemed  to  be 
a quenching  of  the  reaction.  The  presence  of  hydrogen  in  the  residual 
atmosphere  indicated  some  thermal  decomposition  of  water. 

The  limits  of  propagation  of  the  reaction  between  metal  and  oxygen 
(as  distinct  from  the  ignition  limits)  were  also  investigated.  They  were 
found  to  be  much  lower  than  ignition  limits,  particularly  in  the  presence 
of  steam.  Although  pure  steam  did  not  react  even  with  molten  titanium 
the  presence  of  a small  amount  of  oxygen  (>1%)  produced  a self-sustaining 
reaction. 

The  autoignition  of  metals  on  fresh  surfaces  seems  to  be  restricted 
to  only  a few  metals.  Of  those  tested,  only  titanium  and  zirconium 
exhibited  autoignition.  It  is  believed  that  this  property  is  related  to 
the  mu-tual  solubility  of  the  molten  metal  and  its  oxide,  which  forestalls 
the  formation  of  a protective  oxide. 


Experimental  Results 


A.  Autoignitiou  Studies 
1.  Static  Tests 


a.  Equipment  and  Procedures 

A stainless  steel  reactor  was  built  for  the  ignition 
work.  It  was  designed  to  contain  aqueous  solutions  at  pressures  up  to 
2000  psi  and  temperatures  up  to  300°C.  As  shown  in  Figures  1 and  2 
it  consisted  of  a cylindrical  bod-  with  two  removable  heads.  A pullrod 
sealed  with  four  0-rings  held  one  end  of  the  test  specimen,  and  a 
hydraulic  pullram  in  a heavy  frame  provided  the  means  for  breaking 
the  titanium.  The  assembled  arrangement  is  shown  in  Figure  3. 

The  reactor  was  heated  with  clamp-on  heaters 
supplied  with  a variable,  current.  . The  temperature  of  the  solutions  was 
measured  by  a fhermocouple' connected  to  a direct- reading  gauge.  The 
pressure  was  measured  wit|i  a transducer  (Taber  Teledyne).  The  out- 
put of  the  transducer^  as  well  as  that  of  the  thermocouple,  v/as  recorded 
at  will  on  a Varian  strip  chart  recorder. 

The  samples  were  about  5 in.  long  and  made  of  1/4  in. , 
round  stock,  which  was  reduced  to  a 1/8  in.  diameter  in  the  middle,  to 
provide  a definite  breaking  point  as  well  as  to  stay  within  the  capacity 
of  the  ram  ..  When  foil  was  used,  strips  about  5 in.  long  and  1/2  in, 
wide  were  cut  and  notched  to  provide  a definite  place  for  the  break. 

The  inside  of  the  reactor  was  lined  on  the  bottom  with 
a short  section  of  ceramic  pipe  and  a concrete-asbestos  disk.  This 
lining  successfully  prevented  erosion  of  the  reactor.  A new  lining  was 
used  for  each  run. 

The  gas  mixtures  were  prepared  in  the  reactor. 
Commercial  grades  of  helium  and  oxygen  were  used.  When  steam  was 
used  as  a diluent,  it  was  generated  in  the  bomb  by  heating  water  to  a 
temperature  corresponding  to  the  proper  partial  pressure.  When  helium* 
* oxygen  mixtures  were  used,  adequate  mixing  was  obtained  only  if  the 
oxygen  was  introduced  last;  otherwise  a badly  stratified  charge  resulted. 
Mass  spectrometer  samples  were  taken  occasionally  to  verify  the  compo- 
sition of  the  mixture. 
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The  procedure  consisted  of  placing  a sample  in  the 
reactor,  securing  the  reactor  in  the  steel  frame  located  in  an  explosion 
test  pit,  and  pressurizing  to  the  desired, pressures.  The  reactor -was 
then  heatedj  if  I’uns  at  elevated  temperatures  were  to  be  made.  When 
proper  conditions  of  pressure  and  temperature  were  attained,  the  sample 
•was  broken  in  tension  using  the  hydraulic  pu].l-ram.  The  occurrence 
of  a reaction  was  indicated  mainly  by  a sudden  decrease  of  the  gas  pressure 
The  reactor  was  then  vented  and  opened  up.  Visual  inspection  verified 
the  occurrence  or  nonoccurrence  of  a reaction. 

b.  Ignition  Limits  of  Titaniiam  in  Dilute  Oxygen 

The  lower  ignition  limits  were  established  by  break- 
ing successive  titanium  samples.  The  pressure  for  a given  composition 
of  oxygen  plus  diluent  was  increased  from  run  to  run,  until  ignition 
occurred.  Sometimes  "initial"  ignition  was  noted:  that  is,  the  test 
sample  would  show  burned  spots,  usually  on  the  edges  of. the  fresh 
surface,  but  the  entire  sample  did  not  burn.  The  "initial"  ignition  re- 
sults were  observed  under  conditions  close  to  the  borderline  shown  in 
Figure  4.  The  results  of  tests  with  helium-oxygen  mixtures  are  shown 
in  Table  I.  Table  Il'shows  results  obtained  under  otherwise  similar  con- 
ditions‘using  1/E  in,  strips  of  12  mil  titanium  foil  in  place  of  the  1/4  in. 
rod.  A third  set  of  res^ilts  is  shown  in  Table  III,  where  steam  was  used 
as  a diluent  in  place  of  helium. 


Table  I 

REACTIONS  OF  i/4  IN.  TITANIUM  ROD 
WITH  HELIUM-OXYGEN  klIXTURES 

(Static  Conditions) 


P 

P 

O5 

Run  No, 

Type 

Oz 

He 

total 

Reaction 

.(ps'i) 

(psi) 

(psi) 

(%) 

58 

A-55 

300 

200 

500 

60 

59 

A-55 

400 

100 

500 

80 

60 

A-55 

300 

100 

400 

75 

- ^ 

61 

A-55 

400 

400 

100 

62 

A-55 

500 

100 

600 

83 

initial 

63 

A-55 

•500 

50 

550  ' 

91 

initial 

73 

A-110  AT 

900 

100 

1000 

90 

/ 

74 

A-110  AT 

800 

200 

1000 

80 

/ 

75 

A-110  AT  . 

700 

300 

1000 

70 

initial 

76 

A-110  AT  ■ 

750 

250 

1000 

75 

(1/2  only) 

77 

A-110  AT 

950 

950 

1900 

50 

78 

A-110  AT 

900 

1000 

1900 

47.5 

*v/  denotes  ignition 
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Table  11 


REACTIONS  OF  0,  012  IN.  TITANIUM  FOIL 
WITH  HELIUM- OXYGEN  mXTURES 


Rxan  No. 

Type 

P 

O2 

^He 

P 

total 

O2 

(psi) 

(psi) 

(psi) 

(%) 

97 

A-55 

500 

500 

100 

98 

A-55 

450 

--- 

450 

100 

99 

A-55 

350 

350 

100 

iOO 

A-55 

350 

350 

100 

101 

A-55 

900 

950 

1850 

48.5 

102 

A-55 

900 

750 

1650 

54.5 

103 

A-55 

900 

600 

1500 

•60. -0 

104 

‘ A^55 

900 

400 

1300 

69.0 

105 

A-55 

900 

500 

1400 

64.0 

106 

A-55 

700 

300 

1000 

70 

107 

A-55 

450 

50 

500 

90 

108 

A-55 

850 

900 

1750 

48.5 

109 

A-55 

850 

700 

1550 

55.0 

110 

A-55 

650 

280 

930 

70 

111  ■ 

A-55 

600 

200 

800 

75 

112 

A-55 

500 

100 

600 

83.5 

Reaction 


y* 

y 

7 

/ 

y 

y 

y 

y 

y 


y 


Table  HI 


IGNITION  IN  PRESENCE  OF  STEAM 


Run  Noo. 

Type 

67 

A-55 

68 

A-55 

79 

A-liO  AT 

80 

A-110  AT 

83 

A-110  AT 

169 

6 A1-4V 

170 

6 A1-4V 

171 

6 A1-4V 

denotes  ingnition 


^02 

p 

steam 

^total 

(psi) 

(psi) 

(psi) 

# 

500 

15 

515 

500 

100 

600 

650 

225 

875 

950 

600 

1550 

1000 

1000 

2000 

525 

175 

700 

750 

500 

1250 

850 

750 

1600 

O2 


(%) 

Temp 

Reaction 

97 

100°C 

initial 

83 

165 

initial 

74 

200 

initial 

61 

250 

y* 

50 

285 

y 

75 

188 

60 

241 

53 

275 

y 
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All  of  these  data  are  shown  graphically  in  Figure  4.  The 
line  drawn  through  these  points  indicates  the  boundary  between  the  go  and 
no~go  regions.  There  seems  to  be  no  difference  between  the  behavior  of 
titanium  foil  and  rod,  nor  between  helium  and  s^eam  as  a diluent.  The 
boundary  line  appears  to  become  asymptotic  to  an  ordinate  drawn  through 
a concentration  of  35%  oxygen;  this  would  indicate  that,  at  room  temper- 
ature, no  autoignition  would  occur  at  any  pressure  as  long  as  the  oxygen 
concentration  is  below  35%,  A more  exact  definition  of  the  asymptote 
would  require  higher  pressure  and  special  equipment  which  was  not 
available  at  the  time. 

c.  Effect  of  Surface -to -Volume  Ratios 
and  Alloying 

Most  of  the  samples  of  titanium  used  in  the  static 
experiments  consisted  of  5 in,  lengths  of  1/4  in,  diameter  rod,  reduced 
to  a 1/8  in,  diameter  cross  section  near  the  middle,  with  a 1/2  in. 
taper.  Several  runs  were  made  with  differently  shaped  specimens.  Some 
rods  were  reduced  to  1/8  and  1/16  in.  respectively  by  a square-cut  groove 
near  the  center,  resulting  in  a very  abrupt  change  in  diameter.  Another 
sample-was  machined  from  1 in, , round  stock  to  resemble  the  poppet 
in  the  valves  mentioned  in  ORNL  report  No.  56-8-214.  Its  cylindrical 
section  was  about  1 in,  long,  with  a 60°  taper  coming  to  a 1/8  in.  point 
attached  to  a 1/4  in.  rod.  (See  Figure  5:  the  burned  sample  had  a longer 
cylindrical  section. ) This  sample  weighed  72  g.  Still  other  r.uns  were 
made  using  1/2  in.  strips  of  12  mil  titanium  foil^  All  of  these  samples 
ignited  readily  upon  breaking  and  were  completely  consumed  or  melted, 
even  though  in  the  case  of  the  large  poppet  only  25%  of  the  required 
amount  of  oxygen  was  present.  These  tests  indicate  that  in  the  presence 
of  oxygen  at  the  necessary  pressures  the  exposure  of  a very  small  fresh 
ar^a  can  result  in  a self-sustaining  reaction.  . 


As  indicated  in  Tables  I-III  several  different  titanium 
alloys  were  used,  such  as  A-55,  A-110  AT,  and  6 A1-4V.  The  results 
obtained  with  these  samples  show  no  differences  within  the  limits  of 
experimental  error.  These  limits  are  of  the  order  of  + 25  psi, 

d.  Reactions  with  Water 


Since  the  incidents  which  first  directed  attention  to 
titanium  were  apparently  metal-water  reactions,  the  behavior  of  titan- 
ium toward  water  at  elevated  temperatures  and  pressures  was  examined 
quite  carefully. 
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For  the  first  static  tests  in  the  presence  of  water, 
small  test  specimens  were  used  to  reduce  the  danger  of  excessive 
steam. pressures  during  the  burning  of  titanium,-  Strips  1/2  in,  wide 
and  3 in,  long  were  cut  from  0,012  in,  titanium* (A- 55)  foil  with  notches 
at  the  desired  breaking  point.  Thus,  by  adjusting  the  water  level  with 
respect  to  the  notched  area,  the  strips  cotdd  be  broken  either  in  the  gas 
or  in  the  liquid  phase.  The  results  are  summarized  in  Table  IV,  Ig- 
nition occurred  only  when  the  strips  were  broken  in  the  vapor  space. 

The  top  half  of  the  strip  was  completely  consumed  (Run  No,  38);  the 
lower  half,  partly  submerged  in  water,  appeared  to  have  been  quenched 
(Figure  6).  In  order  to  study  this  phenomenon  under  the  most  favorable 
conditions,  titanium  rods  were  ignited  in  the  gas  phase  and  the  burning 
titanium  was  permitted  to  come  into  contact  with  liquid  water.  For  this 
purpose,  10  ml  of  water  was  placed  in  the  pressure  vessel,  oxygen  added 
to  the  desired  pressure  and,  after  equilibration  for  1/2  u ..ur,  the  reaction 
was  initiated  by  breaking  the  test  sample.  Fastax  movies  of  some  of  these 
experiments  were  taken.  The  composition  of  the  resulting  atmosphere 
was  determined  mass  spectroscopically  for  some  experiments, 

• Examinatio-n  of  the  residues  (Figure  7)  and  of  the 
movies  did  not  show  anything  striking.  The  molten  metal  did  not  appear 
to  react  vi.ole.ntly  with  water;  the  analytical  results  indicated,  however, 
the  presence  of  some  hydrogen,  amounting  to  about  3%  of  the  reacted 
titanium.  This  may  be  due  to  a direct  metal- water  reaction,  but  could 
be  the  result  of  thermal  decomposition  of  water  by  the  very  hot  metal 
(>2000°C).  When  a sufficiently  long  rod  and  enough  water  were  used, 
the  reaction  was  quenched.  It  appears,  therefore.;  that  even  under  the 
optimum  conditions  of  these  tests  the  reaction  of  titanium  with  water 
was  not  self-sustaini.ng, 

2.  Dynamic  Tests 

a.  Equipment  and  Procedures 

The  reactor  described  in  Section  Ill-l-a  was  equipped 
with  a special  head  to  hold  down  a titanium  rupture  disk,  which  was 
broken  by  a suring^loaded  plunger.  Either  water  or  steam  coxid  be 
selected  as  ^ae  material  initially  in  contact  with  the  disk,  depending  upon 
the  orientation  of  the  reactor.  A very  high  degree  of  turbulence  exists 
* as  the  contents  of  the  reactor  axe  discharged  through  the  break  in  the 
rupture  disk.  The  thickness  of  the  disks  varied  from  4 to  12  mils. 

Figure  8 shows  the  arrangement  with  the  rupture  disk  facing  downward. 


QUENCHING  OF  TITANIUM  STRIPS 
Run  No.  38 


FIG.  7 

TITANIUM  SUG  FROM  IGNITION 
IN  PRESENCE  OF  WATER 


FIG.  8 

REACTOR  ASSEMBLY 
With  Rupture  Disk  Facing  Downward 


JRun  No, 

Oxygen  Pressure 
(psi) 

Temperature 

(°c) 

Remarks 

36 

500 

RT 

Blank  test  without  water i 
reaction  occurred 

37 

500 

RT 

Submerged  below  break- 
point; reaction  occurred 

38 

750 

RT 

Submerged  below  break- 
point; reaction  occurred 

38b  ^ 

1000 

RT 

Sample  completely  sub- 
merged; no  reaction 

39 

500 

180° 

Sample  completely  sub- 
merged; no  reaction 

40 

500 

200° 

Sample  completely  sub- 
merged; no  reaction 

41 

1000 

200° 

Sample  completely  sub- 
merged; .3  reaction 

For  experiments  at  elevated  temperatures  two  thermocouples  were 
used,  one  in  the  solution  and  one  in  contact  with  the  titanium  disk.  The 
latter  was  removed  just  prior  to  puncturing  the  disk.  Heating  was  again 
accomplished  with  circular  strip  heaters. 


Ignition  Limits  of  Titanium  Foils 
. in  Dilute  Oxygen 


The  relationship  between  oxygen  pressure  and  concen~ 
tration  necessary  to  produce  autoignition  of  a titanium  specimen  under 
dynamic  conditions  of  gas  flow  was  determined  in  a series  of  runs  in 
which  the  oxygen  concentration  at  a given  total  pressure  of  oxvpen  and 
^ diluent  wAsJLnrjr.aajsjejd  until  ignition  occurred.  The  results  given  in 
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Figure  9 and  Table  V show  that  ignition  occurs  much  more  readily  under 
dynamic  than  under  static  conditions;  pure  oxygen  at  50  psi  pressure 
streaming  past  a fresh  surface  produced  autoignition.  The  ignition  limits 
are  much  lower  throughout  the  whole  range  of  oxygen  concentrations. 
Figure  10  shows  the  appearance  of  a reacted  disk. 

Table  V ' 

REACTIONS  OF  TITANIUM  WITH  HELIUM-OXYGEN  NHXTURES 

(Dynamic  Conditions) 


P 

P 

Run  No. 

Foil 

He 

total 

Oz 

Reaction 

(in.  ) , 

(psi) 

(psi) 

(psi) 

(%) 

131 

.003 

350  ■ 

350 

100 

, v/*  . 

132  * 

.003 

.300 

-- 

300 

100 

y 

133 

.003 

250 

«- 

250 

100 

y 

134 

.003 

200 

-- 

200 

100 

y 

135 

.003 

150 

-- 

150 

100 

y 

136 

.003 

100 

100 

10.0 

y 

137 

.003 

50 

50 

100 

y 

138 

.003 

10 

10 

100 

141 

.012 

50 

50 

100 

7 

156 

.008 

500 

500 

1000 

50 

y 

157 

.008 

400 

600 

1000 

40 

158 

.008 

450 

550  . 

1000 

45 

y 

159 

.008 

420 

280 

700 

60 

y 

160 

.008 

370 

250 

620 

60 

y 

161  ■ 

.008 

340 

130 

470 

72.5 

y 

162 

.008 

300 

200 

500 

60 

163 

.012 

450 

1050 

1500 

30 

164 

.012 

450 

1050 

1500 

30 

165 

.012 

540 

960 

1500 

36 

166 

.012 

6.00 

900 

1500 

40 

y •' 

167 

.012 

630 

1170 

1800 

35 

— If*- 

168 

.012 

500 

200 

700 

71.5 

y 

*/  denotes  ignition 


16 


TOTAL  PRESSURE 


END  OF  REFERENCE 
36 


REFERENCE 

37 


SCHMIDT,  H.  W.j  AND  HARPER,  J.  T.:  HANDLING  AND  USE  OF 
FLUORINE  AND  FLUORINE-OXYGEN  MIXTURES  IN  ROCKET  SYSTEMS. 
NASA  SP-3037,  1967. 


NtSt  SP-3I13; 


HtNOlING  AND  tfSE'  OF 


ND  SP3CE  tDHINISTItlltll 


NASA  SP-3037 


HANDLING  AND  USE  DF 

FLUORINE  AND 
FLUORINE  OXYGEN 
MIXTURES  IN 
ROCKET  SYSTEMS 

by  Harold  W.  Schmidt 
with  attittanca  of  Jack  T.  Harpar 

Lawi*  Rasaarch  Cantor 
C lava  land,  Ohio 


ScMnii/ic  *ndT*chnicd  Informstion  Division 

OFFICE  OF  TECHNOLOGY  UTILIZATION  1967 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

Washington,  D.C. 


CONTENTS 

CHAPTER  PAGE 

1 INTRODUCTION 1 

1.1  mSTOEICAL  BACKGROUND 2 

1.2  FLUORINE  STUDIES  AT  LEWIS  RESEARCH  CENTER.  2 

REFERENCES 6 

2 PROPERTIES  OF  FLUORINE  AND  FLUORINE-OXYGEN  (FLOX) 

MIXTURES 7 

2.1  THERMODYNAMIC,  CHEMICAL,  AND  PHYSICAL 

PROPERTIES  OP  ELEMENTAL  FLUORINE 7 

2.2  PROPERTIES  OF  FLUORINE-OXYGEN  (FLOX)  MIX- 

TURES   S 

2.3  INDEX  TO  PROPERTIES 9 

REFERENCES  46 

3 COMPATIBILITY  OF  MATERIALS 49 

3.1  CHARACTERISTICS  OF  FLUORINE  AND  FLOX 49 

3.2  COMPATIBILITY  OP  METALS  WITH  FLUORINE  AND 

FLOX  54 

3.3  COMPATIBILITY  OP  NONMETALS  WITH  FLUORINE 

AND  FLOX  MIXTURES 81 

3.4  FLOX  SPILL  TESTS  ON  COMMON  MATERIALS 110 

REFERENCES 119 

4 COMPONENFS  AND  SUBSYSTEMS  DESIGN,  FABRICATION, 

AND  INSTALLATION  CONSIDERATIONS 121 

4.1  LIQUID-FLUORINE  AND  FLOX  STORAGE  TANK  AND 

TRANSFER  LINES 121 

4.2  INSULATION  133 

4.3  LINES,  JOINTS,  AND  FITTINGS 134 

4.4  VALVES  140 

4.5  FLUORINE  PUMPS  148 

4.6  INSTRUMENTATION  157 

4.7  REFRIGERATION  SYSTEMS 163 

4.8  FLUORINE  DISPOSAL  METHODS  AND  DESIGN 165 

4.9  SYSTEM  FABRICATION  AND  COMPONENT  INSTAL- 

LATION   173 

REFERENCES 175 

5 FACILITY  DESIGN  CRITERIA 177 

5.1  GENERAL  CONSIDERATIONS  IN  FACILITY  DESIGN-  177 

55  FACILITY  DESIGN 183 

REFERENCES  208 

vii 


Chapter  3.  Compatibility  of  Materials 


In  the  early  stages  of  fluorine  technology  development,  a number  of 
failures  occurred  that  were  characterized  by  a chemical  ignition  between 
the  fluorine  and  its  containment  system.  Since  the  zone  where  ignition 
occurred  was  usually  consumed  in  the  reaction,  the  exact  cause  of  failure 
was  often  obscured.  Evidence  indicated  that  either  the  incompatibility 
of  materials  or  contamination  was  the  cause. 

To  define  compatibilities  of  materials  (metals  and  nonmetals),  a 
series  of  investigations  was  conducted  at  Lewis  with  both  fluorine  and 
FLOX.  Test  results  indicated  that,  with  proper  design  and  selection  of 
materials,  reliable  systems  can  be  built.  Successful  operation  can  then  be 
assured  by  scrupulously  maintaining  the  system  free  of  contamination. 

Most  common  metals  of  construction  are  compatible  for  use  in  a 
fluorine  environment.  Metals  can  burn  with  fluorine  (or  oxygen)  only  if 
the  reaction  is  initiated  by  inducing  combustion  at  the  reaction  zone  by 
reaction  of  a secondary  material  (contaminant)  or  by  localized  addition 
of  energy,  such  as  friction,  impact,  or  heating  to  ignition  temperature. 
The  choice  of  metals  for  use  in  fluorine  systems  is  primarily  based  on 
property  requirements  for  a given  application,  such  as  strength  and 
shock  resistance  at  cryogenic  temperatures,  welding  and  brazing  or 
soldering  characteristics,  and  thermal  conductivity.  Considerations 
peculiar  to  the  fluorine  environment  would  include  exposure  to  friction 
(film  characteristics) , the  ignition  temperature  of  the  metal  in  fluorine, 
and  resistance  to  hot  and  cold  hydrogen  fluoride. 

Many  inorganic  nonmetals  can  be  used  in  limited  applications  with 
fluorine,  including  fused  metal  oxides  and  fluorides  (cermets),  Pyrex, 
and  all  fully  fluorinated  compounds.  Partially  fluorinated  materials 
must  be  considered  as  a special  case.  Most  notable  of  these  are  poly- 
tetrafluoroethylene  (TFE)  and  polychlorotrifluoroethylene  (PCFE)  be- 
cause of  their  resistance  to  reaction  with  fluorine  and  FLOX.  These 
polymers  have  been  used  successfully  for  gaskets  and  seals  in  limited 
applications. 

3.1  CHARACJERISTICS  OF  FLUORINE  AND  FLOX 
3.1.1  Chemical 

Fluorine  is  one  of  the  most  powerful  oxidizing  agents  known  and  can 
react  with  practically  all  organic  and  inorganic  substances.  The  few 
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exceptions  include  the  inert  gases  (under  normal  conditions  of  contact) , 
fiuorinated  compounds  in  their  highest  state  of  oxidation,  and  a fetv 
fluorinated  polymers.  Even  these  polymers  may  burn  in  fluorine  atmos- 
pheres if  reaction  is  initiated.  The  reaction  characteristics  of  FLOX  are 
similar  to  those  of  fluorine,  except  that,  at  lower  concentrations,  FLOX 
mixtures  tend  to  become  less  hj'pergolic  as  the  percent  fluorine  in  the 
mixture  is  decreased. 

The  activation  energy  required  to  initiate  combustion  with  fluorine  is 
generally  much  lower  than  that  required  for  any  other  oxidant.  Fluorine 
molecules  in  a fluorine  system  are  always  at  a state  of  energy  (with 
respect  to  a possible  reactant.)  that  is  closer  to  their  activation  energy 
than  other  oxidizers  in  comparable  systems.  In  fact,  many  materials 
react  spontaneously  on  exposure  to  fluorine  even  at  very  low  tempera- 
tures. In  concentrations  as  low  as  5 to  10  percent,  FLOX  ignites  spon- 
taneously with  many  materials  and  reacts  with  charcoal  at  concentra- 
tions of  less  than  1 percent  fluorine  (ref.  1) . 

Whether  or  not  a substance  will  burn  spontaneously  on  exposure  to 
fluorine  or  FLOX  depends  on  the  conditions  of  exposure.  The  most 
important  parameters  affecting  these  conditions  are 

(1)  Initial  temperature  and  pressure  of  the  system 

(2)  Thermal  conductivity  of  the  substance,  if  the  reacting  material 

is  a .solid 

(3)  Particle  size  (or  surface  area  exposed,  with  respect  to  the  mass 

of  substance) 

(4)  Degree  of  dynamic  or  static  exposure 

(5)  Concentration  of  fluorine  in  a mixture  such  as  FLOX 

3.1.1.1  Temperature  effects. — ^Partially  oxidized  material  may  be  fully 
oxidized  by  exposure  to  an  oxidizing  atmosphere  at  a suitable  tempera- 
ture; this  is  particularly  true  with  fluorine  (ref.  2).  Fluorine  has  the 
highest  oxidation  potential  of  all  the  elements,  and  ordinary  oxides  may 
be  considered  to  be  in  a state  less  than  maximum  oxidation  since  fluorine 
can  replace  the  oxygen  atoms  with  sufficient  heat  release  to  maintain 
combustion.  Even  firebrick  (AloOa-SiO..)  will  burn  in  fluorine  as  was 
demonstrated  at  Lewis.  A fluorine-hydrogen  torch  was  used  to  heat  the 
firebrick  to  a high  temperature.  The  hydrogen  was  then  shut  off,  and 
the  brick  began  to  burn  vigorously  with  the  fluorine. 

The  reaction  of  fluorocarbon  polymers  with  fluorine  is  another  exam- 
ple of  reaction  to  a higher  state  of  oxidation.  Polytetrafluoroethylene 
(CFa-CFs);!,  for  example,  is  a fluorocarbon  chain  polymer,  but  fluorine 
is  capable  of  breaking  the  carbon-carbon  bond  and  reacting  the  carbon 
to  a higher  degree  of  saturation,  forming  carbon  tetrafluoride  (CF4). 
Reaction  may  be  initiated  by  reaching  the  ignition  temperature  or  by 
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providing  activation  energy  mechanically  by  impact,  friction,  high  flow 
velocities,  or  by  reaction  with  a contaminant. 

3.1.1.2  Pressure  effects. — A pressure  increase  can  also  promote  reaction 
initiation  with  fluorine  (ref.  3).  A group  of  nonmetallic  materials 
was  tested  under  static  conditions  for  compatibility  with  both  liquid 
and  gaseous  fluorine  at  atmospheric  pressure  and  1500  i>ounds  per  square 
inch  gage  (ref.  4).  In  most  of  the  tests  in  which  no  reaction  occurred 
at  atmospheric  pressure,  reaction  was  initiated  by  a pressure  increase. 
These  tests  are  discussed  in  section  3.3.1. 

3.1.1.3  Thermal  conductivity. — Materials  with  a high  thermal  con- 
ductivity resist  ignition  with  fluorine  more  readily  than  materials  with 
low  conductivity.  Combustion  with  fluorine  will  not  occur  if  the  heat  of 
reaction  can  be  dissipated  from  the  point  of  ignition  fast  enough  to 
maintain  the  temperature  below  the  ignition  point  of  the  material 
involved  (ref.  5).  In  an  actual  case,  a brass  flowmeter  was  installed  in 
a stainless-steel,  liquid-fluorine  flow  line  (flg.  3-1).  Ignition  occurred 
at  the  flange  connection  between  the  two  metals  and  resulted  in  destruc- 
tive combustion  of  the  flange  materials  as  well  as  a considerable  length 
of  the  stainless-steel  line.  At  the  surface  of  contact  between  the  two 
metals,  the  steel  material  was  reacted  completely  away,  leaving  the  end 
of  the  brass  fitting  unaffected. 


Fiouu  3-1. — Results  of  fluorine  burnout  between  sUinless-steel  flange  and 
braas  fitting  (ref.  3). 
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3.1.1.4  Surjace-area  effects. — ^Fluorine  will  react  with  the  surface  of 
nearly  all  solid  materials.  If  the  material  is  not  spontaneously  com- 
bustible (like  most  metals) , surface  reaction  simply  forms  a fluoride  fllm 
on  or  in  the  surface.  If,  however,  the  surface  area  exposed  to  fluorine  is 
very  large  in  proportion  to  its  mass  (e.g.,  fine-mesh  screen  or  finely 
divided  material  such  as  powdered  metal  or  spun  glass)  the  heat  of 
surface  reaction  may  initiate  combustion  and  the  material  becomes 
spontaneously  reactive  because  the  rate  of  heat  dissipation  is  reduced. 

3.1.1.5  Dynamic  and  static  effects. — ^Tests  at  Lewis  have  shown  that 
most  materials  are  less  resistant  to  reaction  when  exposed  to  a fluorine 
or  FLOX  environment  under  kinetic  (flow)  conditions  than  under  static 
conditions.  These  tests  show  that 

(1)  Flow  conditions  contribute  to  the  activation  energy  required  to 
initiate  reaction  (i.e.,  reactivity  increases  with  increase  in  rate  of  flow). 

(2)  Activation  energy  and/or  flow  conditions  required  to  initiate  reac- 
tion with  FLOX  is/are  greater  than  that  required  for  fluorine. 


3.1.2  Reactions 

3.1.2.1  Reaction  with  water. — ^Tests  at  Lewis  (unpublished  data)  have 
shown  that  two  types  of  reaction  can  occur  with  water:  a slow  non- 
combustive  reaction  and  a fast  combustion  reaction.  The  occurrence 
of  combustive  reaction  in  these  tests  was  determined  to  be  a function  of 
the  water  droplet  size  and  the  fluorine  concentration.  Water  vajior  will 
react  combustively  with  fluorine  and  with  FLOX  as  a function  of  the 
FLOX  concentration.  (FLOX  concentration  is  expressed  as  the  percent 
fluorine  by  weight  in  the  mixture.) 

Fluorine  can  be  bubbled  through  water  without  combustion ; however, 
at  room  temperature,  the  vapor  above  the  liquid  will  sometimes  ignite 
and  burn  with  the  fluorine.  As  ice,  water  shows  no  apparent  reactivity 
with  gaseous  fluorine;  however,  an  explosive  reaction  occurs  when  ice 
is  exposed  to  liquid  fluorine  (or  when  liquid  fluorine  is  dropped  into 
water) . This  reaction  is  usually  preceded  by  a variable  and  unpredict- 
able induction  period,  which  is  affected  by  pressure  and  flow  conditions. 

The  results  of  a fluorine-ice  reaction  are  shown  graphically  in  figure 
3-2.  The  section  of  tubing  shown  was  part  of  a fluorine  flow  system  that, 
was  evacuated  while  partly  immersed  in  liquid  nitrogen.  When  an  un- 
known leak  permitted  air  to  get  into  the  system,  atmospheric  moisture 
apparently  condensed  and  froze  in  the  tubing  at  the  liquid-nitrogen 
level.  The  resulting  explosion  occurred  when  liquid  fluorine  contacted 
the  ice  during  tank  pressurization.  Water,  in  the  form  of  moisture  in 
the  atmosphere  or  contained  in  pressurant  or  purge  gases  which  were 
inadvertently  introduced  into  a cryogenic  fluorine  or  FLOX  system,  has 
been  a major  cause  of  fluorine  system  failures  (see  sec.  5. 2. 6.1). 
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Figure  3-2. — Re.sult  of  contamination  in  Monel  propellant  line  carrj’ing 
liquid  fluorine  (ref.  2). 


Spill  tests  have  demonstrated  that  30-percent  FLOX  will  not  usually 
react  combustively  with  water  (refer  to  section  3.4).  However,  that 
some  reaction  does  occur  is  shown  by  the  decrease  in  pH  (increase  in 
acidity)  in  the  water  during  these  spill  tests.  Lewis  tests  involved 
dumping  FLOX  into  a pan  of  water  and  into  a showerhead  spray. 
Unpublished  data  from  Rocketdyne  Inc.  indicated  that  similar  results 
occurred  when  FLOX  was  dumped  into  a water  fog;  a combustive 
reaction  did  not  occur  in  either  case.  It  is  concluded  that  some  FLOX 
concentration  higher  than  30  percent  would  be  required  to  obtain  reliable 
ignition  with  a water  spray.  In  general,  the  reactivity  of  fluorine  at  any 
given  concentration  is  a function  of  particle  size,  lieing  more  pronounced 
with  fine  water  sprays  or  fogs  than  with  coarse  sprays.  When  the  water 
present  is  in  vapor  form  (e.g.,  humid  air),  the  reactivity  is  a function  of 
fluorine-moisture  concentration,  temperature,  and  rate  of  mixing  or 
diffusion. 

3.I.2.2  Reaction  unth  carbon. — The  reaction  of  fluorine  with  carbon  has 
been  the  subject  of  considerable  investigation.  Experience  at  Lewis 
has  shown  that  the  characteristics  of  reactior-ignitivm  obtained  with 
carbon  are  determined  largely  by  its  state  of  crystallinity  (ref.  6).  In 
addition,  the  reactivity  of  carlion  is  dependent  on  its  state  of  subdivision 
(particle  size)  and  the  temperature.  Graphitic  or  crystallized  carbon 
tends  to  react  explosively  with  fluorine  after  an  indeterminate  induction 
period  in  a manner  similar  to  that  of  ice;  amorphous  carbon  and  char- 
coal are  highly  hypcrgolic  with  fluorine  and  react  smoothly  at  all  condi- 
tions, even  at  very  low  fluorine  concentrations  (refer  to  section  3.3.3.G 
and  ref.  6) . 

The  higher  activation  energy  of  crystalline  carlxm,  as  opposed  to 
amorphous  carbon,  is  probably  a result  of  the  carbon-carbon  bond. 
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which  forms  an  orderly  hexagonal  pattern  with  a lamellar  structure.  If 
reaction  is  initiated,  however,  it  is  self-sustaining  and  produces  the  same 
reaction  products  as  amorphous  carbon  does. 

The  reaction  between  fluorine  and  amorphous  carbon  is  a most 
important  and  useful  chemical  reaction  in  the  handling  of  fluorine  or 
FLOX,  since  it  provides  a feasible  method  for  reacting  fluorine  to  a 
chemically  inert  and  relatively  nontoxic  gas  that  can  be  vented  to  the 
atmosphere.  Fluorine  and  carbon  react  to  produce  primarily  carbon 
tetrafluoride  (CF4)  with  trace  amounts  of  other  fluorocarbons  (e.g., 
aFo). 

The  nontoxicity  of  fluorocarbons  has  been  established  in  some  limited 
experiments,  and  reference  7 states  that  “The  fluorocarbons  are  prob- 
ably the  most  non-toxic  organic  compounds  possible.  . . .”  Reference  8 
gives  carbon  tetrafluoride  a toxicity  rating  of  moderate  (temporary 
effects,  not  severe  enough  to  threaten  life  or  cause  permanent  physical 
impairment) , The  source  data  for  this  rating  are  not  given,  and  it  may 
be  that  the  indicated  toxicity  might  take  into  account  heating  of  the 
fluorocarbon  above  its  decomposition  temperature.  Polytetrafluoroethyl- 
ene  (C2F4),,  begins  to  dissociate  at  about  842®  F (ref.  9)  and  these 
fluorocarbons  have  been  in  wide  use  as  cooking  utensil  coatings  without 
reported  ill  effects  to  users. 

A recent  experiment  at  the  von  Karman  Center  of  Aerojet-General 
Corporation  (unpublished  data)  involved  piping  the  effluent  from  a 
fluorine-charcoal  reactor  into  a cage  of  laboratory  rats.  No  ill  effects  to 
the  animals  were  observed.  In  earlier  studies  (ref.  10) , 2,2-difluoropro- 
pane  (which  is  a less  stable  fluorocarbon  than  carbon  tetrafluoride)  was 
used  as  a substitute  for  nitrogen  in  the  breathing  atmosphere  for  guinea 
pigs.  In  these  tests,  no  ill  effects  were  observed  either.  Thus  it  seems 
reasonable  to  assume  that,  under  the  normal  conditions  of  exposure  that 
might  be  expected  at  a rocket  facility,  the  carbon  tetrafluoride  effluent 
from  a charcoal  disposal  system  would  be  relatively  nontoxic. 


3.2  COMPATIBILITY  OF  METALS  WITH  FLUORINE  AND  FLOX 

Many  studies  have  been  performed  to  determine  the  compatibility  of 
various  metals  with  fluorine  and  FLOX.  There  is  considerable  variation 
in  the  reaction  of  fluorine  with  the  surface  of  metals  reported  in  these 
studies,  which  was  probably  a result  of  the  difference  in  experimental 
conditions  employed,  and  particularly  in  the  purity  of  fluorine  used  and 
the  amount  of  hydrogen  fluoride  or  other  contamination  present.  Fluorine 
will  form  hydrogen  fluoride  when  brought  into  contact  with  any  hydro- 
gen-bearing  compound,  including  atmospheric  moisture.  In  fact,  the 
'primary  contaminant  that  must  be  carefully  guarded  against  in  fluorine 
systems  is  moisture.  Thus,  in  maintaining  fluorine  and  FLOX  purity,  it 
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is  vitally  important  to  exclude  all  atmospheric  contamination  from 
fluorine  or  PLOX  systems. 

The  following  paragraphs  summarize  the  results  of  various  studies  on 
the  effect  of  fluorine  or  FLOX  on  the  surface  of  metal  materials. 


Figure  3-3. — High-pressure  fluorine-fiow  apparatus. 
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ing  high  velocities  and  simulating  leaks,  flat-faced  plugs  for  impact 
tests,  and  triangular  wedges  for  turbulence  effects  and  exposure  o‘ 
sharp  edges  and  corners  to  fluorine  flow. 

These  specimens  were  exposed  to  a range  of  flow  velocities  and 
pressures.  The  following  results  were  obtained; 

(1)  Flow  velocities  of  up  to  400  feet  per  second  at  a temperature  of 
—320°  F and  pressures  up  to  1500  pounds  per  square  inch  gage  caused 
no  measurable  physical  erosion,  and  no  chemical  attack  occurred  with 
nickel,  stainless-steel,  aluminum,  or  brass  specimens. 

(2)  All  conflgurations  tested  were  found  acceptable  for  fluorine 
systems  under  the  conditions  imposed. 

(3)  Sudden  release  of  high-pressure  liquid  fluorine  in  metal  tubes 
containing  gaseous  fluorine  without  liquid-nitrogen  jacketing  (ambient 
temperature)  had  no  effect  on  the  system. 

In  addition,  turbulence,  fluid  friction,  and  impact  effects  resulting 
from  high-pressure  high-velocity  liquid-fluorine  flow  through  clean  tub- 
ing or  past  irregularly  shaped  or  sharp-edged  objcicts  will  not  initiate 
fluorine  system  failures.  The  successful  operations  achieved  in  this  series 
of  compatibility  tests  were  attributed  to  the  care  taken  in  the  assembly, 
cleaning,  and  operating  techniques  used  before  exposing  the  system  to 
severe  dynamic  fluorine  service  (ref.  3) . 


3.2.2  Chemical  Effects  on  Metals  Exposed  to  Fluorine 

3.2.2.1  Corrosion  studies. — ^When  metals  are  exposed  to  fluorine,  one  of 
two  chemical  effects  can  be  expected  to  occur,  film  formation  or  cor- 
rosion. In  the  presence  of  pure  fluorine,  metals  form  a fluoride  film 
in  the  surface,  with  film  formation  occurring  almost  entirely  in  the  first 
few  hours  of  exposure.  Fluoride  films,  like  the  oxide  films  that  form  on 
aluminum  in  air,  are  so  closely  bonded  to  the  metal  surface  that  they  are 
considered  “in”  rather  than  “on”  the  surface  of  the  metal. 

Corrosion  of  metals  occurs  when  moisture  is  present  in  any  quantity. 
The  moisture  reacts  with  fluorine  and  fluorides  to  form  hydroger.  fluoride 
and  fluoride  complexes;  this  in  turn  destroys  the  metal  fluoride  film,  and 
corrosion  will  occur  from  exposure  to  hydrogen  fluoride.  Since  the  film 
immediately  re-forms,  ’a  cycle  is  set  up  whereby  the  base  metal  is 
reacted  away.  The  process  continues  until  the  hydrofluoric  acid  is 
exhausted  or  the  base  metal  is  destroyed. 

The  fact  that  corrosion  can  occur  in  fluorine  systems  is  the  reason  for 
extreme  stress  herein  on  cleanliness  and  on  selection  of  procedures  to 
keep  fluorine  or  FLOX  systems  free  of  moisture  contamination. 

Long-term  exposure:  Several  test  programs  have  been  run  to  deter- 
mine “corrosion”  of  metals  exposed  to  fluorine  environments.  Some 
early  tests  showed  excessive  rates  of  apparent  corrosion  in  metals 
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exposed  to  fluorine,  though  this  high  rate  was  later  attributed  to  the 
presence  of  contaminants  in  the  fluorine.  The  most  important  result 
from  more  recent  studies  (ref.  11)  is  that  most  metals  show  little  or  no 
sign  of  corrosion  following  prolonged  exposure  to  contaminant-free 
liquid  fluorine.  (However,  most  metals  are  attacked  severely  by  hydro- 
gen fluoride,  particularly  in  the  presence  of  free  moisture,  ref.  12.) 
Corrosion  problems  involved  in  handling  fluorine  of  FLOX  will  be  rela- 
tively insignificant  if  hydrogen  fluoride  is  excluded  from  the  system  and 
the  fluorine  or  FLOX  is  kept  in  a high  state  of  purity.  Table  3-1  lists 
results  of  U.  S.  Air  Force  tests  in  which  test  specimens  of  various  metals 
were  immersed  in  liquid  fluorine  for  1 year. 


Table  3-1.— Corrosion  * op  Metal  Specimens  Immersed  in  Liquid  Fluorine 
FOR  1 Year  (Rep.  11) 


[Area  of  specimen,  4.20  sq  in.] 


Metal 

Sample 

Sample  weight 

Weight 

difference 

after 

cleaning, 

g 

Before 

exposure, 

g 

After 

exposure, 

g 

Stainless  steel  304 

18.6849 

18.6873 

18.5512 

18.5540 

18.7305 

18.7298 

18.6154 

18.6210 

.0009 

18.5245 

18.5325 

.0022 

Stainless  steel  410 

6 

17.8507 

17.8298 

7 

18.1199 

S 

17.8918 

17.8760 

9 

10 

18.0191 

Monel  15-7 

11 

0.0008 

12 

17.9371 

—.0006 

13 

18.1022 

14 

17.9481 

17.9553 

15 

17.9088 

17.9144 

.0001 

Copper  

16 

. 19.5859 

19.5715 

17 

19.7531 

19.7639 

IS 

19.6379 

—.0008 

19 

19.7691 

19.7752 

.0006 

20 

19.6955 

—.0017 

Aluminum  1100 

21 

6.3930 

6.3616 

22 

6.4349 

-.0422 

23 

65277 

6.3046 

24 

6.3876 

6.3688 

—.0315 

25 

6.3828 

6.3675 

—.0314 

* Based  on  weight  difference  after  cleaning. 
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Table  3-1.— Corrosion  * of  Metal  Specimens  Immersed  in  Liquid  Fluorine 
FOR  1 Year  (Ref.  ID— Concluded 


[Area  of  specimen,  4.20  sq  in.] 


Metal 

Sample 

Sample  weight 

Weight 

difference 

after 

cleaning, 

g 

Before 

exposure, 

g 

After 

exposure, 

g 

Aluminum  6061  

26 

5.9928 

27 

5.9816 

5.9697 

28 

6.0216 

29 

5.9744 

5.9578 

30 

5.9193 

5.8984 

Nickel  

31 

20.4919 

20.4952 

32 

20.4149 

33 

34 

20.5791 

35 

Monel  

20.5294 

20.5366 

mm 

20.4504 

20.4604 

38 

20.4651 

20.4715 

39 

20.6064 

20.6157 

40 

20.6896 

20.6916 

Titanium  A-110  AT 

41 

10.4057 

42 

10.3669 

43 

10.3724 

44 

10.3437 

10.2718 

45 

10.2572 

10.1847 

Titanium  C-120  AV 

46 

10.3558 

47 

10.3333 

102516 

—.0877 

48 

10.3732 

49 

10.4072 

10.3659 

SO 

10.3463 

10.3091 

Magnesium  AZ-31  

51 

3.9513 

3.9416 

52 

3.9398 

3.9696 

S3 

3.9748 

3.9706 

54 

3.9345 

3.9097 

55 

3.9334 

3.9261 

—.0431 

Magnesium  HM-31 

Km 

3.9925 

39491 

mm 

3.9558 

58 

3.9871 

—.0843 

69 

3.9215 

60 

3.9625 

3.9942 

mH 

* Based  on  weight  dlii'erence  alter  cleaning. 
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Studies  at  Lewis  (ref.  13)  involved  exposure  of  test  specimens  (tubes) 
of  3S-0  and  52S-0  aluminum,  347  and  321  stainless  steels,  A-nickel,  and 
low-leaded  brass  alternately  to  liquid  anif  gaseous  fluorine  for  periods  up 
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I to  3^  months.  Besults  of  these  tests  were  confirmed  by  the  recent  tests 

i described  in  reference  11.  For  conditions  that  involved  very  clean 

] systems  and  high  purity  in  the  fluorine  used,  the  amount  of  specimen 

i weight  change  was  relatively  slight  and  for  most  purposes  could  be  con- 


Tablb  3-II. — Corrosion  Data  (Ref.  13) 


Metal 

Weight,  g 

Weight 

change, 

g 

area, 
sq  in. 

Time, 

hr 

Before 

exposure 

After 

exposure 

Aluminum  3S-0 

18.9033 

18.9033 

0 

720 

n055 

18.6296 

18.6322 

.0026 

7.12 

1055 

16.4636 

16.4744 

.0108 

5.83 

■■2730 

16.3962 

.0106 

5.83 

2730 

18.8313 

.0014 

7.20 

2730 

18.6457 

18.6563 

.0106 

7.20 

2730 

Aluminum  62S-0 

28.6731 

28.6750 

0.0019 

8.36 

1055 

27.8926 

27.9019 

.0093 

821 

1055 

27.7912 

27.8075 

.0163 

8.06 

2730 

27.9204 

27.9041 

—.0163 

8.06 

2730 

28.1495 

28.1594 

.0099 

8.36 

2730 

26.5484 

26.6579 

.0095 

7.77 

2730 

Stainless  steel  AISI  347— 

425858 

42.2870 

0.0012 

7.29 

1055 

41.8131 

41.8132 

.0001 

7.12 

1055 

35.4984 

35.5015 

.0031 

583 

2730 

35.6087 

35.6121 

.0034 

5.91 

2730 

42.1893 

42.1932 

.0039 

7.12 

2730 

42.6253 

42.6275 

.0022 

720 

2730 

Stainless  steel  AISI  321— 

27.3230 

27.3249 

7.20 

1055 

26.9847 

26.9865 

7.03 

1055 

23.4952 

23.4980 

5.91 

2730 

23.5475 

23.5523 

5.83 

2730 

27.2577 

272587 

7.12 

2730 

27.7913 

27.7934 

7.20 

2730 

A-nickel 

43.5582 

43.5587 

■tljljljH 

720 

43.6383 

43.6387 

720 

1055 

36.3945 

36.4005 

.0060 

5.74 

41.4378 

43.4404 

.0026 

7.12 

2730 

388173 

388203 

.0030 

6.34 

Low-leaded  brass 

57.7751 

57.7800 

0.0049 

6.58 

1055 

59.2956 

59.2993 

0037 

6.82 

1055 

48.5486 

48.5662 

.0176 

5.39 

2730 

48.4982 

48.5133 

.0151 

5.39 

2730 

58.6092 

58.6168 

.0076 

6.66 

2730 

59.0067 

59.0116 

.0049 

6.66 

2730 

* Exposed  783  hr  to  gas,  272  hr  to  liquid. 

*>  Exposed  1714  hr  to  gas,  1016  hr  to  liquid. 
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sidered  insignificant.  Data  from  these  tests  (table  3-II)  show  a small 
weight  gain  for  each  specimen  that  includes  the  gain  expected  from 
normal  fluoride  film  as  well  as  any  reaction  products  from  hydrogen 
fluoride  corrosion. 

Metallurgical  examination  of  the  test  specimens  did  not  reveal  any 
intergranular  corrosion  except  for  nickel.  Very  slight  intergranular  cor- 
rosion was  observed;  however,  this  was  considered  negligible  for  the 
time  period  involved.  The  physical  appearance  of  the  test  specimens  was 


Table  3-III. — Tbmperatubb  Effects  on  Corrosion  op  Metals  and  Alloys 
IN  Fluorine  for  S-Day  Exposure  (Ref.  14) 


Material 

Type 

Average  temperature, 
°F 

Area, 
sq  in. 

Weight  change, 
g 

iluminum 

1100  H-14 

79 

2.082 

79 

2.088 

394 

2.079 

394 

2.069 

673 

1.990 

.1871 

673 

1.998 

.1976 

1009 

2.021 

.7470 

1009 

1.989 

.7308 

2024  T-3 

79 

0.0001 

79 

2.019 

0 

394 

.0001 

394 

2.016 

.0003 

673 

1.740 

.0113 

673 

.0171 

1020 

BB 

.0028 

1020 

.0033 

5154  H-34 

79 

1.608 

0 

79 

1.612 

—.0003 

356 

1.601 

—.0004 

356 

1.612 

—.0003 

5154-0 

640 

1.989 

640 

2.007 

1017 

1.991 

1017 

1.999 

Magnesium  

MIA 

79 

2.002 

79 

2.002 

.0001 

35S 

1.981 

.0002 

358 

2.002 

.0001 

653 

1.926 

653 

1.968 

1006 

1.972 

1006 

1.954 

.0121 
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reported  (ref.  13)  as  follows: 

(1)  Both  exposed  and  unexposed  surfaces  of  nickel  appeared  identical. 

(2)  Both  aluminum  samples  appeared  considerably  lighter  in  color 
but  appeared  unchanged  otherwise. 


I 

I Table  3-III. — ^Temperature  Effects  on  Corrosion  of  Metals  and  Alloys 

I IN  Fluorine  for  5-Day  Exposure  (Ref.  14) — Concluded 
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(3)  Iridescence  that  occurred  in  some  areas  of  the  stainless  steels  indi- 
cated the  presence  of  fluoride  films.  This  was  most  prevalent  in  347- 
series  steels;  however,  occurrence  was  not  general  in  test  specimens. 

(4)  A low-leaded  brass  was  lightly  covered  with  a reddish  film  that 
was  not  continuous,  but  generally  covered  the  entire  surface. 

There  was  no  visual  difference  reported  between  those  portions  of  the 
test  specimens  exposed  only  to  the  gaseous  phase  and  those  exposed  to 
both  liquid  and  gas,  nor  was  the  gas-liquid  demarcation  line  detectable 
on  the  specimens. 

Temperature  effects:  Some  data  on  the  effects  of  temperature  on 
surface  reactivity  obtained  under  U.  S.  Air  Force  contract  (ref.  14)  is 
presented  in  table  3-III.  The  weight  change  column  in  the  table  shows 
the  general  effect  that  can  be  expected  from  temperature  increase.  The 
data  appear  to  fall  within  the  scatter  band  that  could  be  expected  in  the 
experimental  process. 

The  effect  of  hydrogen  fluoride  (anhydrous  hydrofluoric  acid)  in 
causing  corrosion  of  various  metals  has  been  discussed  in  reference  15 
and  is  presented  in  table  3-IV  (from  ref.  15) . This  reference  states  that, 
for  Monel  and  nickel,  the  rates  of  corrosion  for  mixtures  of  water  and 
hydrofluoric  acid  are  of  the  same  order. 

3.2.2.2  Fluoride  film  studies. — ^According  to  reference  11,  fluoride  film 
formation  on  the  surface  of  metals  in  fluorine  occurs  mostly  in  the 
first  few  minutes  of  exposure,  after  which  time  the  reaction  rate  drops 
off  sharply.  Thus,  this  film  acts  to  inhibit  further  attack  of  the  base 
metal. 


Table  3-IV.— Corrosion  Rates  of  Hydrogen  Fluoride  with  Various  Metals 

(Rep.  15) 


Metal 

Temperature,  °C 

500 

550 

600 

Penetration,  in./month 

Stainless  steel : 

4Sfl  __  _ . 

0.005 

0.030 

0.038 

.044 

0.6 

1.5 

.58 

.019 

.14 

.55 

tRRRBBRHBBUmiRl 

.04 

.33 

1.0 

.003 

.003 

.004 

.006 

.005 

.004 

.005 

ga.npsp)  . . 

.016 

0.005 

MngTipJ5iiiTn 

.042 

.048 
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Figures  3-5  to  3-12  illustrate  the  typical  film  formation  that  can  be 
expected  when  various  metals  are  exposed  to  fiuorine.  The  film  thickness 
was  measured  in  angstroms  as  a function  of  time.  It  should  be  remem- 
bered that  the  measurements  taken  during  these  studies  included  the 
normal  fluoride  film  formation  as  well  as  any  possible  “corrosion”  or 
formation  of  chemical  complexes  by  hydrogen  fluoride  or  trace  amounts 
of  other  system  contaminants. 

Figures  3-5  to  3-9  generally  show  a film  formation  in  the  range  of  2 
to  14  angstroms  during  a period  of  230  minutes  (or  about  4 hr)  at  tem- 
peratures from  —113“  to  183“  F.  Figure  3-10  shows  an  extension  of  the 
exposure  time  under  similar  conditions  (86°  F)  up  to  90  hours.  As  shown, 
slight  increases  in  film  thickness  were  measured  (now  in  the  range  of 
10  to  30  A)  but  again  a constant  thickness  is  approached.  Figures  3-11 
and  3-12  repeat  the  exposure  of  selected  metals  at  the  maximum  tem- 
perature (183“  F)  but  show  little  significant  effect. 

Generally,  the  variations  in  film  thickness  with  respect  to  the  exposure 
variables  were  slight,  though  exposure  time  has  the  greatest  effect.  In 


Run  Sample  weight,  Initial  pressure, 

Temperature, 

Sensitivity,  _ 

9 

mm  Hg 

op 

A _ 

O 19 

126.8 

516 

386 

±0.4 

O 23 

137.0 

541 

386 

± .4 

A 29 

111.8 

690 

3113 

± .7  - 

O 31 

9a  3 

498 

3183 

± .4  _ 

• 34 

98.1 

3312 

86 

± .5 

B 35 

^54. 2 

476 

86 

±1.0  - 

A 37 

109.4 

3202 

86 

± .4  _ 

♦ 39 

381.25 

496 

86 

i .6 

^Variable  being  investigated 

100  120  140 

Exposure  time,  min 


Figure  3-5. — ^Variation  of  fluoride  film  thickness  on  Monel  powders  to  time  of 
exposure  to  fluorine  (ref.  11). 
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all  cases,  film  thickness  tended  to  become  constant  at  less  than  50 
angstroms. 

The  characteristics  of  metallic  surface  films  and  surface  reaction  are 
as  follows: 

(1)  Aluminum  and  aluminum  alloys  form  a tenacious  and  protective 
oxide  film  when  the  bare  metal  is  exposed  to  air  or  oxygen.  A similar 


! Figure  3-6. — ^Variation  of  film  thickness  on  metal  powders  at  — 113°  F with  time  of 

I exposure  to  fluorine  (ref.  11). 


0 20  40  60  80  100  120  140  160  180  200  220  240 


Exposure  time,  min 


Figure  3-7.— Variation  of  film  thickness  on  aluminum  and  titanium  with  time  of 
exposure  to  fiuorine  (ref.  11). 


Fluoride  film  thickness. 
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Figure  3-8. — Variation  of  fluoride  film  thickness  on  copper  and  brass  powders 
at  two  different  temperatures  (ref.  11). 


Figure  3-9. — Variation  of  film  thickness  on  metal  powders  at  86°  F with  time  of 
exposure  to  Raseous  fluorine  in  initial  period  (ref  11). 


film  (AIF,)  is  formed  on  exposure  to  fluorine;  if  the  oxide  film  is  present, 
fluorine  will  replace  this  film.  Although  the  replacement  mechanism  is 
not  known,  the  most  probable  method  is  by  diffusion  through  the  oxide 
film  to  react  with  the  bare  metal,  by  replacement  of  the  oxygen,  or  by 
both  of  these.  The  melting  point  of  aluminum  is  below  its  ignition  point 
with  fluorine  gas  (ref.  16) ; fluoride  formation  on  molten  aluminum 
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Figure  3-10. — Variation  of  film  thickness  on  metal  powders  at  86°  F with  time  of 
exposure  to  gaseous  fluorine  for  total  run  (ref.  11). 


would  probably  be  similar  to  the  oxide  formation  on  mercury. 

(2)  Fluorine  reacts  with  the  surface  of  iron,  iron  alloys,  and  mild 
steels  to  form  ferrous  and  ferric  fluoride  films  at  a higher  rate  and  depth 
than  with  the  more  resistant  metals.  The  Aims  are  less  stable  than  those 
of  more  resistant  metals,  particularly  when  exposed  to  moisture  (ref.  17). 
Susceptibility  to  corrosion  from  hydrogen  fluoride  is  also  greater. 

(3)  Stainless  steels  are  more  resistant  to  attack  by  hydrogen  fluoride 
than  mild  steels  and  form  stable  fluoride  films  similar  to  those  formed 
on  Monel,  though  less  stable  at  elevated  temperatures.  Stainless-steel 
welds  have  the  same  characteristics  as  the  parent  material. 

(4)  Nickel  (A,  D,  and  L)  and  Monel  form  films  similar  to  those 
formed  on  aluminum,  but  are  particularly  stable  for  use  at  high  tem- 
peratures (1200®  F;  refer  to  section  3.2.4).  Welding  does  not  reduce  the 
corrosion  resistance  of  nickel  or  Monel  if  fluxes  either  are  not  used  or 
are  completely  removed.  Inconel,  Illium,  lllium  “R”,  and  Ouranickel 
are  less  resistant  than  either  nickel  or  Monel  at  higher  temperatures  but 
are  generally  similar  to  stainless  steels. 

(5)  Copper  has  a high  resistance  to  fluorine  attack.  The  copper 
alloys,  red  brass,  and  yellow  brass  are  also  highly  resistant.  Cupric 
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Figure  3-11. — Varia^on  of  film  thickness  on  metal  powders  at  183°  F with  time  of 
exposure  to  gaseous  fluorine  (ref.  11). 
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Figure  3-12. — Variation  of  film  thickness  on  metal  powders  at  183'  F with  time  of 
exposure  to  gaseous  fluorine  for  total  run  (ref.  11). 
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fluoride  film  is  very  stable  in  the  presence  of  dry  fluorine  or  dry  hydro- 
gen fluoride,  but  hydrolyzes  readily  in  moisture  to  form  hydrofluoric 
acid,  which  attacks  all  copper  alloys. 

(6)  Magnesium,  like  aluminum,  is  always  coated  with  a tenacious 
oxide  film.  Fluoride  film  formation  is  similar  to  that  on  aluminum. 

(7)  Limited  ex[>erience  with  titanium  indicates  poor  resistance  to 
hydrogen  fluoride  and  film  characteristics  similar  to  stainless  steels.  In 
fracture  tests  with  titanium  in  liquid  fluorine  (ref.  18),  specimens  did 
not  ignite,  and  in  other  tests  (ref.  19)  the  ignition  of  titanium  was  more 
severe  in  liquid  oxygen  than  in  liquid  fluorine.  However,  gaseous  fluorine 
will  rapidly  attack  titanium  at  temiieratures  above  300°  F (149°  C), 
according  to  reference  11,  and  there  have  lieen  cases  reported  where 
titanium  was  ignited  at  —113°  F (—81°  C),  although  these  authors 
noted  that  catalysig  was  necessary  and  that  the  reaction  was  smothered 
by  the  fluoride  film  (refs.  11  and  17) . 

(8)  Silver  solder  and  Nicrobraze  are  recommended  for  most  of  the 
joining  where  welding  is  impractical  or  impossible.  (Flux  should  not 
be  used;  refer  to  section  4.9.3.)  Exact  film  characteristics  of  these 
materials  have  not  lH>en  determined;  however,  these  metals  have  been 
widely  used  and  have  provideil  highly  reliable  connections. 

(9)  Chromium  forms  four  fluorides  (ref.  20):  (1)  divalent,  (2)  tri- 
valent,  (3)  tetravalent,  and  (4)  jientavalent  ((3)  and  (4)  are  volatile). 
When  chromium  is  reacted  with  fluorine  Ix'low  300°  F (149°  C)  it  forms 
a protective  divalent  fluoride  similar  to  the  film  on  nickel  plate.  Above 
300°  F,  the  fluoride  is  converted  from  a divalent  to  a volatile  tetravalent 
fluoride  form  (ref.  20)  and  loses  its  protective  ability.  Chromium  may 
Ik?  used  lielow  .'^00°  F with  no  problems  other  than  those  associated  with 
nickel  plate. 

(10)  Beryllium  behaves  much  the  same  as  nickel  in  fluoride  film 
formation  (ref.  20).  Tantalum  should  not  Ik?  used  at  temperatures  above 
1.10°  F (66°  C).  Because  of  its  low  ignition  point,  little  research  data 
are  available  on  tantalum. 

(11)  Lead  forms  a nontenacious  fluoride  film.  In  passive  exposure, 
however,  it  has  been  u.sed  successfully  as  seal  or  gasket  material. 

(12)  Tin  reacts  in  a manner  similar  to  lead  and  has  had  some  use  for 
soft  gaskets  in  cryogenic  service  ( ref.  20) . 

(13)  Rhodium,  palladium,  and  platinum  can  be  used  in  contact  with 
fluorine  at  room  temperature  essentially  without  attack  (ref.  20).  These 
metals  are  used  in  some  equipment  because  they  are  inert  to  hydrogen 
fluoride. 

Some  additional  information  on  the  effects  of  exposure  temperatures 
on  metal  surfaces  exposed  to  fluorine  is  given  in  table  3-V.  The  reason 
for  the  contradictory  information  on  Monel  is  not  known;  however,  this 
as  well  as  other  inconsistencies  may  be  partly  a result  of  the  different 
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methods  used  by  the  various  investigators  in  obtaining  the  data.  The 
reaction  of  copper  foil  and  gaseous  fluorine  was  studied  in  an  all-glass 
apparatus  at  pressures  to  about  200  millimeters  of  mercury  and  tempera- 
tures from  800°  to  1200°  F (refs.  21  and  22) . The  rate  of  reaction  in  film 
formation  increased  at  elevated  temperatures  in  this  study;  however, 
the  apparent  final  film  thickness  (as  measured  by  fluorine  consumption) 
was  less  than  at  lower  temperatures. 


3.2.3  Effecis  of  Fluorine  Exposure  on  Mechanical  Properties  of  Metals 

3.2.3.1  Tensile  properties. — Studies  that  involved  comparison  of  the 
effects  on  test  specimens  from  immersion  in  liquid  nitrogen  and  liquid 
fluorine  (ref.  11)  indicated  that  the  tensile  properties  of  metals  were  not 
affected  by  exposure  to  the  fluorine  environment.  The  corrosion  (ref.  11, 
p.  45)  for  most  of  the  test  specimens  was  less  than  1 mil  per  year.  Thus, 
the  conclusions  drawn  earlier  (section  3.2.2.1)  regarding  the  corrosive 
effects  of  fluorine  exposure  were  confirmed.  (The  1 mil/yr  “rate” 
assumes  that  this  corrosion  would  continue,  which  is  unlikely.  Again, 
too,  the  fluoride  film  penetration  may  be  what  is  indicated  by  ref.  11  as 
corrosion;  this  penetration,  as  indicated  by  the  data,  is  negligible.) 

Samples  were  tested  after  removal  from  liquid-fluorine  and  liquid- 
nitrogen  baths  following  the  1-year  soaking  period.  According  to  refer- 
ence 11,  the  mechanical  properties  of  120  specimens  were  determined  in 
a standard  tensile  testing  machine.  As  shown  by  values  given  in  table 
3-VI,  there  were  no  significant  differences  in  mechanical  properties 
between  samples  immersed  in  liquid  nitrogen  or  liquid  fluorine.  Long- 
term exposure  to  cryogenic  (—320°  F)  temperatures  appeared  to 
improve  tensile  properties  over  the  handbook  values.  Table  3-VI, 
from  these  studies,  displays  scatter  within  the  limits  that  could  be 
expected  for  the  particular  data.  Recent  studies  at  General  Dynamics/ 
Gonvair  (unpublished  data)  have  shown  these  earlier  conclusions 
regarding  tensile  properties  to  be  true. 

3.2.3.2  Stressed  samples. — ^In  tests  by  the  U.  S.  Air  Force  (ref.  19), 
specimens  of  the  same  metals  listed  in  table  3-VII  were  stressed  to  just 
below  their  yield  points  and  suspended  in  liquid  fluorine  for  2 weeks. 
None  of  the  test  specimens  showed  signs  of  stress-corrosion  cracking 
under  the  test  conditions  and  exposure  time  (ref.  19) . 

Tests  were  run  at  Lewis  on  stressed  tensile  specimens  to  study  the 
effects  of  liquid-fluorine  environment  on  the  mechanical  properties  of 
several  sheet  alloys  (ref.  18).  The  smooth  and  notch  tensile  strengths 
and  the  elongation  properties  of  steel,  nickel,  aluminum,  and  titanium 
alloys  were  determined  in  a liquid-fluorine  environment  at  —320°  F. 
Mechanical  properties  data  obtained  in  fluorine  were  compared  with 
data  on  specimens  of  the  same  sheet  and  heat  treatment  tested  in  an 
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Table  3-VI.— Average  Tensile  Properties  of  1-Year  Test  Specimens  (Rep.  11) 


Metal 

Treatment 
(liquid  at 
—320°  F) 

Average 
yield  stress, 
psi 

Average 
ultimate  stress, 
psi 

Stainless  steel  304 

Nitrogen 

Fiuorine 

60620 

63440 

93  960 
94100 

Stainless  steel  410 

Nitrogen 

Fluorine 

74680 
73  700 

88920 
89  380 

Armco  steel  15-7  Ph-Mo 

Nitrogen 

Fluorine 

71660 

70700 

143420 

141900 

Copper 

Nitrogen 

Fluorine 

53580 

54080 

Aluminum  1100 

Nitrogen 

Fluorine 

mm 

23120 

22940 

Aliiriiiniim  fiflfil  .. 

Nitrogen 

Fluorine 

41840 

41480 

Nickel  

Nitrogen 

Fluorine 

■Bi 

■■ 

Monel  

Nitrogen 

Fluorine 

58020 

58120 

93  740 
93  040 

Titanium  AllO  AT 

Nitrogen 

Fluorine 

125400 

126200 

Titanium  C120  AV 

Nitrogen 

Fluorine 

153200 

152200 

Magnesium  AZ31 

Nitrogen 

Fluorine 

35500 

34160 

1^ 

Magnesium  HK-31 

Nitrogen 

Fluorine 

Hi 

environment  of  liquid  nitrogen  ( — 820®  F) . 

Short-term  (2  hr)  exposure  of  stressed  tensile  specimens  to  liquid 
fluorine  (ref.  18)  indicated  possible  slight  deterioration  of  some 
mechanical  properties  when  compared  with  similar  tests  in  a nonreactive 
environment  (liquid  nitrogen)  at  the  same  temperature,  as  shown  in 
table  3-VII.  This  indicated  deterioration  was  believed  to  be  a result  of 
contaminants  in  the  gaseous-fluorine  supply.  The  data  described  in 
detail  in  table  3-VII  show  scatter  within  the  limits  that  can  be  expected 
for  the  particular  test.  The  results  of  the  Lewis  tests  (ref.  18)  are 
summarized  as  follows: 
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Table  3-VIL— Test  Results  op  Mechanical  Properties  After  2-Hour  Exposure 
IN  Liquid  Nitrocen  and  Liquid  Eluorine  at  —320°  E (Ref.  IS) 


1 

Alloy 

Liquid  nitrogen 

Liquid  fluorine 

Smooth 

tensile 

strength, 

psi 

Elonga- 

tion, 

percent 

Smooth 

tensile 

strength, 

psi 

Elonga- 

tion, 

percent 

Notch 

tensile 

strength, 

psi 

Stainless  steel 
AM  350 

Av. 

298X10’ 

293 

272 

270 

293 

285X10'’ 

21.0 

22.5 

6.0 

9.0 

21.0 

15.9 

79X10’ 

104 

90 

262X10’ 

252 

256 

242 

6.7 

7.0 

7.0 

8.5 

76X10’ 

101 

91X10’ 

253X10’ 

7.3 

88.5X10’ 

Stainless  Steel 

276X10’ 

6.8 

52.2X10’ 

271X10’ 

2.0 

ASM  6434 

298 

652 

270 

2.1 

290 

4.0 

277 

2.5 

276 

4.0 

274 

3.0 

Av 

285X10’ 

4.9 

58.7X10’ 

273X10’ 

2.4 

Inconel  X 

192X10’ 

10.7 

179X10’ 

19.0 

199 

18.0 

195 

21.0 

189 

13.5 

192 

18.0 

Av. 

193X10’ 

14.1 

189X10’ 

19.3 

Stainless  steel 

1.5 

349X10’ 

1.0 

216X10’ 

AISI  301 

344 

1.3 

70  percent  Cr 

■■IM 

■|||H 

Av. 

342X10’ 

1.4 

223X10’ 

Stainless  steel 

257X10’ 



2.0 

250X10’ 

AISI  304L 

,253 

264 

1.5 

1.5 

gm 

mm 

2.0 

Av 

258X10’ 

1.5 

255X10’ 

246X10’ 

2.0 

(1)  Exposure  of  several  alloys  to  liquefied  commercial  fluorine  gas 
produced  a detrimental  effect  on  the  tensile  strength  of  some  alloys.  A 
limited  number  of  tests  indicated  that  2 hours  of  exposure  lowered 
tensile  strength  from  insignificant  amounts  to  as  much  as  11  percent. 
The  elongations  showed  similar  trends. 

(2)  The  sharp-notch  strengths  were  not  significantly  affected. 

(3)  The  presence  of  contaminants  (probably  mainly  hydrogen  fluo- 
ride) could  have  been  the  cause  of  the  degradation,  and  different 
amounts  of  contaminants  could  account  for  the  variations  in  mechanical 
properties  observed. 

(4)  The  surface  appearance  of  specimens  exposed  to  liquid  fluorine 
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Table  3-VII.— Test  Results  op  Mechanical  Properties  After  2-Hour  Exposure 
IN  Liquid  Nitrogen  and  Liquid  Fluorine  at  —320°  F (Ref.  18)— Concluded 


Alloy 

Liquid  nitrogen 

Liquid  fluorine 

Smooth 

tensile 

strength, 

psi 

Elonga- 

tion, 

percent 

Notch 

tensile 

strength, 

psi 

Smooth 

tensile 

strength, 

psi 

Elonga- 

tion, 

percent 

Notch 

tensile 

strength, 

psi 

.Aliimimim 

84.0X10“ 

13.0 

56.4X10’ 

82.0X10’ 

12.0 

58.5X10’ 

20M-T6  clad 

86.0 

14.0 

60.7 

83.3 

12.0 

59.7 

83.0 

13.5 

79.5 

11.0 

Av 

84.3X10’ 

13.5 

58.6X10’ 

81.6X10’ 

11.7 

59.1X10’ 

Aluminum 

60.6X10’ 

24.0 

65.5X10’ 

60.2X10’ 

20.5 

58.2X10’ 

6061-T6  bare 

61.3 

22.5 

58.7 

56.0 

16.5 

55.5  . 

54.7 

62.0 

17.5 

56.0 

Av 

61.0X10’ 

23.3 

56.2X10’ 

59.4X10’ 

18.2 

56.9X10’ 

Aluminum 

94.5X10’ 

14.5 

38.7X10’ 

89.8X10’ 

10.5 

707S-T6  clad 

94.0 

14.0 

34.2 

93.0 

11.0 

94.0 

39.6 

Av. 

94.2X10’ 

14.3 

37.5X10’ 

91.4X10’ 

10.8 

Titanium  alloy 

207X10’ 

6.0 

183X10’ 

183X10’ 

6.5 

181X10’ 

Ti-6A1-4V 

203 

il.O 

199 

180 

6.0 

187 

annealod 

206 

11.7 

196 

Av. 

205X10“ 

9.6 

193X10’ 

182X10’ 

6.3 

184X10’ 

Titanium  alloy 

226X10’ 

17.0 

199X10’ 

14.0 

Ti-6A1-4V 

225 

17.0 

185 

7.0 

solution- 

218 

14.0 

208 

5.0 

treated 

220 

8.0 

219 

4.5 

Av. 

223X10’ 

16.0 

206X10’ 

7.7 

ranged  from  clean  to  discolored.  Etched  surfaces  had  occasional 
deposits  of  corrosion  products. 

Figure  3-13  shows  a schematic  drawing  of  the  tensile  loading  appara- 
tus, the  test  chamber,  the  liquid-nitrogen  cryostat,  and  the  supply  piping 
for  purging,  filling,  and  emptying  the  test  chamber.  The  tensile  load  was 
generated  by  a hydraulic  ram  mounted  at  the  top  of  the  loading  frame. 
Hydraulic  fluid  under  pressure  was  metered  to  the  ram  by  a needle 
valve  from  a previously  charged  accumulator.  The  tensile  load  on  the 
specimen  was  measured  by  a load  cell  that  utilized  strain  gages  for  load 
indication.  This  load  cell  was  mounted  so  that  it  was  in  compression 
when  load  was  applied  to  the  test  Section  (fig.  3-13). 
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Figure  3-13. — Schematic  diagram,  of  test  setup  for  Lewis  tensile  stress  tests  (ref.  13). 


When  the  test  chamber  was  filled  with  liquid  fluorine,  the  smooth 
specimens  were  loaded  to  a stress  value  equal  to  90  percent  of  the  yield 
strength  of  the  material  at  a temperature  of  —320°  F (liquid-nitrogen 
boiling  temperature) . The  notch  specimens  were  loaded  to  90  percent  of 
the  failure  stress  of  duplicate  notch  specimens  in  liquid  nitrogen.  This 
load  was  maintained  for  2 hours  so  that  the  specimens  were  under  stress 
during  the  time  of  exposure  to  fluorine.  After  this  time,  the  load  was 
increased  until  fracture  resulted.  All  specimens  were  loaded  to  fracture 
at  strain  rates  of  about  0.005  inch  per  inch  per  minute. 

For  smooth  tensile  specimens,  the  hold  stress  applied  was  90  percent  of 
the  0.2  percent  yield  strength  of  the  material  tested  in  liquid  nitrogen. 
For  notch  specimens,  the  hold  stress  was  90  percent  of  the  failure  stress 
in  liquid  nitrogen.  The  time  of  exposure  was  2 hours  in  this  case  also. 

An  interesting  aspect  of  these  tests  (ref.  18)  was  that  titanium  speci- 
mens were  tested  to  failure  in  liquid  fluorine  without  ignition  (despite 
the  exposure  of  a nonpassivated  surface  by  the  fracture) . Titanium  has 
shown  a tendency  to  ignite  when  subjected  to  impact  in  a liquid-oxygen 
environment  (table  3-VIII) , and  thus  its  use  in  liquid  fluorine  has  been 
discouraged.  The  Lewis  tests  indicated  that  the  use  of  titanium  is  feasi- 
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Table  3-VIII.— Summabizbd  Impact  Ignition-  (Rep.  19) 


Degree  of  ignitioE 


Striker 


„ , c.,  Number  of  Energy- 

Number  Striker  level,  , 

of  teste  configuration  Moderate  Slight  None 


Monel  striker,  titanium  sample 


5 

Elat,  smooth 

5 

2.6 

2 

Elat,  rough 

2 

2 

Hemispherical  — 

2 

2 

Chisel  point 

2 

3 

Pointed,  conical  _ 

3 

Titanium  striker,  titanium  sample 


Pointed,  conical  - 


Stainless-steel  or  aluminum  striker,  aluminum  sample 


Titanium  striker,  titanium  sample,  liquid  oxygen 


4 Elat,  groQ-ped 4 65.0  2 

« Ignition  indicated  by  diBappearanoe  of  striker  tip.  No  evidence  of  sample  igniting, 
b Aluminum  striker. 

« One  sample  caught  Are  and  burned  almost  completely. 
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ble  in  liquid-fluorine  systems,  but  it  should  be  thoroughly  tested  for  the 
particular  application  before  use  with  fluorine. 

s.2.3.3  Flexure  tests. — ^In  several  tests  lasting  up  to  6 hours,  flexing 
thin  metal  strips  in  liquid  fluorine  once  per  second  produced  no  measur- 
able effects  (ref.  19) . The  flexure  tests  were  performed  on  copper,  brass, 
aluminum,  and  Monel  immersed  in  liquid  fluorine  and  were  intended  to 
provide  some  information  on  the  flexibility  of  the  fluoride  film.  If 
increased  corrosion  had  resulted,  it  would  have  provided  evidence  that  a 
fluoride  film  was  being  lost  and  re-formed,  and  that  the  film  was  not 
flexible.  The  negative  results  indicate  that  the  fluoride  film  is  not 
affected  by  the  flexing  of  metals  exposed  to  fluorine. 

3.2.S.4  Impact  tests. — As  reported  in  reference  19,  results  were 
obtained  that  “were  not  very  reproducible  and  in  no  case  with  liquid 
fluorine  did  ignition  become  general.”  These  tests  involved  the  impact 
of  various  shapes  of  strikers  on  impact  plates  beneath  the  surface  of 
liquid  fluorine  or  liquid  oxygen  (table  3-VIII) . 

Ignition  was  observed  by  all.types  of  strikers  at  different  impact  levels 
on  two  titanium  alloys  tested  in  liquid  fluorine.  It  should  be  noted  that 
ignition  of  titanium  with  liquid  oxygen  was  more  severe  than  v/ith 
fluorine  (ref.  19).  In  one  case  (of  26  tests  with  oxygen)  ignition 
became  general,  and  the  sample  burned  completely;  in  each  ease  with 
fluorine,  though  reaction  was  initiated,  it  failed  to  propagate  itself. 
Eeference  19  states,  “Ignition,  when  it  was  observed,  was  indicated  by 
the  formation  of  small  craters  and  gullies  together  with  droplets  of 
melted  metal  [either]  on  the  sample  or  on  the  striker  face.” 

The  data  (table  3-VIII)  provided  little  information  for  the  compati- 
bility of  metals  with  fluorine;  however,  when  compared  with  equivalent 
data  for  liquid  oxygen  or  when  impact  ignition  energies  are  compared 
for  different  materials,  relative  reactivities  may  be  obtained  for  com- 
parable energy  values.  These  values  may  also  be  used  in  comparison 
with  calculated  localized  energies  that  may  be  present  in  a given 
system. 

As  another  part  of  the  same  series  of  tests  (ref.  19) , tubes  of  various 
metals  were  filled  with  liquid  fluorine  and  struck  on  the  outside  at  known 
impact  levels.  The  degree  of  reaction  on  the  inside  of  these  tubes  was 
not  affected  by  intensive  impact  by  pointed  strikers  on  the  outside  of  the 
tubes.  Vibration  of  several  samples  after  impacts,  at  30  cycles  per 
second,  also  produced  no  effects  (ref.  19) . 


3.2.4  Ignifion  Temperatures  of  Metals  in  Fluorine  Atmospheres 

An  experiment  was  performed  (in  cooperation  with  NASA  Lewis)  to 
determine  ignition  temperatures  of  metals  in  fluorine  atmospheres  (ref. 
16),  In  these  tests,  metal  wires  were  heated  electrically  in  a chamber 
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Table  3-IX.— Ignition  Tbmpehaturbs  op  Metals  in  Fluorine  (Rep.  16) 
(a)  Technique  A. 


Metal 

Wire 

diameter, 

in. 

Ignitior* 

temperatures, 

°C 

Average 

ignition 

temperature, 

"C 

Maximum  variation 
from  average, 
percent 

Aluminum 

0.010 

.016 

— 

(a) 

— 

Copper  

0.0123 

725' 

645 

670 

670 

747. 

• 

692 

8.0 

Iron  

0.014 

677' 

667 

667 

676. 

672 

0.8 

Molybdenum  _ 

0.0149 

214' 

207 

188 

220 

188 

205 

8.3 

Monel  

0.010 

437' 

423 

348 

377. 

396 

12.0 

Nickel  

0.008 

.0155 

.0154 

.0155 

.0155 

.0152 

1168" 

1096 

1219 

1195 

1209 

1084 

■ 

1162 

6.0 

Stainless  steel 
302 

0.020 

749' 

796 

611 

570. 

681 

13.0 

Tungsten  — 

0.0153 

260' 

332 

263 

275 

>• 

283 

18.0 
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Table  3-IX.— Ignition  Tempebatotbs  of  Metals  in  Fluorine  (Rep.  16)— Concluded 


(b)  Technique  B. 


Metal 

Wire 

diam- 

eter, 

in. 

Maximum  wire 
temperature, 
°C 

B| 

Ignition  temper- 
ature range, 
°C 

Activation 

energy, 

kcal/mole 

Copper  __ 

0.012 

905 

0.8 

689  to  701 

852 

1.0 

810 

.6 

767 

.8 

^^B 

701 

1.2 

689 

No  igni- 

tion 

■ 

■ 

Iron 

0.014 

730 

1.0 

618  to  644 

676 

1.6 

648 

2.0 

644 

2.2 

618 

No  igni- 

tion 

■ 

■ 

Nickel 

0.015 

1357 

0,6 

B 

n 

1306 

12 

1266 

.6 

1253 

No  igni- 

^B 

tion 

IHI 

1^1 

■ 

■i 

» An  average  of  four  testa  gave  an  ignition  temperature  greater  than  the  melting  point. 


(bomb)  containing  fluorine,  and  temperatures  were  calculated  from 
current  and  voltage  readings  by  using  resistivity-temperature  data.  Two 
procedures  were  used,  and  a comparison  of  results  is  given  in  table 
3-IX. 

Technique  A. — ^An  evacuated  bomb  was  fllled  with  gaseous  fluorine  at 
atmospheric  pressure,  and  the  temperature  of  the  specimen  was  gradually 
increased  by  the  variable  resistor.  The  Voltage  and  current  at  which  the 
wire  burned  out  were  used,  in  conjunction  with  resistivity  data,  to 
calculate  the  temperature  at  ignition  (table  3-IX) . 

Technique  B. — ^The  test  specimen  was  brought  to  a predetermined 
temperature  in  the  evacuated  bomb  before  the  introduction  of  fluorine. 
Fluorine  was  then  admitted  and  the  time  (ignition  delay)  required  for 
the  reaction  to  go  to  completion  was  measured  with  a stop  watch  (table 
3-IX) . As  shown  in  the  table,  ignition  occurred  at  different  temperatures 
for  the  different  metals,  but  only  the  range  is  given.  This  procedure  was 
used  to  obtain  ignition-delay — ^temperature  curves. 

In  general,  molybdenum.  Monel,  and  tungsten  exhibited  the  lowest 
ignition  points  of  the  metals  tested,  with  values  ranging  from  200°  to 
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400°  0.  Aluminum,  copper,  iron,  and  302  stainless  steel  ignited  between 
600°  and  700°  G.  Nickel  ignited  at  1153°  0. 

3.3  COMPATIBILITY  OF  NONMETAiS  WITH  FLUORINE 
AND  FLOX  MIXTURES 

Fluorine-compatible  nonmetallic  materials  would  be  extremely  desira- 
ble for  use  in  fluorine  or  FLOX  systems,  particularly  when  the  design 
problem  involves  modification  of  an  existing  launch  vehicle  to  v.nake  it 
fluorine  or  FLOX  Compatible.  In  this  case,  the  problem  would  be  fc  find 
materials  for  given  seal,  gasket,  and  other  applications  to  replace  cur- 
rently used  materials.  For  this  reason,  investigations  were  required  to 
define  the  compatibility  of  materials  suitable  for  use  in  fluorine  or  FLOX 
environments.  These  studies  were  conducted  at  Lewis  in  three  separate 
programs: 

(1)  Studies  of  the  effects  of  exposwe  of  various  nonmetals  to  gaseous 

and  liquid-fluorine  atmospheres  at  atmospheric  pressure  and 
1500  pounds  per  square  inch  gage  under  static  conditions 

(2)  Studies  of  the  effects  of  exposure  of  various  nonmetals  to  gaseous 

and  liquid  fluorine  and  FLOX  under  static  conditions  and 
atmospheric  pressure 

(3)  Studies  of  the  effects  of  gaseous  and  liquid  fluorine  and  FLOX 

under  flow  conditions  with  pressures  up  to  1250  pounds  per 
square  inch  gage  and  flow  velocities  of  280  feet  per  second 
(liquid)  and  pressures  to  400  pounds  per  square  inch  gage  and 
flow  velocities  to  900  feet  per  second  (gaseous) 

Results  of  the  static  exposure  tests  are  discussed  in  the  following  sec- 
tions. The  dynamic  tests  are  discussed  in  detail  in  section  3.3.3.  Samples 
were  deliberately  tested  to  destruction  to  determine  compatibility  limits 
as  affected  by  the  various  parameters. 

3.3.1  Static  Studies 

In  the  early  phases  of  fluorine  work  at  Lewis,  investigations  were 
conducted  (refs.  4 and  23)  to  determine  the  compatibility  of  nonmotals 
with  fluorine  (1)  to  classify  relative  compatibility  of  nonmetals  and 
(2)  to  determine  any  nonmetals  suitable  for  use  as  bearings  and  seal 
materials,  sealants,  and  lubricants  for  possible  fluorine  service.  These 
studies  involved  static  exposure  to  both  gaseous  and  liquid  fluorine  and 
were  conducted  first  at  atmospheric  pressure  and  later  at  1500  pounds 
per  square  inch  gage.  Liquid-fluorine  tests  were  conducted  at  —320°  F, 
and  gaseous  fluorine  tests  were  conducted  at  room  temperature.  The 
materials  investigated  and  the  results  are  given  in  table  3-X. 
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Table  3-X. — Nonatetals  Exposed  to  Gaseous  and  Liquid  Fluorine 
(Reps.  4 and  23) 


Sample" 

Sample  exposed  to 

- 

Sample  in- 
jected into 
liquid 
fluorine  at 
1500  psig 
pressure 

Liquid 
fluorine  at 
atmospheric 
pressure 

Gaseous 
fluorine  at 
atmospheric 
pressure 

Liquid 
fluorine  at 
1500  psig 
pressure 

Gaseous 
fluorine  at 
1500  psig 
pressure  ’’ 

Liquid 

Kel-P  LO  No.  10  (M.  W.  Kellogg  Co.) 

No  reaction 

No  reaction 

No  reaction 

Reaction' 

Reaction 

Fluorolube/HO  (Hooker  Electrochemical  Co.)__ 

Reaction' 

(d) 

N-43,  (p^^’iOaN  (Minaesota  Mining  & Mfg.  Co.)_ 

Reaction' 

Reaction 

Tap  'i^ater 

( 

Reaction 

No  reaction 

Cenio  Hs^vao  Oil  (Central  Scientific  Co.) 

Not  tested 

Burned 

Not  tested 

Not  tested 

Not  tested 

Glyptal  (General  Electric  Co.) 

Not  tested 

Burned 

Not  tested 

Not  tested 

Not  tested 

Dow  Corning  200  fluid  (20  centistokes) 

Exploded 

Burned 

Not  tested 

Not  tested 

Not  tested 

Water  glass 

Not  tested 

Burned 

Not  tested 

Not  tested 

Not  tested 

Safety  Solvent  178  (Fine  Organics,  Inc.) 

Leak-Tec  (American  Gas  & Chemicals,  Inc.) 

Leak-Tec  with  glycerine 

Dry  JP-4  fuel 

Carbon  tetrachloride 

' 

Exploded 

r 
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Grease 


Kel-F  Med.  Wax  (M.  W.  KeUogg  Co.) — 

Kel-F  No,  1 Grease  (M.  W,  Kellogg  Co.) 

Fluorolufae  LG  (Hooker  Electrochemical  Co.)_ 
FlUorolube  MG  (Hooker  Electrocheniical  Co,)_ 


Permatex  No.  3 (Permatex  Co.) 

Q-Seal  (CJuigley  Co.) — 

Blue  Goop  (Crawford  Fitting  Co.) 

Molylubs  (Bel-Ray  Co.,  Inc.)_.,_. 

Plast-O-Seal  (The  Colonial  Plastics  Mfg.  Co.)_ 


Permatex  No.  1 (Pennatex  Co.)—; 

Permatex  No.  2 (Permatex  Go.) 

X-Pando  seal  coating  (X-Pando  Corp.)_ 
Tyte  Unyte  (J.  C.  Whitlam  Mfg.  Co,)_. 
White  lead 


No  reaction 

<d) 

<d) 

<d) 

No  reaction 

Heaction  * 

<d> 

(d> 

(d) 

No  reaction 

No  reaction 

Reaction 

No  reaction 

No  reaction 

Exploded 

Not  tested 

Exploded 

Not  tested 

Burned 

1 

Not  tested 

Not  tested 

Burned  | 

Not  tested 

Reaction 


Reaction 


Not  tested 


Not  tested 


Not  tested 


Not  tested 


Ruby  (AhOo) No  reaction 

Teflon  (E.  I.  du  Pont  de  Nemours  & Co.) 

Fel-F  Solid  (M.W,  Kellogg  Co.)— — — 

Kel-F  Elastomer  5500  (M.  W.  Kellogg  Co.) 

Graphitar  (United  States  Graphite  Co.) 


^ Samples  are  listed  by  trade  name  in  most  cases ; tlie  compositions  were  not  available. 
bHef.  4. 

® JReacted  wben  exposed  surface  area  was  increased. 

* Not  tested}  Kel-P  and  Pluorolube  materials  arc  all  polymers  of  chlorotrifluoroetliylene. 
" Reacted  in  two  of  four  tests. 

*■  Reacted  in  one  of  two  tests. 


No  reaction 


No  reaction 
No  reaction 
Reaction  * 
No  reaction 
No  reaction 


No  reaction 
No  reaction 
Reaction 
Reaction 
Reaction 
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Table  3-X.— Nonmetals  Exposed  to  Gaseous  and  Liquid  Eluorinb 
(Ebfs,  4 AND  23) — Concluded 


Sample" 

Sample  exposed  to- 

- 

Sample  in- 
jected into 
liquid 
fluorine  at 
1500  psig 
pressure 

Liquid 
fluorine  at 
atmospheric 
pressure 

Gaseous 
fluorine  at 
atmospheric 
pressure  ’’ 

Liquid 
fluorine  at 
1500  psig 
pressure 

Gaseous 
fluorine  at 
1500  psig 
pressure’’ 

Powdered  Graphitar  (United  States  Graphite 

Not  tested 

Burned 

Not  tested 

Not  tested 

Not  tested 

Co.) 

Neoprene-covered  Kberglas 

Exploded 

No  reaction 

Reaction 

N-43  plus  neoprene-covered  Eiberglas 

Not  tested 

No  reaction 

Reaction 

Plexiglas  (Rohm  & Haas  Co.)—.- 

No  reaction 

No  reaction 

Reaction 

Reaction 

Not  tested 

Tygcn  tubing  (U.  S.  Stoneware  Co.) 

Reaction 

Yinylite  (Carbide  and  Carbon  Cheinicals  Co.)__ 

No  reaction 

Pennsalt  JPCC  (Pennsylvania  Salt  ,Mfg.  Co.) 

No  reaction 

Pennsalt  PCI  (Pennsylvania  Salt  Mfg.  Co.) 

Reaction  * 

Flux  on  silver-soldered  copper-to-brass  joint 

' 

Not  tested 

1 

Slag  on  stainless-steel  weld  joint 

No  reaction 

No  reaction 

No  reaction 

Reaction 

Not  tested 

Flux  On  silver^soldered  stainless-steel  joint 

No  reaction 

No  reaction 

Reaction 

Reaction 

Dow  Coming  Elastomer 

Not  tested 

Burned 

Not  tested 

Not  tested 

Molykote  Type  Z Powder  (Bel-Ray  Co.,  Inc.)— 

Litharge  and  glycerin  p . 

Palmetto  (Greene,  Tweed  & Co.) 

> 

f 

' 

» Samples  are  listed  by  trade  name  in  most  cases ; the  compositions  were  not  available. 
" Ref.  4. 

^ Reacted  in  one  of  two  teats. 
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Most  of  the  materials  were  not  sufficiently  compatible  for  use  in 
fluorine  systems;  however,  the  tests  did  demonstrate  the  typical  charac- 
teristics of  fluorine  in  showing  remarkable  inhibition  to  reaction  with 
many  nonmetals  under  nonflow  or  static  conditions.  Recognition  of  this 
fact  is  important  in  dealing  with  fluorine.  Later  investigations  under 
dynamic  conditions  with  some  of  the  more  resistant  materials  (section 
3.3.3)  substantiate  this  conclusion. 

Consistent  results  were  obtained  in  both  liquid  and  gaseous  tests  in 
indicating  that  an  increase  in  pressure  (0  to  1500  psig)  increased  reac- 
tivity. Under  gaseous  conditions,  all  but  two  of  the  materials  reacted 
when  the  pressure  was  increased  to  1500  pounds  per  square  inch  gage. 

3.3.2  Siciik  CompafibilH^’  Tests 

Reactivity  of  elemental  fluorine  had  been  defined  by  earlier  work 
(section  3.3.1) , but  little  information  existed  on  the  effects  of  reactivity 
to  be  expected  from  addition  of  oxygen  to  fluorine.  To  define  these 
effects,  a program  involving  static  exposure  of  nonmetals  to  both  fluorine 
and  FLOX  was  conducted  (ref.  24) . The  resulting  information  was  the 
basis  for  later  dynamic  studies  (section  3.3.3) . 

In  the  static  liquid  FLOX  compatibility  test  program  (ref.  24) , the 
sample  was  placed  on  the  movable  sample  holder  rod  (fig.  3-14), 


uqum- 

nitrogen 

reservoir 


. _ _ -hS)— 


Vent  (to 

charcoal  r to- 

reactorl  — i 


'^Stainless-steel  plate 
I I^Teflon  gasket 
'^Liguid-tiitrogen 
glass  Dewar 

jV_3oo-[n|  graduated 
glass  cylinder 


X Manual  valve 
® Manual  valve  (remote  handle) 
Pressure  gage 

— - Uquid  test  tubing 
— - Gaseous  test  tubing 
~~  Auxiliary  tubing 


Figure  3-14.— Schematic  drawing  of  FLOX  system  for  static  tests. 
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inserted  by  remote  control  into  the  FLOX  mixture,  and  exposed  to 
FLOX  for  15  seconds.  The  sample  was  then  agitated  for  another  45 
seconds.  If  no  reaction  occurred,  the  sample  was  withdrawn  into  the 
helium-inerted  tube.  More  fluorine  was  added  to  increase  the  FLOX 
concentration  and  the  sample  reimmersed.  If  the  sample  survived  the 
maximum  FLOX  concentration  used  (80  to  85  percent),  it  was  then 
immersed  and  agitated  in  pure  liquid  fluorine  for  5 minutes.  If  the 
sample  survived,  it  was  removed,  inspected,  and  reweighed. 

In  the  gaseous  tests,  the  sample  was  held  stationary  on  the  sample 
holder  (flg.  3-14).  Gaseous  FLOX,  at  controlled  concentration  and 
pressure  (2  psig  or  less) , was  slowly  passed  through  the  test  chamber 
for  3 minutes  at  each  concentration.  The  concentration  was  increased  by 
increasing  the  rate  of  fluorine  flow  relative  to  the  oxygen  flow. 

Results  for  all  the  materials  tested  statically  in  gaseous  and  liquid 
FLOX  are  given  in  the  form  of  a bar  graph  in  figure  3-15  (ref.  24). 
Identification  and  structures  of  materials  tested  are  given  in  table  3-XI. 
In  the  figure,  the  gap  between  nonreaction  and  the  reaction  symbols  is 
explained  by  the  fact  that  concentration  was  increased  incrementally, 
and  this  gap  represents  an  unknown  region  of  reactivity.  Examination 
of  the  results  indicates  that  reactivity  with  FLOX  is  a function  of 
fluorine  concentration.  It  must  be  emphasized,  however,  that  these 
results  were  obtained  under  carefully  controlled  conditions.  The  reac- 
tion point  in  the  figure  represents  the  maximum  concentration  these 
materials  may  withstand  under  ideal  static  conditions.  In  practice,  a 
wide  margin  of  safety  should  be  used  to  allow  for  variation  of  quality 
control  in  production  of  the  material. 

In  the  liquid  testing,  when  a reaction  occurred  it  was  either  an  explo- 
sive reaction  or  a relatively  slow-burning  surface  reaction.  The  nature 
of  the  reaction  seems  related  to  the  degree  of  porosity  of  the  material 
and  its  ability  to  absorb  fiuorine.  When  a reaction  occurred  between  a 
porous  material  and  fluorine  or  FLOX,  it  was  usually  quite  violent. 
Therefore,  in  the  physical  makeup  of  the  nonmetallic  materials  porosity 
appears  to  have  an  important  effect  on  the  type  of  reaction.  The  reac- 
tions that  occurred  after  longer  time  delays  seem  dependent  on  a surface 
initiation  with  a highly  variable  and  unpredictable  induction  period. 
The  explosive  reactions  observed  were  similar  to  those  observed  between 
fluorine  and  water  or  crystalline  carbon  (refer  to  section  3.1.2) . 

The  gaseous  static  FLOX  tests  were  run  at  atmospheric  temperature 
and  pressure  conditions.  Since  a temperature  difference  of  about  350  F“ 
existed  between  liquid  and  gaseous  FLOX,  it  was  initially  expected  that, 
with  gaseous  FLOX  at  the  higher  temperature,  the  fluorine  concentra- 
tion required  for  reaction  would  be  less  than  that  required  for  the  liquid 
exposure.  Normally,  an  increase  in  temperature  increases  the  possibility 
of  ignition  as  well  as  the  reaction  rate;  however,  as  figure  3-15  shows, 
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Fluorine  In  FlOX,  percent  by  weight 

Figure  3-15. — Static  compatibility  te:)t  results  for  solid  nonmctals  in  FLOX.  Liquid 
FLOX  temperature,  —320°  F;  gaseous  FLOX  temperature,  20°  to  40°  F;  pressure, 
atmospheric  (ref.  24).  (These  results  should  not  be  used  as  a guide  in  selecting 
materials  to  withstand  dynamic  conditions  or  pressures  greater  than  atniospheric.) 


reactions  occurred  more  readily  in  liquid  than  in  gas  for  particular  con- 
centrations. Since  the  only  parameter  changed  here  was  temperature, 
the  greater  reactivity  appears  to  be  caused  by  the  higher  molecular 
density  (fluorine  molecules  per  unit  volume)  of  the  liquid;  that  is,  the 
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Table  3-XI.— Test  Materials  Identification  (Rep,  24)  co 


Trade  name 

Chemical  name  or  description 

, Molecular  structure 

Teflon  TFE  

Polvtetrafluoroethylene  

r F F "1 
1 1 

— C-C- 
1 1 

L F F J 

n 

Halon  TFE,  G-80 

Polytetrafluoroethylene  

r F F I 
1 1 

_c— c— 
i 1 

L F F J 

n 

Rulon  A 

Polytetrafluoroethylene  with 
MoS^flUer 

” F F “ 

Ui  J 

-f-MoSs 

n 

Nickel-filled  Teflon 

Polytetrafluoroethylene  with 
nickel-powder  filler 

r F F “ 
1 1 

— C-C— 

1 1 

L F F _ 

+Ni 

n 

Ifl-Percent  glass-filled  Teflon 

Polytetrafluoroethylene  with 
glass  fibers 

r F F "] 
1 1 / 
— C-C— 

1 1 : 
L F F J 

-fGlass 

n 

Kel-F  81. 

Polychlorotrifluoroethylene 

(CTFE) 

r F Cl  "1 
1 1 

— C— C— 

1 1 

L F F J 

n 
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Plashon  2400 

Polychlorotrifluoroethylene 

(GTPE) 

Halon  TVS  (now  called 
Plaskon2200) 

Polychlorotrifluoroethylene 

(GTPE) 

Teflon  PEP 

Pluorinated  ethylene 
propylene 

Kynar  

VlnylidpTie  flnnridp  .. 

Kel-P  82 

Gopolymer  of  GTPE  and  3 
mole  percent  vinylidene 
fluoride 

Mylar 


Polyethylene  terephthalate  __j 


C^O-O-C— O- 


8 


Trade  name 

Chemical  name  or  description 

Luoite  

Polymethyl  methacrylate 

Tygon 

Polyvinyl  chloride-acetate 

Nylon  

PnlyaTnirlo  . ... 

Bakelite  

Phenol  formaldehyde 

Polyethylene 

Polyethylene  

Neoprene 

Polychloroprene  

Table  3-XI.— Test  Materials  Indentipication  (Rep.  24) — Continued 


Molecular  structure 


Not  available 


-I- Carbon  black 

(a) 

n 
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Buna  N 

Copolymer  of  acrylonitrile  and 
butadiene 

LS-63  Eubber 

Trifluoropropyl  methyl 
polysiloxane 

T.R-SJf  Rubber  . .... 

, Trifluoropropyl  methyl 

polysiloxane 

Viton  A 

Copolymer  of  vinylidene 
fluoride  and  hexafluoro- 
propylene 

Fluorol  

Copolymer  of  vinylidene 
fluoride  and  hexafluoro- 
propylene 

H H H H H 

I I I II 
C-C=C-C-C-C 

II  III 

H H H H CsN 


F 

I 

F_C_F 

I 

H— C— H 

I 

H — C — +Curing  agents 
(Si — 0)ai-G 

I 

H— a-H 


+Carbon  black 

(a) 

r» 

F H F— C— F F 


F H F— C— F F 


+Carbon  black 

n 

(a) 

+Carbon  black 

n 

(a) 

Simphned  structure  in  uncured  state 


Table  3-XL— Test  Materials  Identification  (Rep.  24)— Concluded 
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Graphite 


Crystalline  carbon 


1 

mFTm 

n 

CPE  401  (BESS)  with 
EPON828 

Amorphous  chlorinated  poly- 
ethylene 

Unloiown 

CPE  402  (TDX  176)  with 
tribase  E 

Amorphous  chlorinated  poly- 
ethylene 

Unknown 

CPE  403  with  EPON  828 

Semicrystalline  chlorinated 
polyethylene 

Unknown 
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Ficum  3-16. — Typical  slow-burring  suriace  reaction  of  neoprene 


effect  of  the  greater  availability  of  fluorine  atoms  to  participate  in  the 
reaction  in  the  liquid  case  seems  to  exceed  the  effect  on  reactivity  nor- 
mally obtained  from  an  increase  in  temjierature.  This  explanation  was 
also  supported  by  the  results  of  the  high-pressure  tests  (section  3.3.1). 
In  that  series  of  tests,  the  increase  in  the  molecular  density  of  the  gas 
at  1500  pounds  per  square  inch  gage,  as  well  as  the  temperature  effect, 
caused  a higher  reactivity  than  in  the  liquid  case.  Therefore,  the  higher 
enthalpy  of  the  room-temperature  gaseous  system  at  atmosplieric  pres- 
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1 sure  was  not  in  itself  sufficient  to  cause  higher  reactivity  of  the  gas,  but 


I by  increasing  the  pressure  to  1500  pounds  per  square  inch  gage  with 

t resulting  increase  in  molecular  density,  the  reactivity  exceeded  that  of 

the  liquid.  This  reactivity  factor  is  further  discussed  in  section  3.3.S.5. 

A typical  slow-burning  surface*ret>ction  sequence  (fig.  3-16)  shows  a 
neoprene  0-ring  being  tested  in  83.5-percent  liquid  FLOX  (83.5  percent 
fluorine  by  weight  in  a fluorine-oxygen  mixture).  The  reaction,  once 
initiated,  seemed  to  propagate  itself  over  an  increasingly  large  area; 


i 
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burning  was  smooth  and  quiet,  The  sequence  shown  occurred  in 
1/2  second.  , 

Samples  that  exhibited  reaction  delay  in  the  gaseous  tests  were 
observed  to  smolder  before  igniting.  In  other  words,  the  material  reacted 
slowly  until  its  combustion  temperature  was  reached,  at  which  time  it 
ignited. 

3.3.3  Dynamic  Tests 

A dynamic  test  program  (ref,  24)  was  carried  out  to  define  velocity 
effects  on  reactivity  of  selected  nonmetals  with  various  FLOX  concen- 
trations, since  experience  with  fiuorine  system  failures  showed  that  most 


-!□-  Differential  pressure  gage 

Figure  3-17.— Sohematio  drawing  of  FLOX  system  for  dynamic  tests  (ref.  24) , 
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ignitions  occurred  with  combinations  of  high  pressures  and  high  velocity. 
Test  data  from  this  program  revealed  that  reactivity  varies  as  a func- 
tion of  increasing  flow  velocity  and  increasing  FLOX  concentration  in  a 
predictable  manner.  Generally,  the  fluorocarbon  polymers,  particularly 
the  fully  fluorinated  straight-chain  polymers,  were  most  compatible 
with  fluorine  and  FLOX  (ref.  24).  The  test  program  was  essentially 
divided  into  three  phases:  (1)  an  initial  study  to  determine  the  effects 
of  pressure  at  flow  velocity,  (2)  a series  of  liquid-phase  FLOX  tests  to 
define  the  effects  of  flow  velocity  and  concentration  on  the  reactivity  of 
FLOX  with  selected  nonmetals,  and  (3)  a series  of  gaseous-phase  tests 
to  define  the  effects  of  flow  velocity,  FLOX  concentration,  and  ambient 
temperature  on  the  reactivity  of  FLOX  with  selected  nonmetals. 

The  test  apparatus  used  for  the  dynamic  tests  is  shown  schematically 
in  figure  3-17.  The  specimen  materials  were  fabricated  into  tubular 
orifices  (see  fig.  3-18)  and  installed  in  the  test  legs  of  the  apparatus. 
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Flow  through  the  specimen  was  achieved  by  pressurizing  the  flow  tank 
with  helium  gas  to  the  required  pressure  to  obtain  maximum  flow,  while 
maintaining  only  slightly  more  than  atmospheric  pressure  in  the  receiver 
tank.  The  flow  rate  was  then  controlled  by  operation  of  a flow-control 
valve  located  downstream  from  the  specimen.  Flow  quantities  were 
measured  by  the  turbine  flowmeter  and  venturi  meter. 

The  testing  procedure  for  this  program  involved  increasing  velocity 
in  increments  (for  each  FLOX  concentration) ; smaller  increments  were 
chosen  as  the  suspected  reaction  point  was  approached.  Successive  runs 
were  made  through  each  specimen  (at  increasingly  higher  pressures  in 
the  flow  tank  to  provide  higher  maximum  velocities)  until  reaction 
occurred. 

The  first  phase  of  testing  involved  varying  pressures  up  to  400  pounds 
per  square  inch  gage  at  a flow  velocity  of  12.2  feet  per  second.  Since  no 
reactions  occurred  for  the  materials  tested,  it  was  concluded  that  the 
effects  of  pressure  on  reactivity  (from  the  pressurization  required  to 
achieve  flow)  would  be  negligible  when  compared  with  the  effect  from 
velocity.  Since  a pressure  effect  is  present  in  any  confined  flow  situation, 
the  velocity  effects  on  reactivity  should  be  valid  for  an  equivalent 
condition  in  an  operational  system. 

The  main  conclusions  drawn  from  the  dynamic  tests  (ref.  24)  are  as 
follows: 

(1)  Some  nonmetallic  materials  may  be  considered  for  use  in  rocket 
systems  with  fluorine  or  FLOX  under  controlled  conditions  of  exposure; 
however,  because  of  possible  variations  in  quality  and  because  non- 
metals  are  more  sensitive  to  contamination  than  metals  in  a fluorine 
environment,  a margin  of  safety  should  be  provided  based  on  the  accept- 
able level  or  risk  for  the  particular  application.  Where  flight  reliability 
is  required,  qualification  testing  must  be  performed. 

(2)  Generally,  the  highly  fluorinated  and  highly  chlorinated  materials 
are  more  suitable  for  use  in  fluorine  or  FLOX  systems  than  materials 
containing  atoms  such  as  hydrogen  in  their  molecular  structures  or 
materials  impregnated  with  some  noncompatible  additive.  Of  all  mate- 
rials tested,  the  polytetrafluoroethylehes,  Halon  TEE  and  Teflon  TFE, 
are  the  most  promising  for  practical  application  in  fluorine  or  fluorine- 
oxygen  environments. 

(3)  The  strong  significance  of  flow  velocity  on  reactivity  of  non- 
metallic materials  with  fluorine  or  FLOX  indicates  that  some  of  these 
materials  are  suitable  for  use  as  static  seals  if  it  is  assumed  that  no  con- 
tamination is  present.  Exposure  to  direct  flow  (particularly  in  the  liquid 
phase)  should  be  avoided  except  under  conditions  where  the  risk  is 
acceptable. 

(4)  The  Orderly  molecular  arrangement  of  the  more  crystalline 
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materials  makes  them  less  susceptible  to  fluorine  attack  than  the 
amorphous  materials  with  their  irregular  molecular  alinement.  A mate- 
rial selected  for  use  should  therefore  be  of  the  highest  crystalline  form 
available  for  the  particular  material. 

(5)  The  reactivity  of  nonmetallic  materials  with  fluorine  and  FLOX 
increases  as  a function  of  molecular  density  (number  of  molecules  per 
unit  volume)  present  at  the  point  of  reaction  initiation. 

3.3.3.1  Reactivity  profiles  from  liquid  tests. — ^From  data  obtained  in 
the  dynamic  tests,  reactivity  profiles  (flow  velocity  at  burnout  as  a 
function  of  FLOX  concentration  at  burnout)  were  generated  for  selected 
materials  (ref.  24) . Since  a material  must  be  tested  to  burnout  at  sev- 
eral concentrations  in  order  to  generate  a reactivity  profile,  only  the 
materials  of  greatest  interest  v/ere  chosen.  A composite  of  these  reac- 
tivity profiles  is  shown  in  figure  3-19.  (Fig.  3-20  shows  those  materials 
for  which  only  a single  test  was  made.) 

It  should  be  emphasized  that  the  data  were  obtained  under  carefully 
controlled  conditions.  The  reaction  line  in  the  figure  represents  the 
maximum  concentration  and/or  velocity  these  materials  may  withstand 
under  ideal  conditions.  In  practice,  a wide  margin  of  safety  should  be 
used.  Differences  in  reactivity  with  fluorine  are  possible  with  supposedly 
identical  materials  because  of  variations  in  fabrication  processes,  which 
may  produce  voids,  impurities,  or  other  differences  in  the  material. 
Therefore,  materials  selected  for  use  in  a fluorine  or  FLOX  environment 
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Nickel -niled 
Teflon 

CPE403XCL 
CPE  402 
CPE  401 
Lucite 


♦ 

Fluorine  concentration 
Maximum  velocity  without  reaction 
Reaction 

f' 

♦ 

jsssssa  ♦ 

1 1 

^4 

1 1 

1 1 1 1 1 

0 20 

40 

40  80  100 

Concentration  of  fluorine  In  ROX.  percent 


I 1 1 1 1 1 I I I I I 

0 40  80  120  MO  20P 

Flowrate,  ft/sac 


Figure  3-20. — Dynunic  liquid  FLOX  compatibility  tests  (single  data  points,  ref.  34). 
Pressure  range,  100  to  400  pounds  per  square  inch  gage;  temperature,  — 320‘’F; 
specimen  configuration,  0.25-inch  orifices. 


should  be  of  the  highest  possible  quality.  It  should  be  remembered  that 
the  activation  energy  required  to  initiate  reaction  with  these  nonmetallic 
materials  is  not  appreciably  greater  than  the  energy  level  that  exists 
under  some  normal  exposure  conditions.  This  is  particularly  true  when 
these  materials  are  exposed  to  the  flow  of  liquid  fluorine  or  FLOX. 
Therefore,  when  exposure  includes  a high  flow  rate  of  liquid  fluorine  (or 
FLOX  of  high  concentration)  only  a relatively  small  increase  in  flow 
rate,  or  the  presence  of  a minor  amount  of  contamination,  could  result 
in  reaction  initiation.  Because  of  the  lack  of  statistical  test  information, 
no  fixed  factor  of  safety  can  be  given;  the  margin  to  be  used  should 
depend  on  the  acceptable  level  of  risk  for  the  particular  application.  In 
all  applications  of  nonmetallic  materials,  the  severity  of  environmental 
conditions  should  be  minimised  by  avoiding  direct  exposure  to  flow  if 
possible.  The  most  FLOX-compatible  materials  that  fulfill  physical 
requirements  should  be  chosen  when  nonmetals  must  be  used. 

s.3.3.2  Typical  reaction. — A specimen  of  Lucite  was  tested  to  failure 
under  dynamic  conditions  (ref.  24)  because  it  is  transparent  and  the 
reaction  initiation  and  propagation  can  be  photographed  easily.  Reac- 
tion of  this  material  occurred  at  a flow  velocity  of  84  feet  per  second  and 
is  shown  in  figure  3-21.  (Distortion  was  caused  by  photograp'.mg 
through  liquid  nitrogen.)  In  this  close-up  view,  the  first  frame  shows 
FLOX  passing  through  the  specimen.  The  second  frame  shows  reaction 
initiation  (about  1/24  sec  later).  A projection  review  of  the  original 
film  showed  that  thu  reaction  was  initiated  at  the  inlet  near  the  end  of 


Fiouis  3-31— Dynamic  FLOX  compatibility  teat  <A  Lucite  specimen.  Film  speed,  24  frames  per  second; 
time  interval  between  frames,  1 and  3,  and  3 and  4, 9 seconds  (ref.  24). 
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the  throat  curvature  (see  fig,  3-21)  of  the  test  specimen  (not  visible  in 
the  figure  since  contrast  was  lost  in  making  the  print) . Reaction  was 
then  propagated  over  the  entire  surface  of  the  channel  in  the  specimen. 
The  remaining  frames  in  figure  3-21  show  the  reaction  at  increasing 
^stages  in  its  progression, 

3,3,3.3  Gaseous  dynamic  tesiingr,— High-velocity  flow  tests  were  per- 
formed with  pure  gaseous  fluorine  to  explore  the  effect  of  velocity  on 
reactivity  (ref,  24) . Table  3-XII  shows  nine  materials  that  were  fabri- 


Table  3-XII, — Gaseous  Fluorine  Compatibility  Tests  (Rep,  24) 


Material 

(1/4-m,  tubular  orifices) 

Duration  of  sonic 
velocity  of  900  ft/sec, 

Average  velocity  for 
30-sec  period,  ft/sec 

Halon  TFE  

10 

825 

Teflon  TFE 

"Unknown 

"Unknown 

Rulon  A 

11 

760 

Kel-F-81  

4 

825 

Teflon  FEP  

5 

750 

Halon  TVS  

8 y 

700 

Kel-F-81  amorphous 

9 ^ 

850 

Kel-F-82  

16 

880 

Kynar  

2 

825 

^ Instrument  malfunction. 


cated  into  1/4-ineh  orifices  and  exposed  to  30-second  test  runs  at  increas- 
ing velocities.  These  materials  withstood  maximum  conditions  of  gaseous 
fluorine  flow  of  900  feet  per  second  (sonic  flow)  for  several  seconds  and 
average  velocities  of  700  to  880  feet  per  second  for  the  test  run.  Table 
3-XIII  shows  three  materials  that  were  fabricated  into  1/8-ineh  orifices 
and  exposed  from  5 to  30  minutes  to  sonic  flow  rates.  While  all  the  mate- 
rials tested  survived  exposure  to  sonic  flow  rates,  only  the  TFE  (table 
3-XIII)  held  up  under  the  maximum  30-minute  time  obtainable  with 
the  test  apparatus  and  procedure  (see  section  3,3 ,3,5) . 


Table  3-XIII,— Gaseous  Fluorine  Time-Exposure  Tests  (Rep,  24) 


Material  (1/8-in, 
tubular  orifice) 

Velocity 

without 

reaction, 

ft/sec 

Time, 

min 

Velocity 
that  caused 
reaction, 
ft/sec 

Time, 

mia 

TFE 

900  (sonic) 

30 

Ko  reaction 

30 

Kel-F-81  amorphous  

372 

30i 

900  (sonic) 

5 

Kel-F-82  

279 

30 

900  (sonic) 

15 

! 
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Figure  3-22,— Gaseous  FLOX  reactivity  profile  for  Vitoa  A (ref.  24) . Temperature, 
60°  F;  sample  configuration,  0.20-inch  orifice. 


A reactivity  profile  for  Viton  A is  shown  in  figure  3-22  (the  only 
material  for  which  the  required  test  runs  were  made) . The  explanations 
of  the  curve  and  precautions  given  for  application  of  the  liquid  reactivity 
profiles  also  apply  for  this  figure.  From  these  limited  data,  it  appears 
possible  that  a step  occurs  in  the  reactivity  profile  for  Viton  A at  sonic 
velocity,  although  the  curve  does  not  indicate  this.  Reactions  for  this 
material  usually  occurred  at  sonic  velocity,  before  the  backpressure 
buildup  reduced  the  Velocity.  Only  at  the  34"p0rcent-FLOX  concentra- 
tion was  sonic  flow  maintained  (for  9 sec)  wi;Uiout  reaction;  after  this 
time,  the  velocity  decreased  to  an  average  of/lQO  feet  per  second  for  60 
seconds.  y 

s.3.3.4  Crystallinity  effects  on  reactivitj. — ^Tests  of  chlorotrifluoro- 
ethylenes  in  crystalline  and  amorphous  p/ms  revealed  that  the  crystal- 
line form  was  more  resistant  to  reactira^han  the  amorphous  form  (ref. 
24) . This  led  to  an  attempt  to  control  crystallinity  in  materials. 

X-ray  diffraction  photographs  were  taken  in  the  Lewis  diffraction 
laboratory  in  an  attempt  to  n^Tasure  the  crystallinity  of  Kel-F  and 
other  materials.  These  studies  provided  a means  for  making  compari- 
sons of  crystallinity  among  different  materials.  Figure  3-23  shows 
X-ray  diffraction  photographs  of  five  different  materials.  The  relative 
degree  of  crystallinity  is  estimated  from  the  relative  sharpness  of  the 
diffraction  rings.  Teflon  TFE  appears  to  be  more  crystalline  than  Teflon 
FEP.  The  difference  in  Crystallinity  is  similarly  apparent  between 
crystalline  and  amorphous  Kel-F-81.  The  figure  also  shows  that  heat- 
treated  Kel-F-81  amorphous  has  a degree  of  crystallinity  similar  to 
crystalline  Kel-F-81.  These  photographs  demonstrate  that  the  heat- 
treating  process  transforms  the  amorphous  material  to  a more  crystal- 
line state.  Also,  this  crystalline  form  is  more  resistant  to  reaction  than 
the  amorphous  form  from  which  it  was  created. 


(a)  Teflon  TFE.  (b)  Teflon  FEP. 

(e)  Co’stalline  Kel-F-81. 

(d)  Kel-F-81  amorphous. 

(e)  Kel-F-81  amorphoua  (beat  treated). 

■ Fioubb  3-33. — X-ray  diffraction  patterns  (ref.  34). 


t 


COMPATIBILITy  OP  MATERIAIjS 


105 


O Crystalline 
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Open  symbols  denote  nonreaction  points 
Solid  symbols  denote  reaction  points 
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Figure  3-24. — ^Liquid  FLOXzuflipatibility  profiles  for  crystallinity  effects  for 
iCel-F-Sl  (ref.24). 


Different  degrees  of  crystallinity  are  obtained  by  varying  the  cooling 
rate  diiring  the  molding  process,  where  faster  cooling  rates  produce  more 
amorphous  materials.  Since  test  data  show  that  Kel-F-Sl  amorphous 
reacted  under  less  severe  conditions  than  crystalline  Kel-F-81,  an 
attempt  was  made  to  transform  Kel-F-81  from  the  amorphous  to  the 
crystalline  form  by  heating  two  amorphous  specimens  to  a temperature 
just  below  the  melting  point  and  allowing  them  to  cool  slowly  (33  F“/ 
hr) . Theoretically,  this  treatment  should  transform  the  material  from 
amorphous  to  crystalline.  These  specimens  were  tested  in  the  same  man- 
ner as  the  other  Kel-F-81  specimens  and  gave  a reactivity  profile  that 
falls  in  the  same  general  position  as  that  of  the  crystalline  Kel-F-Sl 
(fig.  3-24).  On  the  basis  of  the  limited  number  of  data  points  taken, 
the  heat-treating  process  increased  the  resistance  of  the  material  to 
FLOX  (which  indicates  that  the  orderly  arrangement  of  the  molecules  in 
the  crystalline  form  makes  the  material  less  susceptible  to  fluorine 
attack  than  in  the  amorphous  form  with  its  irregular  molecular  aline- 
ment).  When  one  of  the  fluorocarbons  is  being  selected  for  use  in 
fluorine  systems,  the  most  crystalline  form  available  should  be  used. 

3.3.3.5  Other  factors  affecting  reactivity. — Some  factors  other  than 
velocity  and  FiOX  concentrations  were  also  observed  as  affecting 
reactivity  (ref.  24) : 
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(1)  Exposure  time:  In  order  to  attain  sustained  high  velocities  to 
gain  information  on  the  effect  of  exposure  time,  it  was  necessary  to 
reduce  the  specimen  orifice  diameter  from  1/4  to  1/8  inch  to  provide 
longer  run  times.  Three  specimens  were  tested  (table  3-XIII) , and  sus- 
tained velocities  up  to  a maximum  of  sonic  were  attained  in  each  case. 
TFE  successfully  withstood  pure  gaseous  fiuorine  flow  at  sonic  velocity 
of  900  feet  per  second  for  30  minutes;  Kel-F-81  amorphous  ignited  after 
5 minutes  at  900  feet  per  second.  All  three  specimens  had  just  previously 
been  exposed  to  lower  fiow  velocities  (see  table  3-XII)  for  30  minutes 
without  reacting. 

A Viton  A specimen  was  exposed  to  gaseous  50-percent-FLOX  fiow  at 
200  feet  per  second  for  30  minutes.  There  was  no  reaction  at  this  veloc- 
ity during  the  extended  time  run.  In  order  to  obtain  an  additional  data 
point  for  this  material,  the  specimen  was  then  subjected  to  sonic  velocity 
of  900  feet  per  second.  The  specimen  reacted  almost  immediately. 

The  effect  of  exposure  time  on  reactivity  of  liquid  FLOX  was  not  spe- 
cifically examined;  however,  many  short-duration  test  runs  were  con- 
sistently made  on  the  same  test  specimen  with  no  effect  until  the  reaction 
conditions  for  the  material  (concentration  and  velocity)  were  reached. 
The  reaction  points  seemed  to  be  independent  of  the  total  exposure  time 
leading  up  to  the  reaction  conditions.  Additionally,  past  Lewis  experi- 
ence has  shown  that  TFE  can  be  used  successfully  in  valves  for  packing 
and  seals  for  prolonged  time  periods  (several  months  of  intermittent  use 
without  effect  is  not  uncommon).  Therefore,  exposure  time  in  itself  is 
probably  not  a significant  factor  in  reactivity  of  either  gaseous  or  liquid 
fiuorine  or  FLOX.  It  may  have  some  effect  at  marginal  FLOX  concen- 
trations and  flow  velocities;  however,  some  very  long  run  times,  hours 
rather  than  minutes,  would  be  needed  to  verify  this  possibility. 

(2)  Phase  effects:  Normally,  at  a higher  temperature,  a material  is 
closer  to  its  enthalpy  of  activation.  However,  reviews  of  both  static  and 
dynamic  test  results  revealed  that  both  FLOX  and  fiuorine  were  much 
more  reactive  as  cryogenic  liquids  than  as  ambient  gases.  According  to 
reference  24,  the  higher  molecular  density  in  the  liquid  phase  had  more 
of  an  effect  on  reaction  initiation  than  did  the  higher  temperature  of  the 
gaseous  phase.  The  decreased  reactivity  due  to  the  diluent  effect  of 
oxygen  in  a FLOX  mixture  also  seems  to  substantiate  the  premise  that 
reactivity  is  partly  a function  of  the  molecular  density  of  fluorine  at  a 
potential  reaction  zone. 

The  effect  observed  during  static  tests  is  discussed  in  section  3.3.3.  The 
greater  reactivity  of  the  cryogenic  liquid  was  also  noticed  in  the  dynamic 
tests.  A comparison  between  the  liquid  and  the  gaseous  reactivity 
profiles  for  Viton  A (figs.  3-19  and  3-22)  shows  that  much  higher 
velocities  were  required  to  obtain  reactions  with  gaseous  FLOX  than 
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with  liquid  FLOX  at  similar  concentrations.  This  fact,  together  with  the 
fact  that  many  other  materials  which  did  not  react  with  gaseous  fluorine 
at  sonic  velocity  did  react  with  liquid  FLOX  at  much  lower  velocities, 
is  evidence  that  the  cryogenic  liquid  is  more  reactive  than  ambient 
temperature  gas  at  pressures  up  to  400  pounds  per  square  inch  gage.  The 
effect  of  higher  molecular  density  for  the  liquid  seems  to  exceed  the  effect 
on  reactivity  that  is  normally  characteristic  of  increases  in  temperature 
and  enthalpy, 

(3)  Con,'  (jination:  The  importance  of  cleanliness  in  a fluorine 
system'is  generally  well  recognized.  All  fluorine  or  FLOX  systems  should 
be  free  from  moisture,  dirt,  oil,  grease,  and  other  such  contaminants. 
Reactions  of  fluorine  or  FLOX  with  significant  accumulations  of  foreign 
materials  can  trigger  a reaction  with  the  system,  and  particularly  with 
any  nonmetallic  components.  (Cleaning  procedures  for  fluorine  systems 
are  included  in  chapter  6.  The  cleaning  procedure  used  for  the 
nonmetallic  samples  tested  in  this  program  is  included  in  section  6.2.1.) 

3.3.S.6  Reaction  rates. — ^IVith  explosive  reactions,  it  was  observed  that 
a large  portion  of  the  test  specimen  usually  remained  after  reaction 
(with  either  the  liquid  or  the  gas)  . Gra’fl'*te,  which  is  a very  porous 
material,  reacted  explosively  with  lOO-percent  liquid  fluorine  after  a 
1^-minute  delay.  After  the  test,  85  percent  of  the  sample  remained 
intact.  Reaction  characteristics  of  crystalline  and  amorphous  carbon 
are  not  alike.  Amorphous  carbon  is  hypergolic  with  fluorine  even  at  very 
low  concentrations  and  will  burn  smoothly  even  with  liquid  fluorine  or 
FLOX,  while  crystalline  carbon  shows  a strong  initial  inhibition  to  reac- 
tion with  fluorine,  but  reacts  explosively  when  reaction  occurs.  If  reac- 
tion is  initiated,  however,  it  is  self-sustaining  and  produces  the  same 
reaction  products  as  amorphous  carbon  (mainly  carbon  tetrafiuoride  gas, 
refer  to  section  3.1.2.2) . 

Rulon  A,  which  is  polytetrafluoroetbylene  (TFE)  impregnated  with 
a molybdenum  disulfide  filler  (for  better  wear  characteristics) , reacted 
explosively,  whereas  the  nonimpregnated  polytetrafluoroetbylene  '()urned 
smoothly.  Fluorine  should  have  the  tendency  to  react  with  molybdenum 
disulfide  (see  Molylube  in  table  3-X) , and  therefore  the  presence  ()f  the 
filler  affected  not  only  the  material  reaction  point  but  also  its  rate  of 
reaction.  Kynar,  which  is  an  unimpregnated  resin,  also  reacted  explo- 
sively, As  shown  in  table  3-XlI,  however,  this  material  Contains  many 
hydrogen  atoms  in  the  side  links  of  its  molecular  structure.  There  was 
a general  tendency  for  materials  with  high  hydrogen  content  to  react 
explosively.  As  in  the  case  of  graphite,  the  materials  may  absorb  FLOX 
interstitially  to  & certain  depth,  and  the  ensuing  reaction  may  involve 
only  the  portion  of  the  material  that  has  absorbed  FLOX,  The  explosive 
reaction  then  separates  the  reacted  material  from  the  unreacted  material 
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and  prevents  further  reaction.  In  slower  burning  reactions,  ignition 
began  at  the  surface  of  the  material,  progressed  over  an  increasingly 
large  area,  and  burned  inward  until  the  source  of  reactant  was  depleted. 

3.3.S.7  FEP-TFE  discrimination, — ^During  compatibility  tests  for 
polymeric  materials  (ref.  24),  polytetrafluoroethylene  (TFE)  proved  to 
be  preferable  to  FEP  (fluorinated  ethylene  propylene)  for  use  in  fluorine 
or  PLOX  systems  (fig.  3-19) . However,  a reliable  method  was  required 
to  discriminate  between  the  two  basic  types,  since  a particular  stock 
item  (with  the  same  physical  appearance)  could  be  formed  from  either 
material.  To  define  some  simple  tests  to  differentiate  between  these  two 
materials,  studies  were  conducted  at  Lewis  with  the  following  results: 

(1)  TPE  characteristics:  At  ambient  temperatures,  polytetrafluoro- 
ethylene (TPE)  resin  tends  to  be  crystalline  and  very  opaque.  If  no 
pigments  have  been  added,  it  is  normally  a milky- white  color  that  can 
vary  to  light  gray  or  light  brown.  Unless  some  type  of  cold-forming 
process  is  used,  the  material  will  not  adhere  to  itself  below  620°  P; 
above  this  temperature  it  becomes  amorphous  and  sublimes.  The 
molecular  structure  for  this  material  is 

P P "1 

I 1 

— G— G— 

1 I 
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(2)  PEP  characteristics;  Pluorinated  ethylene  propylene  (FEP) 
tends  to  be  more  translucent  (than  TPE)  at  ambient  conditions.  It  does 
not  sublime  like  TPE,  but  becomes  a very  viscous  fluid  above  a 500°  to 
530°  P range.  In  addition,  the  material  adheres  to  itself  above  this 
melting  point  range.  The 'structure  of  the  material  is 
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(3)  Sample  differentiation  tests:  To  determine  whether  the  material 
to  be  used  is  TPE  or  PEP,  the  following  general  tests  were  used  and  can 
be  applied  in  the  field: 

(a)  Melting  point  test:  The  sample  is  heated  to  between  530°  and 
600°  P.  The  Lewis  tests  indicated  that  the  sample  will  nielt  if  it  is 
PEP,  while  if  it  is  TPE,  corners  will  remain  sharp  and  no  signs  of 
slumping  win  be  apparent. 
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(b)  Adherence  test:  When  samples  are  stacked  on  top  of  each 
other  and  heated  to  600“  F,  the  FEP  samples  will  fuse  together,  while 
TFE  samples  will  show  no  signs  of  cohesion. 

(c)  Deformation  test:  A weight  (15  g)  is  suspended  from  the 
sample  by  a wire  looped  over  the  sample.  The  sample  is  then  furnace 
heated  to  550“  F to  check  deformation  from  an  applied  load.  After 
10  minutes  at  554°  F,  the  TFE  should  show  no  signs  of  elongation, 
while  the  FEP  sample  should  be  completely  cut  through  by  the  weight. 

3.3.1  Investigafion  of  Sof}-SeaI  nlaferial  Applications 

In  the  course  of  developing  a zero-leak  shutoff  valve  design  concept 
(section  4.4,1) , tests  were  run  on  six  soft-seal  materials  in  100-percent- 
fiuorine  environments  (ref.  5) . The  tests  employed  a minimum-exposure 
technique,  in  which  the  specimen  was  surrounded  to  a maximum  degree 
with  metal  to  increase  local  thermal  conductivity  (see  section  3.1.1.3) . 
It  was  expected  that  reaction  of  the  fluorine  with  seal  materials  would 
thus  be  minimized.  That  this  occurs  is  borne  out  by  the  test  results  with 
nitroso  rubber,  which  could  normally  be  expected  to  burn  when  exposed 
to  the  flow  of  liquid  fluorine. 

The  materials  tested  included 

(1)  Nitroso  rubber 

(2)  High-percentage  glass-filled  tetrafluoroethylene  (Fluorogreen 
E-600  and  Fluorobrown) 

(3)  High-percentage  metal-filled  tetrafluoroethylene 

(a)  Nickel  filled 

(b)  Copper  filled 
(e)  Bronze  filled 

In  the  design  of  the  test-valve  seal  retainer,  the  soft-seal  material  was 
protected  by  minimizing  its  exposed  surface  area  (refer  to  section 
4.4.1).  This,  together  with  the  heat-dissipating  characteristic  of  the 
surrounding  metal,  tended  to  inhibit  a combustion  reaction  (refer  to 
section  3.1.1.3) . 

Test  results  showed  surface  decomposition  in  the  nitroso  rubber  sam- 
ple over  its  shielded  area  as  well  as  over  its  exposed  annulus.  A layer  of 
porous,  gumlike  parent  material  covered  the  entire  specimeu  after  an 
exposure  of  61  seconds,  After  178  seconds  of  exposure,  the  annulus  of  the 
glass-filled  polytetrafluoroethylene  (Fluorobrown)  Was  pitted  because 
of  noncombustive  reaction  with  the  fluorine.  Approximately  one-sixth  of 
the  specimen  was  lost  in  this  manner.  The  Fluorogreen  E-600  showed 
no  evidence  of  deterioration  after  63  seconds  of  exposure. 

Under  visual  examination  after  exposure,  neither  chemical  change  nor 
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fiber  migration  due  to  erosion  was  observed  in  the  metal-filled  polytetra- 
fiuoroethylene  sample.  A comparison  of  the  weights  of  the  samples  before 
and  after  testing  quantitatively  confirmed  the  observation.  Thus,  no 
conclusion  could  be  made  regarding  any  inhibiting  effect  on  chemical 
reaction  from  addition  of  metal  fillers  to  polytetrafluoroethylene. 

The  major  value  of  these  tests  was  in  demonstrating 

(1)  That  fluorine  compatibility  of  a material  can  be  enhanced  by 

protecting  it  from  the  flow  stream  and  by  minimizing  surface 
exposure 

(2)  That  high  thermal  conductivity  reduces  the  tendency  to  com- 

bustive  reactions 

3.4  FLOX  SPILL  TESTS  ON  COMMON  MATERIALS 

The  use  of  fluorine  or  FLOX  as  an  oxidizer  at  rocket  installations 
requires  data  on  reaction  charaoteristics  to  be  expected  if  fluorine  or 
FLOX  is  spilled  on  some  common  materials  (sand,  slag,  etc.) . To  gain 
information  on  hypergolicity,  cloud  formation,  and  other  reaction  char- 
acteristics with  some  of  these  materials,  tests  were  conducted  at  Plum 
Brook  in  1964  (ref.  25),  by  spilling  6-  to  10-pound  quantities  of  fluorine, 
FLOX,  and  liquid  oxygen  onto  test  specimens  of  representative  materials 
that  might  be  used  in  rocket  installations. 

The  test  apparatus,  shown  in  figure  3-25,  consisted  of  a S^-gallon 
liquid-nitrogen-jacketed  stainless-steel  tank  with  appropriate  fill  and 
vent  lines,  a remotely  controlled  spill  valve,  and  a-  spill  pipe.  The 
valve  was  insulated  with  asbestos  padding,  and  the  spill  pipe  was  cooled 
by  a liquid-nitrogen  coil  and  purged  with  helium.  Spills  were  made  on 
samples  contained  in  12-inch-deep  3-foot-square  stainless-steel  pans. 

The  results  of  the  tests  (ref.  25)  are  included  in  tables  3-XIV  and 
3-XV.  Spills  listed  are  those  made  with  lOO-percent  fluorine  and 
30-percent  FLOX  (30-percent  fluorine  by  weight  in  liquid  oxygen). 
Spills  were  also  made  with  liquid  oxygen  to  gain  comparative  data  and 
these  are  included  in  table  3-XVI. 

In  the  spills  involving  use  of  30-percent  FLOX,  10-pound  quantities 
were  spilled  on  various  materials.  It  Was  observed  that  when  no  reaction 
occurred,  the  toxic  vapors  merely  drifted  downwind  close  to  the  ground. 
In  other  cases,  with  spills  on  asphalt,  for  example,  there  was  a small 
reaction  with  little  heat  release.  In  such  cases,  the  reaction  cloud 
rose  at  very  low  angles.  In  some  reactions,  for  example,  30-percent 
FLOX  with  JP-4  fuel,  several  rapid  microexplosions  occurred  over  a 
period  of  1 to  2 seconds.  A yellow  fireball  formed  and  expanded  to  a 
diameter  gf  25  to  30  feet  (fig.  3-26) , and  a turbulent  black  cloud  emerged 
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Fiouioc  3-26.— Apparatus  used  for  FLOX  spill  tests  (ref.  25). 


from  the  fireball.  A marked  “stack”  effect  was  produced  as  the  cloud 
rose  rapidly  and  almost  vertically.  An  atmospheric  fire  on  the  JP-4  fuel 
surface  continued  for  more  than  1 minute  before  it  was  manually  extin- 
guished. The  loud  sputtering  effect  or  multiple  explosions  were  also 
noticed  when  FLOX  was  spilled  on  JP-4-fuel-soaked  sand  and  oil- 
soaked  sand.  Slow-motion  close-up  motion  pictures  of  the  reaction  with 
oil-soaked  sand  distinctly  showed  three  large  reactions  and  about  five 
smaller  ones,  all  of  which  occurred  within  less  than  1 second.  In  an 
attempt  to  smooth  out  the  multiple  explosion  effect  of  the  FLOX-JP-4 
fuel  reaction,  30-percent  FLOX  was  spilled  into  a JP-4  fuel  stream. 
As  shown  in  table  3-XIV,  the  multiple  explosions  still  occurred.  A 
similar  test  was  made  with  a coarse  spray  of  JP-4  fuel.  Multiple 
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Limestone  slab 

332.0 

Lake  water  (5  gal)— 

41.7 

JP-4  fuel-soaked 
sand 

478.4 

JP-4  fuel  (3  gal)— _ 

20.1 

; Asphalt  (from  road) 

253.0 

Water-soaked  sand— 

552.0 

Lake-water  spray  __ 

Not 

meas- 

ured 

JP-4  fuel  stream 
(bad  timing) 

6.7 

-1.0  F°  None  — Yapors  drifted  close  to 

ground 


-1,0  F°  None  Yapofs  drifted  oiose  to 

ground 


05  Loud  sputteringj  Dark  cloud  rose  high  1453 
large  flames  at  about  60°  angle 


Black  cloud  rose  high, 
almost  vertically 


1.0  F°  Loud  sputtering, 

small  flashes 


1,0  F°  None  


-1,9F°  None  


Gray  cloud  rose  at  0.08  0.37 

about  15°  angle 


Yapors  drifted  close  to  19.28  14.97 

ground 


Yapors  drifted  close  to 
ground 


-1.9  F°  Several  loud,  rapid  Black  cloud  rose  high 
explosions;  large  fire-  at  about  60°  angle 
ball 
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Table  3-XV.— Results  of  IOO-Peecent-FLOX  (Puke  Fluorine)  Spill  Tests  (Rep.  25) 


Test  material 

Weather  conditions 

Liquid- 

fluorine 

spill 

quan- 

tity, 

lb 

Reaction 

Cloud  or  vapor 

Moisture 

content, 

percent 

Acid 

content, 

pH 

Substance 

Weight, 

lb 

Wind 

speed, 

mph 

Tempera- 

ture 

gradient 
from  25 
to  30  ft 

Before 

After 

Before 

After 

Crushed  lime- 
stone 

411.0 

15 

0 

10 

Sputtered,  small 
yellow  flames 

Gray  cloud  rose  at 
low  angle 

1 

1 

1 

1 

B 

m 

m 

Sand 

320.0 

5 

10 

Bright  flame 

White  cloud  rose  at 
about  45°  angle 

2,70 

4.20 

Bjj 

mm 

Water-soaked 

sand 

321.0 

5 

0 

10 

Strong  explosion— 

Light  gray  cloud  rose 
at  about  40°  angle 

16.30 

12.68 

8.70 

3.55 

Asphalt  (from 
road) 

275.0 

5 

0 

5 

Sputtered,  small 
flashes 

Gray  cloud  rose  at 
low  angle 

0.03 

0.05 

mm 

Bj 

Lake  water 
(S  gal) 

41.7 

12 

— 1.1F° 

5 

Loud,  sharp 
detonation 

White  cloud  rose  at 
about  30°  angle 

— 

B1 

8.15 

1.35 

13.4 

5 to  10 

0 

5 

Smooth,  fast-burn- 
ing, large  fireball 

Black  cloud  rose 
almost  vertically 

B 

B 
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Table  3-XVI,— Liquid-Oxygen  Comparison  Spill  Tests  (Rep.  25) 


Test  material 

Weather  conditions 

Liquid-- 

oi^gen 

spill 

quantity, 

lb 

Reaction 

Cloud  or  vapor 

Substance 

Weight, 

lb 

Wind 

speed, 

mph 

Temperature 
gradient 
from  2.5 
to3()ft 

3F-i  fuel  (1  gal)-, 

6.7 

8 

— 2.0F° 

5 

Vapors  drifted  close  to  ground 

JP-4  fuel  (2  gal)  -with  spark- 
plug igniter 

13.4 

8 

— 2.0P° 

10 

Loud,  sharp 
detonation 

Black  cloud  rose  fast  and  high, 
almost  vertically 
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(•)  Fireball. 

(b)  Reaction  cloud  {2 A aec  later). 

FiouMt  3-aS. — Spill  tests  of  30-percent  FLOX  onto  JP-4  fuel  at  Plum  Brook. 
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explosions  were  again  noticed  but  the  reactions  were  very  rapid,  less 
severe,  and  considerably  smoother.  In  this  test,  a large,  distinct,  hori- 
zontal smoke  ring  formed  and  moved  slowly  upward. 

When  30-percent  FLOX  was  spilled  into  lake  water,  there  was  no 
reaction;  however,  a later  chemical  analysis  revealed  that  the  acid 
content  (presumably  hydrogen  fluoride)  of  the  water  had  increased  con- 
siderably after  the  spill.  In  order  to  obtain  greater  contact  surface 
area,  30-percent  FLOX  was  also  spilled  into  a shower-head  spray  of  lake 
water.  Again  there  was  no  reaction,  and  again  the  acid  content  of  the 
w’ater  was  increased  considerably. 

When  30-percent  FLOX  was  spilled  onto  charcoal,  a smooth,  quiet, 
brilliant  flame  occurred  over  a period  of  2 to  3 seconds.  Many  minute 
sparks  swept  upwards  within  the  flame.  A faint  white  cloud  rose  rapidly 
at  about  a 50“  angle  and  disappeared.  The  flame  was  so  brilliant  that 
observers  approximately  140  yards  away  viewing  through  7x50  binocu- 
lars experienced  a delay  of  about  10  minutes  in  return  to  normal  vision. 
For  results  of  this  and  other  FLOX  spills,  see  tables  3-XIV  and  3-XV. 

In  all  cases,  100-percent  fluorine  reacted  with  the  materials  on  which 
it  was  spilled,  even  crushed  limestone  (table  3-XV) . These  results  are 
also  given  in  table  3-XIV.  A strong  detonation  occurred  when  fluorine 
was  spilled  on  lake  water.  An  almost  instantaneous  small  flash  of  white 
light  was  observed,  and  a strong  shock  wave  was  felt  by  observers 
140  yards  away.  The  white  cloud  formed  after  the  explosion  rose  at  an 
angle  of  only  about  30°,  indicating  a relatively  small  heat  release  from 
reaction  of  only  a limited  amount  of  the  fluorine  spilled  with  the  water; 
the  rapid  energy  release  from  the  blast  apparently  blew  the  remaining 
fluorine  from  the  reaction  site  before  it  could  react.  The  heat  content  of 
the  cloud  then  represented  the  heat  release  from  a small  instantaneous 
reaction. 

It  was  observed  that  when  100-percent  fluorine  was  spilled  on  JP-4 
fuel,  smooth  burning  occurred,  as  opposed  to  the  multiple  explosions 
previously  mentioned  with  the  30-percent-FLOX  spills.  A yellow  fireball 
about  25  feet,  in  diameter  was  observed  and  the  resultant  black  cloud 
rose  rapidly,  almost  vertically,  then  drifted  downwind  and  slowly 
dissipated. 

Several  significant  trends  were  noticed  in  these  spill  tests.  When 
there  was  no  reaction,  the  FLOX,  liquid  oxygen,  fluorine,  or  hydrogen 
fluoride  vapors  drifted  slowly  downwind  close  to  the  ground.  When  a 
reaction  did  occur,  the  rate  of  rise  and  angle  of  rise  of  the  resultant  toxic 
cloud  were  dependent  on  the  amount  of  heat  produced  by  the  reaction. 

The  smoothness  of  the  100-percent  fluorine-JP-4  fuel  reaction  com- 
pared with  the  multiple  explosion  effect  of  the  30-percent-FLOX-JP-4 
fuel  spill  and  the  violent  detonation  of  the  liquid-oxygen-JP-4  fuel  spill 
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indicated  that  the  reaction  was  smoother  with  more  fluorine  present  in 
the  FLOX  mixture. 

In  spills  on  lake  water,  it  was  noted  that  no  reaction  occurred  with 
30-percent  FLOX,  even  into  a water  spray;  yet  a violent  explosion 
occurred  when  100-percent  fluorine  was  spilled  on  lake  water.  The  indi- 
cation is  that  there  is  some  concentration  between  30  and  100  percent  at 
which  FLOX  will  react  with  water,  and  the  reaction  will  probably  be 
very  rapid. 

Additional  work  has  been  conducted  in  studies  (ref.  26)  involving 
large-scale  FLOX  spills;  results  of  these  tests  are  discussed  in  sec- 
tions 5.2.1.4  and  5.2.3. 
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fittings  (i.e.,  |-in.  AN-type  fittings  have  been  satisfactory  to  1500  psig. 
Sizes  larger  than  J in.  should  be  limited  to  appropriately  reduced  pres- 
sures) , Causes  of  failures  at  Lewis  were  traced  to  high-pressure  inade- 
quacy of  the  fitting  design,  to  mechanical  failure  from  overtightening 
to  achieve  zero-leak  seals,  and  to  other  causes  of  overstress  failure  (e.g., 
tubing  pulls  out  of  compression  fitting) . In  all  fluorine  or  FLOX  instal- 
lations where  these  fittings  are  used,  torque  values  should  be  specified 
as  a function  of  fitting  size,  type,  and  material.  Of  course,  lubricants 
may  be  used  on  the  threaded  portion  of  the  fitting  because  the  threads 
are  external  to  the  fluorine  system  and  therefore  are  not  exposed;  how- 
ever, a subsequent  leak  in  the  fitting  may  result  in  ignition  and  line 
failure. 


4.3.2  Flange  Fiifings 

Flange  fittings  have  been  used  quite  extensively  in  gaseous-  and 
liquid-fluorine  installations  and  portable  equipment.  They  are  recom- 
mended fittings  where  connections  must  be  frequently  made  and  broken. 
Flange  fittings  are  also  applicable  for  semipermanent  connections  and 
are  particularly  suitable  for  high-pressure  systems.  The  preferred  facing 


NASA  serrations 


/—Drilled  and  tapped  for  purge  or  pressure 
''  measurement  connection 


Pipe  inside  diameter 
concentric  on  \ \ 

centerline  within  0.003  in. '—Welded 

(tube  end) 


NASA  serrations 


Aluminum  1100  gasket 
-{annealed) 
concentric  inside  and 
outside  within  0.010  in. 


1 0.030  (+0.001) 


Figubb  4r-S.— Flange-type  connectors  for  fluorine  service.  (Flange  connector  bolts 
must  be  periodically  retorqued  since  they  tend  to  loosen  under  cryogenic-ambient 
temperature  cycling.) 
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on  flanged  fittings  is  concentrically  serrated  with,  a raised  face;  the  seal 
is  provided  by  sdft  annealed  aluminum  (or  soft  copper)  gaskets  (fig. 
4-5) . In  this  fitting,  all  surfaces,  where  not  otherwise  specified,  should 
have  a number  123  finish. 

In  addition  to  meeting  the  general  design  criteria,  which  apply  to 
the  selection  of  flange  types  for  any  service  (size,  working  pressure,  and 
temperature),  flanged  connections  for  fluorine  service  should  offer  a 
minimum  of  pockets,  cracks,  or  restrictions  where  residue  or  contami- 
nants could  accumulate.  Cryogenic  cycling  tends  to  loosen  bolted  con- 
nections; therefore,  flange  bolt  tensions  must  be  checked  frequently  to 
correct  tension,  especially  after  several  extreme  temperature  cycles. 
Metallic  confined  ring  gaskets  (O-rings,  U-rings,  crush  gaskets,  etc.) 
have  been  used  successfully  in  bolted  flange  fittings  to  provide  zero-leak 
seals. 

Nonmetals,  such  as  polytetrafluoroethylene  (TFE),  have  been 
successfully  applied  in  fluorine  systems  but  are  normally  used  in 
applications  where  metals  are  not  feasible  (e.g.,  valve-stem  packing). 
Nonmetals  have  been  tested  under  severe  exposure  conditions  (see  sec- 
tion 3.3)  that  define  the  extreme  limits  within  which  they  can  be  applied; 
their  use  would  probably  be  normally  restricted  to  zero-leak-seal  appli- 
cations in  gaseous  service.  In  any  application,  care  should  be  taken  to 
protect  nonmetals  from  direct  contact  with  liquid  fluorine,  and  direct 
contact  with  the  fluorine  or  FLOX  flow  stream  should  be  avoided. 
Studies  described  in  section  3.3.4  indicate  the  feasibility  of  the  use  of 
soft-seal  materials  in  exposed-seal  liquid-fluorine  or  FLOX  applica- 
tions, although  the  reliability  of  seals  directly  exposed  to  the  liquid  or 
to  flow  conditions  is  reduced. 

Many  cohdpression-type  fittings  and  mechanical  clamping  techniques 
to  ]ioId'the  fitting  together  are  commercially  available.  The  design  and 
choice  of  sealing  materials  in  many  of  these  fittings  are  suitable  for  use 
In  fluOTine  systems.  The  choice  of  Using 'these  fittings  must  be  made  on 
^He  basis  of  criteria  in  thiatext  on  the  speci^c  application. 

4.3.S  Threaded  pHtin^si 

Threaded  pipe  fittings  should  normally  |)e  avoided  in  fluorine  or  FLOX 
service.  When  it  is  necessary-  to  use  pipe  fittings  because  of  size  con- 
siderations, they  should  be  installed  (by  welding,  silver  soldering,  or 
brazing,  as  described  in  section  4.9.3)  so  that  the  threads  are  removed  or 
completely  isolated  from  the  fluorine  or  FLOX. 

Threaded  fittings  and  thread  compounds  and/or  lubricants  should  be 
used  only  where  risk  of  possible  reaction  and  line  or  component  failure 
is  acceptable. 
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static  labyrinth  seal  cavity.  No  pressure  rise  was  measured  over  an 
entire  series  of  liquid-fluorine  transfers,  which  indicated  that  the  inner 
seal  was  completely  effective;  in  addition,  no  external  leakage  was  ob- 
served at  the  plane  of  separation  of  the  coupling  during  the  steady-state 
flow  periods  (ref.  5) . 


V 

\ iA  VALVES 

Most  of  the  standar^globe,  plug,  or  needle  valves  can  be  adapted 
for  gaseous  fluorine  (or  KiOX)  service  by  using  polytetrafluoroethylena 
valve-stem  packing.  In  most  cases,  liquid  fluorine  or  FLOX  applica- 
tions would  require  diaphragm  or  bellows-seal  valves  to  ensure  that 
the  liquid  does  not  contact  the  stem-seal  material.  Packed-stem  valves 
are  subject  to  leakage  because  of  thermal  shrinkage  when  they  are 
exposed  to  cryogenic  fluids,  but  they  have  been  applied  in  liquid-fluorine 
service  by  using  extended  stem  bonnets.  Vertically  mounted  valve- 
bonnet  extensions  reduce  the  possibility  that  liquid  fluorine  or  FLOX 
will  contact  the  stem  packing,  since  heat  transfer  into  the  valve  main- 
tains a gas  pocket  in  the  area  of  the  packing,  provides  relatively  higher 
packing  temperatures,  and  thus  prevents  leaks  that  might  cause  spon- 
taneous ignition.  Preferred  valve  materials  are  shown  in  table  4-III. 

Packless  valves  use  a flexible  metallic  seal  to  isolate  the  valve- 
operating  mechanism.  Bellows  seals  permit  greater  motion  of  the  valve 
stem  and  plug.  Diaphragm  seals  have  been  used  successfully  in  the 
smaller  valve  sizes. 

Packless  valves  are  inherently  more  reliable  in  both  liquid  and 
gaseous  fluorine  service;  consequently,  they  are  often  used  in  fluorine 
insinuations  and  handling  equipment.  It  is  highly  recommended  that 
valves  used  in  high-pressure  liquid-fluorine  service  be  restricted  to 
packless  bellows  or  diaphragm  sealed.  Valves  should  be  completely 
disassembled  for  thorough  cleaning  prior  to  use,  and  while  the  valve  is 
apart,  it  is  a good  practice  to  lap  the"  valve  plug  into  its  mating  seat  to 
ensure  perfect  mating. 

All  bolted  connections  on  valves,  fiaiiges,  etc.,  should  be  retightened 
'periodically  to  ensure  proper  torque  for  sealing.  Temperature  cycling 
from  ambient  to  cryogenic  temperature  tends  to  loosen  bolted  connec- 
tions. In  most  cases,  valve  failures  at  Lewis  were  traced  to  high-pressure 
leaks  from  loosened  bolt  connections  or  from  extreme  pressure  surges 
(such  as  might  result  from  a reaction  and  failure  elsewhere  in  the  sys- 
tem). It  should  be  pointed  out  that  leaks  can  occur  without  ignition  or 
catastrophic  failure;  however,  loosened  connections  or  points  of  leakage 
are  particularlj''  susceptible  to  contamination  and  subsequent  high- 
pressure  ignition  and  failure. 
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Table  4-III.— Preferred  Materials  fob  Valve  Components 


Valve 

Service 

component 

Gaseous 

Liquid 

Bodies  

Nickel  (300  series) 

Copper  (lowpressure) 

Stainless  steel 

Monel 

Monel 

Nickel 

Aluminum 

Aluminum 

Inconel 

Stainless  steel  (300  series) 

Brass 

Inconel 

Plugs  

Stainless  steel  (30O  series) 

Stainless  steel  (300  series) 

Monel 

Aluminum 

Monel 

Bellows  

Monel 

Monel 

Stainless  steel  347 

Stainless  steel  347 

Diaphragms  

Stainless  steel  347 

Stainless  steel  347 

Gaskets  

Soft  aluminum 

Soft  aluminum 

Soft  copper 

Polytetrafluoroethylene 

(TPE) 

Lead 

Soft  copper 

Seats  * 

Nickel 

Nickel 

Copper 

Copper 

Aluminum 

Aluminum 

Brass 

Brass 

Chevron  packing 

Polytetrafluoroethylene 

(TFE) 

Copper  braid  and  TEE 

Not  recommended 

0-rings,  V-rings,  etc., 

Aluminum 

Copper 

(refer  to  section 

Polytetrafluoroethylene 

Aluminum 

4.3.2) 

(TEE) 

Stainless  steel 

Stainless  steel 

I 

I 


* AU*5taiDleBs*BteeI  valve?  have  been  used,  but  they  have  a tendency  to  gall  and  bind  under  high 
closure  forces ; therefore,  stainless'steel  valve  scats  are  usually  avoided  for  fluorine  or  FLOX  service. 


a 
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4.4.1  Soft-Seal  Valve  Design 

The  use  of  soft  seals  to  permit  adaption  of  standard  valves  to  a sero- 
leak  application  is  often  desirable.  However,  exposure  of  the  seals  to  the 
fluorine  environment,  to  the  rubbing  friction  of  closure  conditions,  and 
to  the  flow  of  fluorine  (all  of  which  present  ignition  hazards)  has  made 


(a)  Cutaway  of  aoft-eral  valve  in  opening  position. 

(b)  Valve  open.  (c)  Bulk  flow  stopped.  (d)  Valve  closed 

Fiouae  4-fl. — SofLseal  valve  developed  at  Lewis. 
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the  use  of  soft  seals  generally  unreliable. 

As  part  of  a testing  program  to  develop  and  evaluate  liquid-fluorine 
components  (ref.  5) , a zero-leak  valve  employing  a soft-seal  material  at 
the  flow  shutoff  interface  was  developed  (flg.  4r-8) . It  was  successfully 
tested  with  liquid  fluorine  at  flow  rates  up  to  2 pounds  per  second  and 
inlet  pressure  up  to  97  pounds  per  square  inch  absolute.  This  valve  was 
tested  under  dynamic  liquid-fluorine  conditions  with  soft-seal  materials, 
including  glass-filled  and  metal-filled  tetrafluoroethylene,  and  nitroso 
rubber.  (The  metal-  and  glass-filled  polymers  were  chosen  arbitrarily, 
but  in  support  of  compatibility  studies;  the  nitroso  rubber  was  purposely 
selected  as  a normally  noncompatible  material.)  By  designing  the  valve 
for  minimum  exposure  to  fluorine  and  by  surrounding  the  seal  with 
metal  to  provide  good  thermal  conductivity  for  heat  transfer,  it  was 
expected  that  material  compatibility  could  be  enhanced.  The  test  results 
confirmed  this  assumption. 

A sectional  view  and  schematic  drawing  of  the  soft-seal  valve  in  its 
open  position  are  shown  in  figure  4-8.  A standard  commercial  valve 
actuator  and  housing  was  used  for  the  testing.  In  operation,  liquid-fluo- 
rine flow  was  directed  past  valve  plug  C,  through  the  bellows  flow  passage 
F to  the  housing  exhaust  port.  As  the  trim  group  was  lowered,  the  spring- 
loaded  hemispherical  plug  C contacted  the  floating  spring-loaded  inner 
metal  seat  D,  which  ^ shut  off  the  bulk  of  fluorine  flow  (flg.  4^8  (c)). 
Continued  do wnwa|^ "‘movement  of  the  trim  group  allowed  the  shutoff 
cap  B to  contact  the'^soft  seal  E and  completely  seal  the  valve  to  fluorine 
flow  (fig.  4-8(d))  .«  Any  of  the  cryogenic  liquid  trapped  between  the 
shutoff  cap  and  the  hemispherical  plug  vented  itself  to  the  downstream 
side  of  the  valve  assembly  through  the  spring-loaded  seal  formed  be- 
tween the  hemispherical  plug  and  the  inner  seat  D. 

The  design  was  tested  at  flow  rates  up  to  2.06  pounds  per  second  and  a 
valve  inlet  pressure  of  97.7  pounds  per  square  inch  absolute.  At  the 
conclusion  of  the  testing,  the  valve  soft-seal  material  was  inspected  for 
signs  of  erosion  or  chemical  'action.  Results  of  the  tests  with  various 
seal  materials  with  respect  to  compatibility  are  discussed  in  section 
3.3.4. 

Principles  demonstrated  by  this  valve  design  indicated  that  limited 
application  could  be  made  by  using  soft-seal  materials  to  achieve  a 
zero-leak  valve.  Extensive  testing  would  be  required  to  assure  ade  luate 
reliability,  however. 

i.i.2  All-Mefal  CosincsJ  VcaSvs  Design 

Some  limited  work  has  been  done  to  explore  the  possibility  of  an  all- 
metal  zero-leak  valve  design  (ref.  6)  . This  investigation  was  based  on 
meeting  the  following  specifications: 
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(1)  The  valve  configuration  must  be  all  metal  in  order  to  have  maxi- 
mum compatibility  with  fluorine. 

(2)  The  valve  design  must  feature  zero-leak  capability  under  extreme 
conditions  of  environment  and  must  not  be  affected  by  repeated  open- 
close  cycling. 

(3)  The  valve  design  must  permit  the  use  of  a wide  range  of  valve 
actuator  forces  to  permit  easy  adaption  to  flight-weight  hardware. 

A valve  was  designed  based  on  the  concept  that  the  elasticity  of  metal 
could  be  used  in  the  same  fashion  as  the  elasticity  of  soft  seals  to 
achieve  zero-leak  capability  in  a valve. 

The  general,  physical  characteristics  of  the  design  which  evolved 
(fig.  4r-9)  are  that  (1)  the  cone  is  tapered  so  that  (for  circular  cross 
sections)  a constant  total  rim  area  is  present  from  the  lip  back  to  the 
cone  apex  (the  valve  plug  has  a constant-thickness  center  section  where 
the  actuator  .stem  is  attached  and  the  stem  force  is  applied)  and  (2) 
the  valve  seat  has  a spherical  seating  surface. 
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For  this  type  of  valve,  any  desired  raeohanical  advantage  can  be  ob- 
tained for  plugstem  force  applied  by  selecting  an  angle  a from  0°  (a 
cylinder)  to  an  angle  approaching  90°  (fig.  4-9).  (The  sealing  force  is 
equal  to  the  plugstem  force  divided  by  cosine  a.)  Since  the  distance  R 
(fig.  4-9)  is  the  same  for  the  plug  cone  and  the  valve  seat,  this  sealing 
force  is  applied  normal  to  the  valve  seat  and  eliminates  the  sliding  con- 
tact found  in  most  valve  plug-seat  combinations.  The  mechanical  ad- 
vantage permits  use  of  light  plugstem  pressures  to  achieve  zero-leak 
seals. 

Major  design  parameters  for  this  valve  can  be  widely  varied.  As  one 
approach,  after  selecting  the  materials  to  be  used,  the  oross-sectional 
area  of  the  cone  lip,  and  the  force  to  be  applied,  the  designer  can  choose 
the  optimum  cone  angle  so  that  the  elastic  limits  of  the  cone  material 
are  not  exceeded.  In  general,  a minimum  lip  width  is  desirable  to  avoid 
stress  concentration  on  sharp  corners  (see  inset  B in  fig.  4-9)  with 
resultant  strain-hardening  of  the  material.  If  thicker  cross  sections  are 
used,  the  cone  lip  should  be  ground  and  lapped  to  provide  a spherical 
surface  to  mate  with  the  spherical  valve-seat  (inset  A,  fig.  4-9). 

Contact  faces  between  the  valve  plug  and  seat  must  be  smooth  and 
round  with  100  percent  contact.  For  this  reason,  machining  must  be 
held  to  close  tolerances  to  maintain  roundness  of  plug  rim  and  seat  and 
proper  plug  taper,  since  underloading  an  out-of-round  protrusion  on 
either  the  rim  or  seat  could  cause  local  strain  beyond  the  elastic  limit  of 
the  material.  A #4.  finish  (American  Standard  B46)  was  used  for  the 
contacting  surface  of  the  plug  and  seat  to  reduce  the  possibility  of 
localized  work  hardening  of  hills  and  valleys  on  the  contacting  surfaces, 
-nie^design  shows  a number  of  attractive  features: 

(1)  It  can  be  used  in  fiuorine  (or  other  reagent)  environments. 

(2)  The  elastic  properties  of  the  conical  plug  afford  zero-leak  seals 
under  repeated  cycling. 

(3)  A slight  angular  misalinement  or  rotation  of  the  valve  plug  in 
the  seat  will  not  affect  the  sealing  properties  of  the  valve. 

(4)  Normal  passivation  film  does  not  affect  the  sealing  properties  of 
the  valve. 

(5)  The  conical  plug  characteristic  is  adaptable  to  a wide  range  of 
sealing  forces  (from  valve  operators)  because  of  the  inherent  mechanical 
advantage  supplied  by  the  plug  shape. 

Leak  tests  were  performed  with  aluminum,  magnesium,  and  stainless- 
steel  plugs  in  stainless-steel  seats  (seat  material  should  be  as  hard  as,  or 
harder  than,  the  plug  material) . The  test  fluids  were  helium  and  fluorine 
gas  at  ambient  temperatures  (fig.  4-10).  Zero  leakage  was  obtained 
with  both  fluids  at  pressures  up  to  200  pounds  per  square  inch  gage  dur- 
ing and  after  100  operating  cycles  (open-close).  This  capability  is  a 
result  of  another  important  feature  of  this  valve;  open-close  cycling  does 
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Displacement  fluid 
(water  orpotassium  /-(Sraduated 
iodide)— — _/  cylinder 


No  stem 
force  applied  | 


All-metal  conical 
valve  plug 


Fluorine  or  Rg 
helium  at  ' 
200  psig 


Figure  4-10. — Schematic  drawing  of  apparatus  used  to  verify  zero-leak  capability 
(24  hr)  with  no  plugstem  pressure  applied. 


not  cause  plug-seal  material  deformation  or  wear  of  contacting  surfaces. 
All  materials  used  were  capable  of  achieving  zero  leakage  as  long  as  the 
elastic  load  limits  were  not  exceeded. 

Zero  leakage  was  measured  for  periods  up  to  24  hours  by  using  a 
water  displacement  method  for  helium  and  a potassium  iodide  solution 
for  fluorine  detection.  This  development  effort  was  limited  to  demon- 
strating the  design  concept.  No  effort  was  made  to  optimize  the  design 
for  minimum  pressure  drop  across  the  valve  or  to  develop  a specific 
hardware  item. 


4.4.3  Pressure  Regulating  Valves 

Pressure  regulating  valves  as  such  have  not  been  used  for  fluorine 
because  of  the  nonmetallic  parts  normally  included  in  these  valves. 
Where  automatic  flow  control  is  required,  fluorine-compatible  valves 
with  flow-  or  pressure-sensing  actuator-controllers  have  been  used.  If 
gaseous  fluorine  is  used,  pressure  is  reduced  and  throttled  with  throttling 
valves.  (The  gas  cylinder  shutoff  valves  should  never  be  used  for 
throttling  fluorine  gas  flow,  because  this  results  in  undue  wear  and  stress 
of  the  primary  shutoff  valve.) 


4.4.4  Pressure  Relief 

The  fluorine  containment  system  in  mobile  storage  operations  does  not 
use  pressure-relief  devices  (refer  to  section  4.1.3) . In  fixed  tank  facility 
storage  applications,  both  burst  diaphragms  and  pressure-relief  valves 
have  been  used  for  pressure  relief  in  fluorine  containment  systems.  Burst 
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diaphragms  are  preferred  for  pressure-relief  devices,  since  they  are 
generally  more  reliable  and  less  prone  to  leakage  than  relief  valves.  This 
is  important  both  in  subcooled  fluorine  containment  systems  (vapor 
pressure  is  below  atmospheric)  and  during  any  evaluation  procedures, 
since  an  inward  leak  of  moist  air  can  occur.  Monel  diaphragms,  sized 
to  relieve  at  the  desired  overpressure  in  the  particular  system,  are  com- 
monly used  at  Lewis.  If  repressurization  following  burst  disk  failure 
would  be  a requirement  (e.g.,  to  transfer  fluorine  from  a containment 
vessel) , two  burst  disks  can  be  hooked  up  to  the  outlets  of  a three-way 
valve  or  a normally  open  automatically  actuated  valve  can  be  installed 
upstream  of  the  burst  disk.  Outlets  from  the  burst  diaphragms  should 
be  connected  to  the  disposal  system  to  prevent  any  release  of  fluorine 
contaminant  to  the  atmosphere. 

Automatic  valves,  modified  to  open  on  sensing  an  upstream  over- 
pressure, have  been  used  as  pressure-relief  valves  at  Lewis.  Since  the 
possibility  of  inward  ak  leakage  through  the  seat  exists  in  this  device, 
however,  its  use  is  usually  avoided.  Whichever  relief  device  is  selected, 
the  practice  of  regular  inspection  should  be  followed  to  ensure  reli- 
ability. 


4.4.5  Check  Valves 

Most  commercial  all-metal  check  valves  are  suitable  for  either  gaseous 
or  liquid  fluorine.  Selection  should  be  based  on  the  general  criteria  dis- 
cussed in  chapter  3 and  in  this  section.  Check  valves  that  tend  to 
“chatter”  should  not  be  used. 


4.4.6  Valve  Opercfors 

4.4.6.1  Manually  operated  valves. — ^For  safety  considerations  in  han- 
dling gaseous  fluorine  under  pressure,  manual  valves  should  be  used  with 
a protective  barrier  separating  the  operator  from  the  valve.  Valve  handle 
extensions  are  generally  used,  and,  where  necessary,  a bevel  gear  ar- 
rangement is  included  to  change  the  direction  of  valve  closure  force. 

4.4.6.2  Pneumatic,  hydraulic,  and  motor-operated  valves. — There  is  a 
great  variety  of  actuators  applicable  to  valve  operation  in  fluorine 
systems.  The  only  special  requirements  would  be  design  considerations 
for  possible  exposure  to  fluorine  or  hydrogen  fluoride  vapors. 

4.4.6.3  Solenoid  operators. — ^In  general,  solenoid  operators  are  restricted 
to  smaller  valves  and  to  pilot-valve  applications.  Most  solenoid  valves 
cannot  be  used  with  fluorine  or  FLOX  because  the  materials  used  for 
sealing  solenoid  windings  are  not  compatible  with  fluorine.  If  solenoid 
valves  are  used  in  a fluorine  line,  the  solenoid  must  be  hermetically 
sealed  with  a compatible  (preferably  metal)  sealing  system  to  prevent 
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contact  with  the  fluorine.  Also,  precautions  should  be  taken  to  ensure 
that  the  connecting  wiring  is  protected  from  the  effects  of  fluorine  or 
liydrogen  fluoride  vapors  (refer  to  section  5.2.5.S) . 

4.5  FLUORINE  PUMPS 

Although  design  data  for  Hquid-fluorine  pumps  are  limited,  the  ex- 
tensive development  of  liquid-oxygen  pumps  (and  recent  work  with 
seals  for  fluorine  and  FLOX  pumps)  has  indirectly  provided  informa- 
tion for  jnost  areas  of  a liquid-fluorine-pump  design. 

The  most  difficult  barrier  in  using  existing  conventional  cryogenic 
pump  designs  for  FLOX  or  fluorine  lies  in  the  lack  of  a compatible  and 
reliable  shaft  seal  that  will  operate  for  extended  periods  in  the  reactive 
fluorine  or  FLOX  environment.  Development  testing  of  a fluorine  pump 
at  Bell  Aircraft  Corporation  demonstrated  that  such  seals  were  feasible. 
One  seal  accumulated  over  27  minutes  running  time  in  liquid  fluorine, 
and  another  seal  operated  well  through  three  300-second  runs  in  a single 
2-hour  period  (ref.  7) . Work  performed  at  Lewis  and  by  Rocketdyne 
Division  of  North  American  Aviation  and  by  the  Florida  Research  and 
Development  Center  of  Pratt  & Whitney  Aircraft  has  contributed  to 
resolution  of  the  seal  problem  (refer  to  section  4.5.2).  Other  major 
problem  areas  in  pump  design  are  the  seal  configuration  and  the  impeller- 
inducer  design. 


4.5.1  Dynoimic  Seals 

The  most  critical  problem  in  designing  a seal  for  a liquid-fluorine 
pump  is  controlling  the  leakage  of  fluorine  to  prevent  contact  of  fluorine 
or  FLOX  with  noncompatible  elements  of  the  pump  (particularly  the 
bearing  lubricant,  since  no  known  lubricants  are  compatible  with  liquid 
fluorine) . Leakage  control  can  be  maintained  (1)  by  providing  a more 
compatible  environment  for  the  seal  by  a backpressure  inerting  tech- 
nique, bleeding  an  inert  presslirant  through  the  seal  cavity  and  past  the 
seal  into  the  impeller  cavity,  or  (2)  by  venting  a.nd  purging  the  seal 
cavity  overboard  with  or  without  use  of  a purge  gas  sweep.  Both  these 
methods,  discussed  subsequently,  have  been  successfully  demonstrated  in 
pump  tests  (ref.  7) . 

Mechanical  seals,  bellows  or  spring-loaded,  appear  to  be  the  better 
choice  to  incorporafe  in  a positive  shaft-seal  design.  This  type  of  seal 
has  been  used  successfully  in  liquid-oxygen  pumps  (ref.  8).  In  the  fol- 
lowing discussion  it  is  assumed  that  the  bellows,  seal  is  used,  but  if 
spring-loaded  seals  Were  considered,  the  discussion  would  still  generally 
apply. 
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PREFACE 


This  publication  establishes  uniform  material  selection,  evaluation 
and  control  criteria  for  all  materials  that  are  under  consideration 
for  use  in  and  around  Manned  Space  Vehicles,  ground  support  equipment 
and  facilities,  during  “assembly,  test  and  flight  operations.  It 
supercedes  the  November  1971  issue  of  NHB  8060.1.  Included  herein 
are  revised  criteria  for  material  applications  in  high  pressure  LOX/ 

GOX  systems  and  in  combustion  supporting  environments  other  than 
oxygen.  Other  changes  to  improve  the  content  of  the  document  include 
• elimination  of  duplicate  procedures  and  incorporation  of  requirements 
previously  referenced.  This  publication,  based  on  the  materials 
technology  developed  during  the  Apollo  and  Skylab  programs,  provides: 

a.  Standard  requirements  for  control  of  flammability, 
odor  and  offgassing  of  materials  to  be  used  in  the  design 
and  development  of  Manned  Space  Vehicles. 

b.  Guidelines  and  directions  for  material  selection. 

c.  Testing  procedures  for  the  candidate  materials. 

The  provisions  of  .this  handbook  are  applicable  to  the  NASA  installations 
responsible  for  hardware  design  and  development  of  Manned  Space  Vehicles 
and  related  hardware. 

Provisons  of  this  handbook  will  be  included  as  applicable  in  all  future 
contracts  and  programs  involving  Manned  Space  Vehicles,  However, 
the  supply  of  this  docximent  within  NASA  is  limited.  Therefore,  for 
those  procurement  actions  involving  only  a certain  portion  (or  portions) 
of  this  handbook,  the  cognizant  NASA  installations  shall  abstract  or 
reproduce  only  such  portions  as  apply  to  a given  EFP  or  contract 
« action  in  lieu  of  furnishing  copies  of  this  handbook. 

Any  questions  or  comments  concerning  the  provisons  of  this  document 
should  be  directed  to  Reliability,  Quality  Assurance,  and  System 
Safety  CCode  Mq) , NASA  Headquarters . 


?ocs«lobytha  SapaibtandentotIXmunMtsi  OovenusantFi&UccOa^Wmliiiig^,  D.C^ 
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CHAPTER  1 INTRODUCTION 


100  SCOPE 

This  publication  establishes  the  criteria  for  selection  of 
materials  for  use  in  future  manned  space  vehicles  and  in 
equipment  involving  personnel  in  ground  test  facilities  with 
environments  that  support  combustion.  It  establishes  the 
flammabilityj  odor,  and  offgassing  limitations  for  testing 
candidate  materials.  Chapter  2 provides  material  selection 
criteria  and  evaluation  requirements  for  the  various,  material 
usage  categories.  It  also  relates  the  various  test  techniques 
to  the  applicable  material  usage  categories.  Detailed  pro- 
cedures to  be  utilized  for  screening  candidate  materials . are 
provided  in  Chapter  4.  The  major  elements  of  a Materials 
Control  Program  are  presented  in  Chapter  3.  It  is  intended 
that  the  NASA  Center  Program  Office  and  material  specialists 
shall  select  the  appropriate  elements  of  this  publication  and 
establish  a materials  control  program  tailored  to  the  needs 
of  the  specific  programs. 

Note;  The  designer  and  materials  engineer  must  exercise 
care  in  evaluating  t^^e  tlata  from  the  tests  speci- 
fied herein  since  final  acceptance  of  materials 
depends  on  their  application  in  the  spacecraft . 
Generally,  the  materials  are  tested  in  their  final 
configuration  or  a thorough  analysis  is  performed 
of  the  test  data  in  relation  to  the  applications  of 
the  materials  in  the  spacecraft  to  assure  that  no 
hazards  exist. 

101  APPROACH 

The  selection  of  materials  which  are  used  in  and  around  manned 
spacecraft  during  flight  and  test  operations  must  inolude  con- 
sideration of  the  flammability  properties  and  offgassing  limita- 
tions of  the  candidate  materials.  The  materials  evaluation  should 
be  conducted  at  the  most  hazardous  gas  mixture  and  pressure 
conditions  anticipated  for  the  application  environment.  This 
should  be  established  by  the  responsible  Program  Office  in 
accord  with  Program  requirements. 

The  material  selection  is  to  be  based  on  the  following  general 
fire  control  criteria: 

1.  The  probabili'Cy  of  ignition  shall  be  reduced  through 
design  measures  that  include  elima.nation  of  low  flash 
and  fire,  point  materials. 
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. Any  potential  fire  shall  be  restricted  to  minimum  and 
well  defined  isolated  areas  without  propagation,  paths. 

3.  The  rate  and  magnitude  of  pressure  and  temperature 

increase  in  any  potential  fire  shall  not  cause  structural 
damage  to  the  vehicle. 

102  MlATION  TO  NASA  CENTERS 

The  NASA  Manned  Space  Elight  Centers  (George  G.  Marshall  Space 
Flight  Center , Johnson  Space  Center,  and  John  F.  Kennedy  Space 
Center)  shall  use  this  d-Ocument  and  develop  impl«Hnentation  plans 
for  Center-peculiar  operations  to  ensure  the  disciplines  specified 
herein  ate  standardised 

Impiementation  of  the  re5|uirements  of  this  doctiment  are  considered 
■ the  responsibility  of  thn  ;#puopriate  center  materials  repre- 
sentative and  the  applicable' Frogram  Office.  Revisions  to  the 
requirements  of  this  publication  shall  be  approved  by  the  Center 
Materials  Representative  convened  by  OMSF  (MQ). 

103  abbreviations  AND  ACRONYMS 

Abbreviations  and  acronyms  used  in  this  publication  are  included 
in  Appendix  A. 

104  RELATED  DOCtJMENTS 

Appendix  B lists  the  documents  that  form  a part  of  this  publi- 
cation to  the  extent  specified  herein.  Unless  otherwise  indi- 
cated, the  issue  in  effect  bn  date  of  invitation  for  Ids  or 
^.■•■request  for  proposals  Shall  apply.  : 

(Copies  of  Specifications,  standards,  drawings,  and  publications 
required  by  contractors  in  connection  with  specific  procurement 
functions  should  be  obtained  from  the  procuring  activity  or  as 
directed  by  the  contracting  officef.) 
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CHAPTER  2 


.200  .MATERIALS  SELECTION 


GENERAL 


All  mateirials  considered)  for  uge  in  a manned  spacecraft 
including  the  materials  :o£  tW  spacecraft,  stowed  equip- 
ment, or  experiments  shall;  be  evaluated  for  flammability, 
..ddor,,and  offgassing  characteristics  and  shall  meet  the 
applicable  requirements  .specif led  in  this  publication.  ■ 
Mater^.als^  shall  be  evaluated  in  accordance  with  the  appli- 
cable: test  aiethods  specified  herein.  A minimum  of  three 
specimens  C®xcluding  black  boxes} : of  the  materials  in  the 
thickness  intended  rfor  use  shall  be  subjected  to  each 
applicable  test;  in  the  most  hazardous  usage  environment 
as  Specified  by  the  responsible  program  office.  Material 
applications  previously  tested,  reviewed,  and  approved 
shall  be  considered,  to  minimize  additlbnal’  testing. 

llaterials  In  Type  D and  J applications  which,  can  also  be 
exposed  to  the  pertinent  fluid  as  the  result  of  a single 
-barrier  failure  must  be  reported.  An  engineering  evalua- 
tion ^nd  analysis  of  test  data  shall  be  provided  to  justify 
the  use  of  the  materials  or  a configuration  test  must  be  . 
performed.  A single  barrier  failure  is  defined  as  a failure 
which  will  be  restricted  to  potential  leaks  within  a dom- 
poneht;  e.g,,  leaks  from  the  pressurized  fluid  enclosure, 
to  an  adjacent  electrical  enclosure  within  the  component. 

.Failures  of  structural  parts  such  as  pressure  lines  and 
tanks  are.  not  considered  single  barrier  failures.  These 
structural  parta  shall  he  reviewed  on  an  individual  design 
basis.  ,, 

.materials  GROUPING ,, ANN 


Materials  considered  for  use  shall  be  grouped  as  follows 
based  upon  thfe  Sesults  of  screening  tests  and  shall  be 
approved  for  specific  applications  by  the  NASA  Center 
respOttsibie  for  the  spacecraft/hardware  development. 

GROUP  L ■-  Materials  that  are  noncombustible  or  self- 
extinguishing  When  bested,  for  flammabiilty  properties  in 
accordance  With  the  applicable  required  tests  shown  in 
Table  2-1,  ; -Group  I mat^  In  end  item 

configuratioh  and/or  full  scale  tests  in  accordance  with 
Paragraph  205  uuloss  it  can  be/ shown  by  the  rationale 
.resulting;  from  ;anrengxneering; : evaluation  and  analysis  of 
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test  data  that  configuration/full  scale  tests  are  not 
required.  In  addition,  these  materials , shall  also  meet 
the  requirements  of  Tests  6 and  7. 

Note;  There  are  no  restrictions  on  Group  I materials 
in  design. 

GROUP , II  - Materials  that  do  not  meet  the  Group  I 
flammability  requirement.  Group  II  materials  shall  not 
be  used  unless  functional  requirements  preclude  the  use 
of  Group  I types  and  the  materials  are  specifically  ap- 
proved by  the  cognizant  NASA  Center  on  an  individual  basis. 
Should  it  be  imperative,  to  use  Group  II  materials  in 
habitable  environments,  the  functionally  acceptable 
material  with  the  lowest  flame  propagation  rate  and  the 
lowest  production  rate  for  offgassed  products  shall  be 
used.  The  Group  II  materials  shall  be  subjected  to  the 
applicable  required  tests  shown  in  Table  2'-l. including 
Tests;  6 and  7.  All  pertinent  test  and  design  data  in- 
cluding drawings,  -photographs,  specifications,  environ- 
mental  and  functional  requirements,  and  one-square  foot 
samples  of  materials  in  the  proper  thickness  shall  be 
submitted  to  the:  cognizant  NASA  Center  for  review  and 
approval.  • Systems  using  Group  II  materials  in  the  design 
shall  he  subjected  to  configuration  testing  in  accordance 
with  Paragraph  205’..  The  use  of  Group  II  materials  in  the 
system  design  shall  he  approved  by  the  cognizant  NASA 
Center  before  use  in  the  spacecraft. 

•• 

201  BATCH/LOT  APEROVAI 

Unless  specified  otherwise  by  the  procuring  activity,  all 
materials  considered  far  use  in  enviroiments  which  support 
combustion  shall  be  batch/lot  tested  in  their  minimum  use 
thickness  until  such  time  as  reactivity  characteristics 
traceable  to  batth/lot  variations  are  detemined.  Batch/ 
lot  test  specifications  or  procedures  and  disposition  of 
batch/lot  test  data  shall  be  specified  by  the  NASA  procuring 
activity. 

202  MATERIAL  GMRGORIES  AND;  REQUIREMENTS: 

Table  2-1  Material  Usage  Types  and  ■Material  Group  Classifications 
presents  the  relationship  of  Baterlal  usage  types  and  material 
group  classifications  with  respect  to  each  required  test. 

Material  usage  is  categorized  as  follows: 

1,  TYPE.  A EXPOSED  MATERIALS  IN  THE  GRl^  BAY  ENVIRONMENT 

a.  This  category  shall  include  the  material  appllcativVns 
^ proxiinity 
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1 

.1 


V? 

tp  ignition  sources,  or  exposure  to  the  crew  bay  | 

atmosphere  and  are  used  over  wide  areas  of  the  space-^  J 

craft.  To  prevent  flame  propagation,  these  materials 
or  their  applications  must  be  self-extinguishing  as 
defined  herein.  | 

f 

b.  Materials  shall  meet  Group  I requirements  and  shall  | 

be  nonpropagating  in  their  usage  configuration  by  I 

test  or  analysis.  | 

it 

2.  TYPE  B SPECIAL  MATERIALS  APPLICATIONS  AND  MIHOR  EXPC3BD  | 

MTERIALS  T i 

a.  This  category  includes  those  materials  applications  ? 

J.n  the  spacecraft  arranged  in  discrete  locations  and 

exposed  to  the  -srew  bay  atmosphere.  The  amount  and 
arrangement  of  materials  shall  be  limited  to  prevent 
the  spread  of  fire  In  the  pressurized  vehicle.  The 
requirements  presented  in  Table  2-1  are  applicable.  I 

b.  Materials,  whether  Group  I or  Group  II,  shall  be 

shown  to  be  nonhazardous  in  their  usage  configuration  i 

by  test  or  analysis.  ^ 

3.  TYPE  C LOW  PSESSURE  OXYGEN  SUPPLY  MATERIALS . . I 


This  category  includes  those  materials  used  in  the  systems 
exposed  to  less  than  20-psia  oxygen.  It  includes  those 
materials  in  the  suit  loop,  emergency  oxygen  mask  and  the 
oxygen  delivery  system  exposed  to  the  crew  bay  environment. 

All  materials  used,  in  this  category  shall  meet  Group  I ^ 
requirements  except  in  those  special  cases  where  authorl* 
zatiott  is  given  by  the  program  office. to  use  Group  II 
materials  which  shall  then  be  shown  to  be  nonhazardous  in 
their  usage  configuration  by  test  or  analysis. 


4i  TYPE  D MATERIALS  IN  HIGH  PRESSURE  LOX/GOX  SYSTEMS- 


As  a goal,  the  design  should -not  have  an  ignition  source 
normally  interfacing  with  the  media.  If  the  design  does 
not  meet  this  goal  in  the  particular  system  it  is  mandatory 
that  configuration  tests  be  run  or  that  a comprehensive 
configuration  analysis  showing  that  no  hazard  exists  be 
submitted  to  NASA  for  approval* 


This  category  shall  include  those  materials  used  in 
greater  than..20  psiA  oxygen  systems  and  materials  used 
in  oxygen  storage  and  GSE  systems  supplying;  oxygon*  They 
shall  meet  the  requirements  of  Test  13,  Part  1, 

IiOX,  as  a minimum* . Data  for  materials  previousiy 
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T^ie  2“1  Matertais  Usage  Types  and  Materials  Groug  Classifications 


MATERIALS  USAGE 
CATEGORIZATION 

GROUP  1 MATERIALS 
REQUiREDTESTS 
{SEE  NOTE  1) 

GROUP  11  MATERIALS 

{NASA  CENTER  APPROVAL  FOR  USE  REQUIRED) 
REQUIRED  tESTS  \ 

{SEE  NOTE  D V 

Type  A - Exposed^  Materials  in  the 
Crew  ^y  Environmeit 

Test  1 or  4 or  5 {see  note  4 ) 
Tests  6 and  7 

■\ 

None  (see  note  5} 

Type  B - Special  Applications  and 
Minor  E;iq)osed  Materials 

Test  1 or  4 or  5 (see  note  4 ) 
Tests  6 and  7 

Tests  2 and  3 and  6 and  7 

Type  C Low  Pressure  Oxygen 
Supply  Materials 

Test  1 Or  4 or  5 

Tests  6 and  7 (See  Note  2) 

Tests  2 and  3 and  6 and  7 {See  Note  2) 

TypeD  - Materials  in  High  Pressure 
LOX/GOX/Systems 

Tests  4 and  5 and  6 and  7 { See  Note  2) 
{See  Note  2)  and  13  and  14 ' 

None  (see  note  5) 

Type  E Sealed  Containers 

Tests  1 and  9 

Tests  2 and  3 and  9 

(See  Note  3) 

Type  F " Vented  Containers 

Tests  1 and  8 and  6 and  7 

Tests  2 and  3 and  6 and  7 and  8 

(See  Note  3) 

Type  G *'  Materials  Applications 
in  NOriflight  Equipmeri 

Test  lor  4 or  5 
Tests  6 and  7 

Tests  2 and  3 and  6 and  7 

Type  H Material  in  Unpressurized 
Portions  of  the  Spacecraft 

Test  1 or  4 or  5 

Tests  2 and  3 

Type  J - Materials  in  Combustion 
Supporting  Environments 
' Otiter  than  Oxygen 

Test  15 

None  (see  note  5) 

NOTE;  1.  End  Item  confrg_uratTon-tyj»testlO,  orllandl2or  an  analysis  required  for  final  materials  acceptance  for  use  in  manned  spacecraft  exce^jt  type  H'for  which  Test  12  isnotrequired.; 

2.  Tests  6 and  7 applicabie  to  LQX  systsijjs  which  could  affect  crew  atraospfKfe. 

3. -  Tests  2 and  3 applicable  toiiKierlai  setection  and  not  End  Item  Sealed  or  Vented  Container. 

4 . Both  tests  1 and  5 are  applicabje  to  potting  cptniourtds  and  conformal  coatings, 

5.  Normally,  only  Group  I materials  mayiie  used  in  these  applications.  When  Group  II  materials  must  be  used,  specific  program  office  approval  is  required.  The  materials 
are  then  subjected  to  all  the  tests  required  for  the  T ype  application. 


tested  to  tlie  requirements  of  Test  13,  Part  1,  are 
listed  in  NASA  publication  TMX  64711.  All  materials 
considered  for  use  shall  be  batch  tested  until  the 
capability  of  the  material  to  meet  the  requirements 
of  this  category  is  established. 

Candidate  materials  which  meet  the  requirements  of 
Test  13,  Part  1,  and  are  proposed  for  use  in  high 
pressure  I.dX/GOX  systems  shall  also  meet  the  mechani- 
cal impact  acceptance  requirements  of  Test  13 j Part 
2,  at  the  actual  thickness,  (or  thinner  than  actual) , 
intended  for  use  at ‘maximum  use  pressure  and  tempera- 
ture. Materials  which  do  not  meet  the  acceptance 
criteria  of  Paragraph  413, B and  remain  candidates 
shall  undergo  threshold  determinations  at  the  actual 
thickness  intended  for  use  and  at  the  maximum  use 
pressure  and  temperature  in  accordance  with  Paragraph 
413. C. 17. 

All  Type  D materials  shall  be  approved  by  the  procuring 
activity  prior  to  use  in  design. 

b.  The  acceptance  requirements  for  mechanical  LOX/GOX 
impact  tests  at  actual  thickness  intended  for  use  and 
at  the  maximum  use  pressure  and  temperature  are  given 
in  Paragraph  413*B. 

c.  In  addition,  materials  intended  to  be  used  in  proximity 
to  sources  of  electrical  energy  shall  be  evaluated  in 
configuration  using  "worst  case"  electrical  and  environ- 
mental conditions  applying  the  techniques  of  Test  No.  4. 
To  be  acceptable,  materials  must  be  self-extinguishing. 
If  additional  inf otmation  (especially  where  pneumatic 
impact  loading  is  possible)  is  required.  Test  No.  14 
may  be  used.  Materials  that  do  not  meet  the  require- 
ments of  the  above  itests  and  which  are  essential  to  the 
application  shall  be  analyzed  and  the  approximate  energy 
levels,  to  which  they  can  be  exposed,  calculated  to  form 
the  basis  for  additional  testing, 

d.  Materials  Which  Will  be  used  in  high  pressure  environ- 
ments (such  as  pressufized  air)  containing  oxygen  and 
some  inert -gas  at  a partial  pressure  of  or  greater  than 
20  psia  shall  be  evaluated  according  to  Test  No,  13, 

Part  2 only,  in  the  use  environment  at  the  actual  thick- 
ness intended  for  use  and  at  maximum  use  pressure  and 
temperature. 
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5.  TgPE  E MTERIAIS  IN  SEALED  'CONTAINERS 

a*  This  category  shall  Inclwde  those  material  applications 
Inside  sealed  containers,  ssalsd  with  inert  gas,  and/ 
or  potting  compounds  inside,  with  no  method  of  receiving 
or  replenishing  a supply  of  combustion  supporting 
atmosphere. 

bj,  Where  the  evaluation  analyses  of  existing  data  are 
inadequate>  all  materials  used  in  sealed  containers 
shall  meet  the  requirements  of  Test  No,  9.  The  con- 
tainer shall  not  rupture. 

Ci  Tests  No.  6 and  7 are  generally  not  required  for 
materials  applications  inside  sealed  containers. 

6..  TYPE  E liATERlALS  IN  VENTED  CONTAINERS 

a.  This  category  shall  include  those  materials  applications 
Used  Inside  Unsealed  containers  with  or  without  an 
internal  ignition  source.  Removal  of  materials  shall 
be  for  operational  use  only, 

b*  Where  the  evaluation  analyses  of  existing  data  are 
inadequate,  materials  applications  used  4.n  closed 
Cbut  not  sealed)  containers  shall  meet  the  require- 
• ment  of  Test  No.  container  shall  not  rupture 

or  permit  the  escape  of  flames  or  burning  debris. 

The  container  shall  not  emit  gasses  and  heat  to  an 
extent  that  Would  cause  a pressure  rise  in  the  module 
or  vehicle  Which  might  cause  structural  damage. 

7.  TYPE  G MATERIAL  APPLICATIONS  IN  NONFLIGHT  EQUIPMENT 

a.  This  category  shall  Include  those  materials  used  in 
nonflight  equipment  such  as  that  introduced  into  the 
flight  spacecraft  for  closed  hatch,  power  on  tests. 

The  cognizant  design  organization  shall  identify  all 
nonflight  equipment  and  provide  the  rationale  that 
supports  the  use  of  the  material  in  question  in  an 
environment  that  will  support  combustion. 

b.  Type  G materials  shall  m the;  requirements  of  Group 

I (refer  to  Paragraph  200. B)  in  their  use  configuration. 

8*  TYPE  N MTERm  IN  I^  THE  SPACBCRAET 

a.  The  material  applications  included  la  this  category 

shall  be  those  in  uninhabited  portions  of  the  spacecraft 
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b.  lfeterlals  outside  the  crew^  area  shall  meet  the 
requirements  specified  hereinj  as  applicable.  The 
use  of  materials  that  fail  to  meet  the  applicable 
flatBmability  requirements  shall  require  design  measures 
to  minimize  fire  hazards . The  materials  shall  be 
seTf-extinguishing  in  air  when  evaluated  in  accordance 
with  the  applicabl^^  flammability  tests.  The  details 
of  the  design  measures  (drawings , specifications , 
photographs j etc.) » the  rationale  for  use  of  the 
material,  and  the  experimantal  proof  of  acceptability 
under  the  worst  practical  conditions  shall  be  approved 
by  the  procuring  activity  prior  to  inclusion  of  the 
materials  in  the  design.  The  data  based  on  ASTH,  Under- 
writers Laboratory  (references  listed  in  Appendix  B) 
and  FAA  flamiaability  procedures  may  be  used  as  a basis 
for  determining  the  flammability  characteristics  of 
materials  in  unpressurized  areas  of  the  spacecraft 
provided  the  test  atmosphere  is  at  least  as  severe 
as  that  proposed  for  use. 

TTPE  J MATERIALS  FOR  COMBUSTION  SUPPORTING  EmROUMEUTS 

OTHER  THAN  OXTGEIT  - 

a.  As  a goal,  the  .design  should  not  have  an  ignition 
source  normally  ihtsrfhoing  with  the  media.  If 
materials  screening;  tests  Indicate  a potential  hazard 
when  used  within;  1 inch  of  an  ignition  source,  it  is 
m20),datory  that  configuration  tests  be  run  or  that  a 
comprehensive  configuration  analysis  showing  that  no 
hazard  exists  he  submitted  to  NASA  for  approval/ 

dts approval. 

b.  This  category  shall  Include  all  materials  exposed  to 
fluids  Other  than  oxygen  such  as  N2O4S  N2H4  and  other 
oxidizers  and  fuels  that  are  theoretically  capable  of 
undergoing  exothermic  reactions  with  the  environment 
in  XThich  used. 

c.  Materials  shall  be  shown  to  be  compatible  with  the 

environment  in  question  at  160®F.  A material  is  con- 
sidered compatible  if  exposure  of  the  material  to  that 
environment  at  160°F  (under  maximum  use  pressure)  for  a 
period  Of  48  hours  dogs  not  chemical  or 

physical  changes  such  as  tackiness,  flaking,  complete 
dissolution,  etc.  (Data  obtained  according  to  general 
guidelines  similar  to  that  of  Test  No.  15  are  included 
in  the  Titan  II  Storage  Propellant  Handbook  and  are 
considered  directly  applicable.)  Materials  shown  to  be 


incompatible  at  temperatures  less  than  160°J'  shall 
. he;  considered  incpttpatxble.  All;  materials  for  which 
, no  compatibility  data  exists  shall  be  evaluated 
■ using  the  procedure  bi  Test 

d.  If  the  materials  are  exposed  to  a source  of  energy 
such  as  mechanical  impacts/ pneumatic  impact  5 heat 
source,  etc,,  then  a configuration  test  or  a special 
test  applicable,  to  the  unique  conditions  shall  be 
devised  and  performed  to  ensure  the  material’s  com- 
patibility, A’  configuration  analysis  may  be  performed 
to  ensure  adequate,  compatibility . 

Note:;  Not  all  the  detailed,  test  procedures  can  be 
provided  for  this  category  due  to  the  wide 
variation  in  the  chemical  behavior  of  the 
environments  involved.  In  the  design  of 
specific  test  equipment  for  each  environment, 
care  must  ha  taken  to  ensure  compatibility 
of  all  exposed  instrumentation. 

203'^^"^T0WED/LIFE  SUPPORT  EQtJlBMENT  INTERFACE; 

All  equipment  programmed  for  spacecraft  mission  usage  -that  is 
stowed  in  containers  (such  as  life  support  and  experiment 
equipment)  mtist  conform  to  the  applicable  requirements  specified 
in  this  publication. 

204  . TEST  REQUIPvEMENTS 

The  following  test  requirements  summarize  and  scope  the  Required 
Tests  presented  in  Chapter  4. 

1.  TEST  NO.  1 UPIvARD  PROPAGATION  TEST 

Materials  shall  be  nonflammable  or  shall  he  self -extinguishing 
within  6 inches  of  the  ignition  source  when  ignited  at  the 
bottom  of  a vertically  oriented  specimen  and  shall  not  spark, 
sputter,  or  drip  flaming  particles:. 

2.  TEST  NO.  2 - DOWNWARD  PROPAGATION  RATS  TEST 

Materials  failing -to  comply  with  the  requirements  of 
Test  No,  1 shall  b4  ;ignited  at  the  top  of  a vertically 
oriented  specimen  and  the  flame  propagation  rate  shall 
be  determined  and  the  occurrehce  of  a spark,  sputter, 
drip,  or  transfer  of  solid  mass  during  burning  shall  be 
recorded. 


2-8 


3.  TEST  NO  . 3 JLASE  AH)  'I'lRE  -POimi  TEST  ' 

Gtoup  II  laaterials  sliall  Be  evaluated' according  to  Test 
No.  3 and  shall  be  acceptable  for  design  if  they  exhibit 
a flash  point  above  400°E  and  a fire  point  .above  450°I’, 

4.  TEST  NO.  4 - ELECTRICAL-WIRE  INSULATION  AND  ACCESSORY 
FLAMMABILITY  TEST. 

Materials  shall  be,  nOnflanmable  in  the  test  atmosphere 
during  the  application  of  current  overloads  up  to  the 
melting  point  of  the  conductor.  In  addition,  the  con- 
figuration shall  meet  the  requirements  of  Test  No.  1. 

5.  TEST  NQ.  5 ^ ELECTRICAL  CONNECTOR  POTTING  FLAMMABILITY 
TEST 

Materials  used  as  potting  compounds  shall  be  nonflammable 
in  the  test  atmosphere  during  the  application  of  current 
overloads  up  to  the  melting  point  of  the  conductor.  In 
addition,  the  configuration  shall  meet  the  requirements 
of  Test  No.  1. 

6.  TEST  NO.  6 - ODOR  TEST 

The  nature  and  quantity  of  odor  products  as  measured  in 
the  test  chamber  for  a given  sample  size  shall  not  exceed 
the  rating  of  2.5  as  expressed  in  the  acceptability  criteria 
of  Test  No.  6.  This  test  shall  determine  the  odor  cbarac- 
teristicS  of  materials.  The  results  of  Test  No.  7 shall 
be  reviewed  before  conducting  this  test. so  that  members  of 
the  odor  team  are  not  inadvertently  exposed  to  toxic' off- 
gassing products. 

7.  TEST  NO.  7 - DETERMINATION  OF  OFFGASSING  PRODUCTS  AND 
CARBON  MONOXIDE  TEST 

Noiimetallic  materials  shall  be  screened  to  determine  their 
suitability  for  use  in  the  space  vehicle  crew  compartment 
environments.  Materials  shall  be  tested  for  the  production 
of  potentially  toxlCj  or  objectionable,  and  condensible 
volatiles.  Carbon  monoxide,  total  organics,  certain  in- 
organics, and  condensates  shall  'be  determined. 

8.  TEST  NO.  8 - FLAMMABILITY,  TEST  FOR  MATERIALS  IN  VENTED 
CONTAINERS 

liie  combustion,  characteristics  of  a fire  in  a closed 
(unsealed)  container  must  be  determined  before  the  container 
is  used  in  a spacecraft.  The  containers  shall  be  tested 
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by  interhal,  or  external  unless  it  can  be 

demonstrated  by  evaluation,  analyses,  and  rationale  of 
all  known  test  data  that  t^  materials  applications  will 
not  Introduce  any  flammability  hazards  that  will  jeopardize 
the  mlssionii  Potentially  hazardous  materials  or  instru“ 
ments  that  contain' such  materials,  which  are  removed  from 
the  contalher  for  operational  purposes,  must  meet  the 
requirements  of  Group  I materials.  This  requirementids 
applicable  if  the  materials  remain  out  of  the  container 
beyond  a time  limit  to  be  set  by  agreement  among  the  pro- 
gram offices  and  Flight  Crew  Operations* 

9.  TEST' NO.  9 - ELECTRICAL  OVEHIOAD  TEST  FOR  SEALED  CONTAINERS 

The  ability  of  sealed  containers  to  withstand  the  effects 
of  a fire  initiated  within  the  container  resulting  from 
an  electrical  c'''erload  requires  testing  of  the  materials 
in  the  container  to  ensure  the  container  Will  not  rupture. 
However,  testing  may  be  waived  if  it  can  be  demonstrated 
by  evaluation,  analysis,  and  rationale  of  all  test  data 
that  the  materials  applications  will  not  introduce  any 
flammability  hazards  that  will  jeopardize  the  mission. 

10.  TEST  NO.  10  - GUIDELINES  FOR  SimATED  PANEL  AND  ASSEMBLY 
FLAMMABILITf  TEST 

Spacecraft-exposed  assemblies  shall  undergo  fire  tests 
that  repreeent  the  most  hazardous  situation  unless  it  can 
be  demonstrated  by  evaluation,  .analyses,  and  rationale  of 
all  known  test  data  that  the  materials  applications  will 
not  introduce  any  flaanmability' hazards  that  will  jeopardize 
the  misSipn.  The  combustion  characteristics,  particularly 
the  propagation  rate,  of  a number  of  different  sizes  and 
areas  of  nonmetallic  materials  of  similar  or  different 
tj?pes  that  comprise  a functional  assembly,  subsystem,  or 
system  in  the  spacecraft  shall  be  determined. 

11.  TEST  NO.  11  - GUIDELINES  FOR  .SIMULATED  CREW  BAY  CONFIGURATION 
FLAMMABILITY  VERIFICATION  TEST 

Panels  and;  assemblies  of  "worst  case"  materials  must  be 
tested  for  the  purpose  of  determining  the  propagation, 
combustion  phehomana,  and  behavior  of  the  materials  in  the 
event  a fire  started  in  the  spacecr^f,t  unless  it  can  be 
demonstrated  by  evaluation,  analyses,  and  rationale  of  all 
test  data  that  the  materials  applications  will  not  intro- 
duce any  fiiuBmablllty  or  toxicological  hazards  that  will 
jeopardize  the  mission.  A,  mo ckup  vehicle,  configured  in 
the  Same  manner  as  the  flight  vehicle ,^^;hall  be  used  for 
rhls'  test.-  - 


12.  TESS  MO. '12  - GUIDELINES ’gOR:TOTALSPACEGRAPT  OFFGASSING 
■■  ^ TEST 

This  test  is  designed  to  measure  the  total  quantity  and 
individual  components  of  the  products  offgassed  by  a space- 
craft dui^i’^g  ^'hd  unmanned  chamber  tests  for  deter- 

mining the  toxicological  safety  of  the  spacecraft  during 
;;,  :j  manned  flight. 

13*  TEST  NO.  13  LIQUID  AND  GASEOUS  OXTGEN  MECHANICAL  IMPACT 
TEST 

All  materials  selected  fOr  use  in  contact  with  high  pressure 
LOX  and/or  GOX  whether  directly  or  as  a result  of  a single 
barrier  failure  must  be  acceptable  for  oxygen  impact  sensi- 
tivity according  to  the  requirements  and  guidelines  of  this 
test  procedure.  Both  ambient  LOX  and  pressurized  LOX  and 
GOX  test  methods  are  included. 

14.  TEST  NO.  14  - GASEOUS  OXYGEN  PNEUMATIG  IMPACT  TEST 

This  test  is  performed  to  determine  the  sensitivity  of 
materials  in  contact  with  gaseous  oxygen,  whether  directly 
or  as  the  result  of  a single  barrier  failure,  when  sub- 
jected to  pneumatic  impact.  The  materials  are  tested  over 
the  pressure  range  of  50  psia  to  approximately  10,000  psia 
as  directed  by  program  requirements. 

15,  TEST  NO.  15  - CONSTANT  TEMPERATURE  IMMERSION  OE  MATERIALS 
IN  TYPE  J ELUIDS 

Materials  used  or  considered  for  use  in  hazardous  fluid 
systems  other  than  oxygen,  whether  in  direct  contact  with 
the  fluid  or  as  a result  of  a single  barrier  failure,  shall 
be  tested  according  to  the  guidelines  of  tbis  procedure. 

The  test  determines  the  gross  compatibility  of  materials 
in  Type  J fluids  and  it  does  uot  preclude  the  use  of  other 
tests  to  determine  critical  compatibilities.  The  data  from 
other  tests  will  be  used  for  information  purposes . 

205  SYSTEM  1?LAMMABILITY  REQhlREMENTSi 

Materials  will  be  verified  in  end  item  configuration  such  as 
stowage  in  vented  containers  and  simulated  crew  bay  configura- 
tion flammability  verif icatibns , unless  it  can  be  demonstrated 
by  evaluation,  anaiyses^,  and  rationale  Qf  all  test  data  that 
the  materials  applications  will  not  introduce  any  flammability 
and  Offgassing  hazards  that  will  ieopardize.  the  mission,  Brlor 
to  initiating  tests,,  the  cognizant  design  organization  shall 
submit  to  the  cognizant  NASA  Center  for  review  and  approval, 
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specific  and  detailed  proposals  that  include 
graphs,  specifications,  test  plans,  and  procedures' for  all 
items  that  require  system  tests.  Systems  tests  shall  dupll-^ 
cate  contiguous  materials  and  '’worst  case"  Operating  conditions. 
The  test  plan  shall  Identify  the  Worst  probable  failure  modes 
and  the  proposed  test  shall  reflect  the  use  of  these  modes. 

Test  analyses  and  documentary  records  that  include  instrumen- 
tation data,  photographic  coverage,  etc.  shall  be  provided  to 
the  cognizant  NASA  Center  at  the  conclusion  of  each  systems 
test  for  review  and  approval.  Test  No,  10,  "Guidelines  for 
Simulated  Panel  and  Assembly  Flammability  Test"  and  Test  No, 

11,  "Guidelines  for  Simulated  Crew  Bay  Configuration  Flam- 
ma'bilit;^  Verification.  Test"  shall  be  used  in  planning  the 
system  flammability  tests.  For  required  systems  or  configura- 
tion tests,  the  use  of  a piece  of  functional  equipment  is 
not  mandatory,  Noncritlcal  electronic  and  nonflammable  parts 
can  be  simulated  With  respect  to  mass  and  geometry.  The 
simulation  must  be  approved  by  the  cognizant  NASA  Center,  Any 
assembly  may  be  selected  for  test  based  on  "worst  case"  con- 
figurations of  potentially  flammable  materials , "Worst  Case" 
shall  include  consideration  of  geometry,  spatial  relationships 
and  material  quantities,  "Worst  Case",  is  defined  as  an 
assembly  or  materials  that  present  a maximum  potential  ignition/ 
propagation  hazard  as  indicated  by  analyses.  This  selection 
must  consider: 

1,  Proximity  of  potential,  ignition  hazards, 

2,  Propagation  paths  formed  by  proximal  materials. 

3,  The  quantity  of  flammable  material  in  any  given  area. 

4,  The  most  hazardous  oxidizing  atmosphere  and  pressure  to 
which  it  will  be  exposed. 

5,  Consequences  of  ignition, 

6,  Heat  sink  effects • 

7,  Single-barrier  failure;  considerations  shall  be  limited 
to  potential  leaks  withih  a component  that  permit  the 
fluid  to  directly  contact  the  materials  behind  the  barrier, 
for  example,  leaks  from  a fluid  enclosure  to  an  adjacent 
enclosure  such  as.  through;  the  f ollowing; 

a.  Welded  or  brazed  joints 

b.  Mechanical  joints  (e.g.,  B-nUts) 

C,  0-rings , gaskets  and  bladders 

d.  Metal  and  nonmetal  diaphragms; 

Redundant  seals  in  series  which  have  been  acceptance 
pressure  tested  individually  prior  to  flight  shall  not 
he  Consideted. 


206  SPACECRAS’T  O]?^^ 

The  spacecraft  or  its  individual  modules  shall  he  offgassed 
during  manned  and, iimnatlned  chamber  tests*  The  individual  off- 
gassed  components  shall  be  identified  and  measured,  and  the 
total  quantity  o£  the  products  shall  be  reported  to  the  respon- 
sible NASA.  Medical  Office.  The  test  shall  be  conducted  at 
the  lowest  habitable  operating  pressure.  Where  it  is  not 
feasible,  as  deterinined  by  ttie  procuring  agency,  to  test  a 
complete  spacecraft  or 'a  specif ied  module,  an  analysis  of  the 
data  obtained  from,  offgassing  tasts  on  systems,  modules,  and 
spacecraft  that  contain  tbe  same  or  similar  materials  may  be 
performed  by  the  cognizant  design  activity  and  medical  office 
to  establish  the  safety  o£  the  spacecraft  atmosphere. 

Z07  RELATED  GONSIDERATIONS 

1.  METALLIC  MATERIALS 

Metallic  materials  used  in  the  design  of  equipment  that 

will  be  exposed  to  the  habitable  environments  shall  be' 
nonflammable  or  self-extinguishing  in  the  designated 
spacecraft  atmosphere  and  actual  use  thickness  when  deter- 
mined by  Test  No.  1 and,  if  used  in  an  oxygen  system,  they 
shall  be  oxygen  compati'ble  when  tested  in  accordance  with 
Test  No.  13. 

2.  ISOLATION  OF  GROUP  II  MATERIALS 

All  efforts  shall  be  made  to  isolate  Group  II  materials 
from  the  crew  bay  environment  and  potential  ignition 
sources  by  suitable  design  means.  The  resulting  design 
shall  be  nonflammable  when  tested  in  accordance  with  the 
required  applicable  tests. 

3 . ELEGTRICAL/ELEGTROMEGHANIGAL  EQUIPMENT 

Electrical  or  eiectromechanical  devices  such  as  motors, 
heaters , control  panels , lights , etc. , shall  meet  the 
requirements:  of  the  applicable  flamma'bllity,  odor,  and 
offgassing  configuration  tests . 

208  TEST  DISCIPLINE,  RECORDS,,:  AND  REPORTING 

1.  TEST  DISCIPLINE 

a.  Test  plans,  and  procedures  will  be  written  before  each 
test  and  submitted:  to  the  cognizant  NASA  Center  and 
testing  agency. 


b. 


Each  test  rationale,  plan  and  procedure  will  be 
approved  by  the  cognizant  NASA  Center  before  tests 
start. 

c.  Each  test  shall  be  directed  by  the  cognizant  Test 
Engineer/ Conductor  or  his  appointed  alternate. 

d.  The  Test,  Engineer/ Conductor  shall  ensure  that  testing 

is  accomplished  in  accot'dance  With  approved  test 
plans  and  procedures  and' that  recording  of  data  and 
test  results  is  complete)  and  accurate.  Each  material 
to  be  tested  shall  be  identified  through  one  of  the 
following:  / 

(1)  Manufacturer's  Gertificatlon  or  Identification 

(2)  NASA  Certification  or  Identification 

(3)  Contractor  Certification  or  Identification 

e.  The  test  setup  shall  simulate  the  actual  conditions 
that  the  materials  under  test  will  be  subjected  to 
during  flight  or  ground  tests. 

Note;  If  response  is  not  received  in  (time  as 

specified  in  the  contract)  days  following 
receipt  of  the  test  plans/procedures  by  the 
cognizant  NASA  Center>  test  programs  may  be 
initiated  and  test  approval  assumed. 

2.  TEST  RECORDS 

Complete  test  records  shall  be  prepared  by  the  contractor 
or  NASA  design/test  ac^i'^^^^^y  ^°r  each  material  or  system 
tested.  The  test  conductor  assigned  for  the  conduct  of 
each  test  is  responsible  for  the  acquisition,  recording, 
and  control  of  all  test  data.  Records  of  applicable  data 
are  presented  on  the  Test  Record  form  similar  to  Figure 
2-1.  The  test  record  format  Is  flexible;  however,  all 
pertinent  test  data  are  to  be  recorded  and  maintained  for 
test  history  purposes  on  all  materials  tested. 

3.  TEST  REPORTING 

Complete  test  records , and  additional  supporting  data, 
which  could  influenca  the  acceptability  of  the  material, 
shall  be  submitted  to  the  cognizant  Program  Office  before 
use  or  stowage  in  space  vehicles.  Test  records  should 
be  available  not  lalcer  than  hardware  delivery  to  a con- 
tractor/NASA Center.  The  hardware  cognizant  NASA  Center 
shall  ensure  that  test  data  is  distributed  to  all  interested 
centers.  Specific  test  data  required  for  each  test  are 
presented  in  Chapter  4. 
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Test  Title . 

Test  Conductor : 

Test  Team  Member  ■ 

Quality  Assurance 

Safety 

Material  (Chemical)  Genesis 

Chemical  Composition 

Manufacturer 

Sample  Size  (Including  Thickness  in  inches), 

Posrer 

Igniter 

Chamber  Volume  in  liters 


Sample  Number  

GOX  (%) 

Chamber  Pressure,  (psia) 

Sample  Weiglt  (grams)  

time  to  Ignition  (seconds) 

Total  Bufuing  Time  (seconds) 

Time  to  Propagate,  5;inches  (seconds) 

Self-Extinguishing 

Weight  Consumed  (grams) 

Burning  Length  (inches) 

Time  to  Propagate  12  inches  (seconds) 
Flame  Propagation  R^e  (inch/seconds) 

Camera  Coverage  PPS/CPS^ 

Combustion  Pressura_ 

Increase  (psia)  ___ 

Description  of  Test  (Narrative) 


Test  Agency 
Test  Number 
Date 


Media  Vacuum 

T op  Ignition  Bottom  Ignition, 


■1  Test  Record  Sample  Form 
2-15 


CHAPTERS  ]^TERIALS  PROGSAM  MANAGEMENT 
3QQ  GENERAL 

The  total  materials  control  program  involves  the  identification, 
evaluation,  and  resolution  of  potential  flammability  and  off- 
gassing hazards  resultihg  from  the  use  of  materials  in  manned 
or  test  Spacecraft  and  associated  test  equipment.  The  major 
elements  of  a total  program  are: 

1.  MATERIALS  IDENTIEICATION 

Identification  and  documentation  of  all  materials  used, 
both  in  original  design  and  in  any  change,  including 
weights,  surface  areas  and  applications  both  inside  and 
outside  the  spacecraft. 

2.  USAGE  EVALITATION 

Documentation  of  material  applications  and  the  comparison 
of  test  data  to  establish  selection  and  test  requirements 
to  identify  potential  hazards. 

3.  TESTING 

Logic,  procedures,  and  data  documentation  for  the  test 
program  to  support  evaluation  and  full  scale  verification 
of  modules,  vehicles,  or  experiments,  if  warranted. 

4.  KAZMS>  REMOVAL 

Procedures  involved  in  the  removal  of  identified  hazards. 

5.  DEVIATION  PROGEDtlRES 

Procedures  involved  in  documenvting  and  approving  materials 
that  do  not  meet  the  established  requirements  but  are  pro-' 
posed  for  use  in  the  spacecraft  due  to  lack  of  replacement 
materials  or  other  considerations. 

6.,  AS-BUILT  CONTROL 

Procedures  involved  in  assuring  that  no  material  hazards 
are  introduced  between  initial  design  and  mission  completion. 

7.  FORMAL  REVIEW  PROGEDURSS 

Procedures  used  to  summarize  the  status  of  materials  to 
permit  certification  of  acceptability  of  a given  design 
or  a given  configuration. 
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8.  NEW  TECSmOLOGY 

Identify  areas  of  new  test  technology  or  technique 
improvement  for  consideration. 

301  MATERIAL  CONmOL  EROGM 

Preparation  and  Implementation  of  raateri^il^^^ol  program 
plans  are  the  joint  responsibility  isf  the  cognizant  NASA 
Centers  and  their  respective  contractors  of  contractor-furnished 
equipment  and  suppliers  of  Government-furnished  equipment 
and  experiments.  The  final  control  plan  shall  he  approved  by 
NASA  Center  assigned  program  responsibility.  The  contractor/ 
supplier  shall  define  in  the  control  plan  a systematic  and 
continuing  program  to  report  and  control  material  use,  status, 
test,  evaluation,  substitution,  and  verification.  The  plan 
shall  also  contain  detailed  procedures  for  submitting  deviation 
requests  including  drawing  .nianbers,  weights,  surface  areas  as 
applicable,  location,  environment,  etc.  Before  any  evaluation 
testing  is  conducted,  the  applicable  NASA.  Center  Program  Office 
must  review  and  approve  the  need  for  the  test.  Such  control 
plans  shall  contain  as  a minimum; 

1.  TEST  FACILITIES 

Before  Initiation  of  a test  program,  each  facility  must 
demonstrate  to  the  cognizant  NASA  Center  that  equipment 
to  be  used  is  properly  calibrated  and  will  produce  the 
same  or  equivalent  results  as  related  equipment  used  by 
other  testing  agencieso  Equivalence  in  testing  will  also 
be  demonstrated  by  each  facility  performing  tests  on 
standard  material  samples  furnished  by  the  cognisant  NASA 
Center. 

2.  TEST  ENVIRONMENT 

All  tests  shall  he  conducted  at  the  most  hazardous  test 
pressure  and  gas  mixture  conditions  designated  for  the 
applicable  progrm  environment,  A definition  of  these 
conditions  shall  be  iuoluded  as  part  of  the  program  plan. 

3.  SYSTEM  VERIFICATION  AND  TESTING 

Materials  requiring  system  verification  shall  be  tested  and 
accepted  in  accordance  with  Pafagraph  205.  Test  plans  shall 
be  prepared  for  all  contemplated  configuration  tests,  simu- 
lated crew  bay  configuration  tests,  and  total  spacecraft 
tests.  These  test  plans  shall  he  submitted  to  the  appro- 
priate NASA  Center  Program  Office  for  approval  before 
initiation  of  test.  If  verlflcatioft  testing  is  required, 
the  representative  usage  configuration  and  assemblies  shall 
be  tested. 


4.  NONFLIGHT  EQUIPMENT 


The  contractor  shall  identify  nonflight  equipment,  used 
during  closed  hatch  tests,  and  the  rationale  supporting 
its  use. 

5.  MA.TERIALS  EVALUATION 

Materials  used  in  the  design  and  fabrication  of  manned 
spacecraft  and  in  facilities  must  be  evaluated  against 
the  requirements  of  the  proper  groups  (refer  to  Paragraph 
200. B).  Materials  that  do  not  meet  the  criteria  of  the 
pertinent  material  screening  test  shall  be  processed  by 
one  of  the  following  selections: 

a.  The  materials  shall  be  rejected  and  substitute 
materials  selected  and  tested. 

b.  The  materials  shall  be  subjected  to  configuration 
testing  or  analysis. 

c.  A deviation  shall  be  required  when; 

Cl)  The  nonmetallic  materials  at  the  configuration 
level  will  not  pass  the  required  application 
test  or  analysis  based  on  similarity  to  other 
test  configurations  which  indicate  a possible 
hazard  exists. 

C2)  The  nonmetallic  materials  will  not  be  subjected 
to  a configuration  test  and  the  analyses  are 
inconclusive. 

6.  PROCEDURES  AND  BEQUIP.EMENTS  CHANGE  CONTROL 

Procedures  shall  be  established  to  resolve  materials 
questions,  problems,  and  deviation  requests. 

7.  AS  BUILT  CONTROL 

The  contractor/suppjler  shall  identify  the  activities 
that  involve  review  of  post  design  release  documentation, 
control  of  material  access  to  the  spacecraft  crew  bay, 
and  physical  examination  of  the  spacecraft  by  material 
specialists.  Post  release  documentation  review  should 
include  material  review  dispositions,  test  preparation 
sheets , which  introduce  materials  without  an  engineering 
order,  discrepancy  reports,  standard  repair  practices, 
and  all  applicable  process  specifications.  Periodic 
examinations  of  the  spacecraft/equipment  at  Various  stages 
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I . 


of  manufacture  shall  be  conducted  as  a part  of  a Fire 
Safety  Inspection  Procedure  to  identify  violations  of 
hazardous  material  usages.  - 

FOBI-IAL  REVIEW  PROGEDimE 

A formal  review  procedure  shall  be  established  by  the 
contractor  as  part  of  the  materials  control  program  to 
verify  materials  acceptability.  The  data  presentation 
shall  include  applicable  drawing  identification,  verif- 
ication of  drawing  review,  material  status,  deviation 
status,  applicable  test  data,  and  hazard  removal  status. 

302  QUALITY  ASSURANCE  (QA)  PROVISIONS^ 

Unless  otherwise  specified  in  the  contract  or  order,  the 
cognizant  NASA  Center  is  responsible  for  the  performance  of 
all  test  requirements  as  specified  herein  (performance  of 
tests  may  be  delegated  to  a test  activity  approved  by  NASA). 

The  NA.SA  or  its  designated  representative  reserves  the  right 
to  perform  any  or  all  of  the  tests  set  forth  in  this  specifi- 
cation where  such  tests  are  deemed  necessary  to  assure  that 
materials  and  systems  conform  to  the  prescribed  requirements. 

If  other  than  NASA  test  facilities  are  used,  the  contractor 
^ shall  be  responsible  to  the  cognizant  NASA  Center  for  assuring 
that  the  testing  agency  conducts  the  tests  in  accordance  with 
the  following  requirements: 

1.  All  instrumentation  used  in  these  tests  shall  be  in  current 
calibration  and  shall  bear  appropriate  documentation  to  this 
effect  from  an  approved  calibration  laboratory. 

2.  All  materials  tested  shall  be  accompanied  by  manufacturer's 
identification  and  the  test  specimens  shall  represent  the 
materials  proposed  for  use  in  construction  of  the  spacecraft. 

3.  If  assemblies  or  subassemblies  are  to  be  tested,  the  supplier 
shall  certify  that  the  test  articles  contain  identical 
materials  and  potential  ignition  sources  with  equivalent 
geometrical  configurations  tc  those  produced  for  use  in  the 
spacecraft  or  that  they  are  identical  to  the  installed 
equipment. 

4.  The  testing  capability  of  the  laboratories  and  personnel 
involved  shall  be  certified  in  accordance  with  applicable 
Center  certification  requirements  that  relate  to  the  _requi-re— 

ments--of-4dile-deeumsafe-r — — ~ ' 

5.  The  complete  results  of  each  test  shall  be  recorded  in 
accordance  with  instructions  contained  in  Baragraph  208 
on  a form  similar  to  Figure  2-1. 
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Th&  designated  NASA  materials  control  representative  of 
the  cognizant  NASA  Center  will  evaluate  the  test  data 
and  approve  the  materials/systems  based  on  the  criteria 
established  herein • 


CHAPTER  4 REQUIRED  TE§Ta 


GENERAL 

Table  2~1  identifies  the  required' teats  for  jnaterial  usage 
types  and  materials  group  classifications.  The  test  procedures 
and  related  test  disciplines  fic»r  tests  Number  1 through  15  are 
presented  in  Paragraphs  401  through  415. 

TEST  NO.  1 - UPWARD  PROPAGATION  TEST 

1.  PURPOSE 

The  purpose  of  the  upward  propagation  test  is  to  determine 
the  flammability  characteristics  of  candidate  materials 
when  exposed  along  the  bottom  edge  to  an  energized  Ignition 
source.  Determination  shall  be  made  during  the  tesits  as  to 
the  sample’s  combustibility , self-extinguishing  properties, 
and  total  burn  time  if  not  self-extinguishing, 

2.  CRITERIA  OF  ACCEPTABILITY 

Materials  shall  be  classified  as  Group  I if  determined 
noncombustibia,  or  self-extinguishing  before  6 inches  of 
the  sample  are  consumed,  the  time  of  burning  not  to  exceed 
10  minutes,  ’laere  shall  be  no  sparking,  sputtering,  or 
dripping  naming  particles  from  the  test  sample.  The 
sample  sh  .a  be  hung  vertically  in  the  test  chamber  and 
the  Igniter  placed  at  the  bottom  of  the  sample  for  a period 

of  30+20  seconds,  l&terials  that  fail  the  above  criteria 
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shall  be  subjected  to  Test  No.  2. 

3 . TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERE 

The  test  pressure  and  gas  mixture  conditions  for  the 
pertinent  materials  category  Shall  be  designated  by  the 
program  office.  These  conditions  shall  represent  the 
mcist  hazardous  atmosphere  anticipated  in  the  spacecraft. 

4.  TEST  EQUIPI'tSNT 

Materials  applied  in  nonoxygen  enriched  atmospheres  (such 
as  air,  79%  N2  + 21%  O2)  at  14.7  psia  may  be  tested  in  a 

hood  or  in  a chamber  similar  to  that  described  in  (a)  below. 
The  chamber  described  below  is  used  for  testing  materials 
in  oxygen  or  oxygen  enriched  atmospheres  at  other  than  the 
above  pressure. 


a.  Chamber.  The  test  chamber  shall  haTO  a volume 
sufficient  to  assure  complete  combustion  of  the 
sample  under  test.  It  shall  have  a minimum  volume 
of  98  liter?  and  shall  be  suitably  constructed  and 
protected  to  ensure  safe  operation.  A window  or 
viewing  port  for  visual  observation  shall  be  included. 

The  test  chamher  shall  contain  inlets  for  vacuum, 
ignition  wire^  Instrumentation,  air,  oxygen,  test  gas 
mixtures,  and  suitable  elements  for  heating  the  chamber 
when  required.  The  chamber  shall  be  fully  protected 
against  the  possibility  of  operator  injury  in  the 
event  of  explbsive  rupture.  Organic  materials  used  in 
the  construction  of  the  chamber,  such  as  gaskets  and 
seals,  shall  be  of  a type  that  contribute  little  or  no 
outgassing  to  the  chamber  or  that  can  be  pre-outgassed 
by  vacuum  cycling  to  a minimal  identifiable  amount 
(less  than  10  parts  per  million  (ppm)  based  on  chamber 
volume) . A vertical  sample  holder  as  specified  in 
Paragraph  401. 4. e below  shall  be  positioned  within  the 
test  chamber. 

b.  Pressure  Gage.  A pressure  gage  capable  of  measuring 
operating  pressures  with  an  accuracy  of  0.2  psia  or  a 
pressure  transducer  and  recorder  with  comparable 
capability  shall  be  used. 

c.  Oxygen  Supply.  Oxygen  used  in  conducting  the  test  shall 
be  commercially  available  and  shall  conform  to  Specifi- 
cation MIL-0-27210,  Type  1,  or  MIL-P-25508,  Type  1. 
Equipment  used  to  transfer  the  oxygen  to  the  test  chamber 
shall  be  efficient  and  safe  and  conform  to  Type  D 
requirements. 

d.  Gas  Supply.  Test  gases,  other. than  oxygen,  shall  conform 
to  the  appropriate  specifications  as  required.  Efficient 
and  safe  equipment  shall  be  used  for  measuring  the  gas 
flow  and  for  transferring  the  gas  to  the  test  chamber. 

e.  Sample  Holder.  The  sample  holder  shall  consist  of  a 
vertically  mounted  steel  clamp  that  overlaps  1/4-inch 

on  each  side  of  a specimen  along  the  full  12-inch  minimum 
length  of  the  sample,  leaviag  a 2-inch  wide  by  12-inch 
long  exposed  center  section.  The  sample  material  shall 
be  located  in  the  sample  holder  such  that  the  bottom  of 
the  sample  materials  is  located  at  least  3-inches  from 
the  chamber  base  to  preclude  the  aid  in  propagation  derived 
from  a fauild-up  of  burning  residue. 

f.  Ignition  Source.  Ignition  of  the  sample  shall  be 
accomplished  by  employing  a regulated  energy  source. 
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The  ignition  source  for  tests  performed  in  an  oxygen 
enriched  atmosphere  Cother  than  air)  shall  consist 
of  a length  of  No.  2Q  gage  hare  hichrome  wirej  which 
has  a nominal  resistivity  of  0.7  ohms  per  foot,  suffi- 
cient to  wind  six  to  eight  turns  around  a standard 
silicone  igniton*  or  equivalent.  (To  he  considered 
equivalent  to  a silicone  ignitor  an  alternate  Ignitor 
shall  provide  a flame  temperature  in  excess  gf  1500“Fj 
a flame  duration  of  seconds,  a flsane  envelope 

1 X 1/2  X 1 inch  and  shall  not  drip,  sputter,  or  other- 
wise expel  flaming  particles.)  At  least  one  inch  of 
wire  shall  he  left  at  each  end  to  permit  fastening  to 
the  power  source  lugs,  Tha  ignition  of  the  Ignitor 
shall  be  accomplished  by  employing  a regulated  direct 
current  power  source.  The  upper  edge  or  surface  of 
the  ignitor  shall  be  placed  approscimately  0.25  inch 
from  the  bottom  edge  of  the  sample. 

* The  silicone  .rubber  rod  shall  be  prepared 
according  to  the  following  procedure: 

82.5  parts  by  weight  RTV-560  or  equivalent 
shall  be  blended  with  17.5  of  RTV-577  or 
equivalent.  To  the  mix,  0.5  parts  by  weight 
of  Thermolite  T-12  shall  be  added  and  thoroughly 
mixed.  The  blend  shall  be  immediately  deaerated 
in  a vacuum  of  not  less  than  28  inches  mercury 
for  a period  of  not  more  than  ten  minutes.  The 
compound  shall  then  be  cast  in  a mold  that  will 
provide  rods,  when  cured  and  finished,  of  0.22 
inch  diameter  and  1.25  inch  length. 

The  compound  shall  be  cured  either  for. 24  hours 
at  room  temperature  or  for  four  hours  at  room 
temperature  followed  by  10  hours  at  130  10 ®F. 

The  cured  material  snail  shov;  a Shore  A durometer 
reading  of  not  less  than  forty  (40) . 

For  tests  conducted  in  atmospheres  which  are  not 
oxygen  enriched,  such  as  air,  the  silicone  igniter 
cannot  be  used.  An  igniter,  for  example  a Btunsen 
burner,  which  provides  a temperature  of  1500°F  and 
a burn  time  of  30+^0  iA  the  selected 

atmosphere  shall  be  employed. 
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g. 


Propagation  Indicators > Mi^n.  requested 'by  the  Program 
Office,  motion  picture  records  si^ll  he  evaluated  and 
retained  on  propagation  tests,.  Tlie  camera  shall  be  16mm 
or  equivalentj  operating  at  a rate  suitable  to  provide 
an  accurate  indication  of  the  test.  The  equipment  shall 
be  calibrated  to  the  manufacturer's  specifications  and 
shall  be  positioned  such  that  hn  accurate  determination 
of  the  total  burn  characteristics  can  be  made  from  the 
films.  As  an  alternative,  a pulse'  camera  may  be  used  in 
conjunction  with  the  stop  watch  used  in  (h)  below. 

h.  Propagation  Timers.  All  burning  tests  shall  be  visually 
observed  for  ignition  and  combustion  characteristics. 

A stop  watch  shall  be  started  at  the  first  visual  indi- 
cation of  combustion  and  stopped  when  the  flame  front 
reaches  the  top  Of  the  sample  or  the  sample  self- 
extinguishes , whichever  occurs  first. 

SAMPLE  PREPARATION 


Samples  shall  be  prepared  for  test  as  follows: 

a.  Inspection,  Cleaning,  Marking.  Material  samples  shall 
be  evaluated  in  the  thickness  intended  for  use  whenever 
possible  and  shall  be  free  of  cuts,  abrasions,  or  other 
flaws  are  determined  by  close  visual  inspection.  Before 
testing,  the  samples  shall  be  cleaned  by  brushing  or  by- 
flowing  an  inert  gas  over  them  to  remove  loose  surface 
contamination.  Gage  marks  (wire  or  fiberglass  threads) 
snail  be  placed  across  the  samples  at  one  inch  intervals 
starting  at  the  bottom  of  the  sample. 

b.  Sizing.  Sizing  shall  be  accomplished  in  accordance  with 
the  following; 

(1)  Films,  fabrics,  sheets,  and  composites  shall  be  tested 
in  the  "as  received"  condition.  Samples  shall  be 

cut  in  the  form  of  rectangles  2-1/2  inches  wide-  by, 

12  inches  long  minimum.  Foams  and  high  bulk  materials 
shall  be  tested  in  the  "as  applied"  thickness  and 
have  the  same  minimum  dimensions  as  specified  above. 

(2)  Primers,  coating  materials,  paints,  and  pressure 
sensitive  tapes  shall  be  applied  on  the  substrate 
material  intended  for  use,  if  known.  The  coatings 
shall  be  applied  in  a thickness  equivalent  to 

normal  use  and  post  cured  in  accordance  with  prescribed 
manufacturing  practices.  If  the  spacecraft  substrate 
material  is  not  available,  the  coatings  shall  be 
applied  to  2.5  x 12.0  x 0.003  inch  aluminum  panels. 
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(3)  Fluids  and  greases  shall  be  applied  to  suitable 
noncombustible  substrate  such  as  0*005  inch  thick 
fiberglass  cloth.  The  substrate  shall  be  allowed 
to  soak  in  the  fluid  for  a period  of  30.  minutes. 
Greases  shall  be  applied  to  the  substrate  in  a 
thickness  of  0.010  inch. 

Note;  Materials  and  components  that  will  be  used 

in.  an  Irregular  size  or  shape  shall  be  tested 
in  the  "as  purchased"  configuration.  Such 
samples  shall  be  attached  to  the  sample 
holder  by  fiberglass  or  metal  threads  when 
the  sample  cannot  be  held  by  the  sample 
holder.  This  includes  coaxial  cable,  thermo- 
couple wire,  other  low  energy  signal  wiring, 
•and  electrical  wiring. 

PRETEST  PROCEDURE 

The  following  pretest  checks  shall  be  performed  before 

test  start: 

a.  Verify  that  all  test  equipment  is  clean  and  is  in 
current  calibration,  and  that  analytical  equipment 
is  calibrated  and  operative. 

b:.  Observe  placement  of  motion  picture  camera(s) . 

c.  Verify  that  all  other  instrumentation  is  operative. 

d.  Verify  that  oxygen  comforms  to  the  classification 
specified  in  Paragraph  401. 4. c and  other  gases  are 
certified  as  required. 

e.  Verify  that  sample  is  correctly  identified. 

f.  Prepare  (3)  samples  as  specified  in  Paragraph  401.5. 

g.  If  samples  are  irregularly  shaped,  describe  the  shapes. 

h.  Weigh  the  samples  and  ^record  the  weight. 

i.  Record  volume  of  the  -ast  chamber  in  liters  verifying 
that  it  has  a volume  of  at  least  98  liters  and  is 
sufficient  to  assure  complete  combustion  of  the  sample 
under  test. 

j.  Mount  the  sample  in  the  sample  holder  and  verify  that 
the  exposed  center  section  is  2.0  + 0.1  inches  wide. 

k.  Position  the  sample  holder  within  the  chamber. 
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1,  Place  the  ignitor  horizontally  0,25  + 0.03  inches 
from  the  bottom  of  the  sample  at  the  midpoint  of  the 
(2  inch)  exposed  width, 

7.  TEST  PROCEDURE 

Testing  of  the  candidate  samples  shall  be  accomplished 
in  accordance  with  the  following  basic  procedure  for 
materials  which  will  be  applied  in  atmospheres  at  pressures 
lass  than  14,7  psia.  Materials  applied  in  atmosphere  at 
14.7  psia  (such  as  air)  way  be  tested  in  the  chamber  but 
the  leak  check  steps  can  be  deleted.  These  materials  may 
also  be  tested  in  a hood  but  precautions  must  be  taken  to 
baffle  the  test  sample  from  drafts.  The  applicable  steps 
of  the  procedure  shall  then  be  followed. 

a.  Evacuate  the  chamber  to  less  than  absolute  0,2  psia. 

b.  Isolate  the  chamber  and  monitor  the  pressure  for  one 
minute.  Testing  shall  not  begin  until  all  leaks  are 
corrected  (a  leak  is  Indicated  if  an  increase  in  pressure 
of  more  than  0.2  psia  occurs  in  two  minutes) . 

c.  Pressurize  the  chamber  with  test  gas  mixtures  at  the 
maximum  use  pressure. 

d.  Verify  composition  of  the  test  gas  mixture  using 
analytical  methods  that  are  accurate  and  appropriate 
for  the  test  conditions. 

e.  Allow  the  chamber  to  stabilize  at  the  test  pressure, 
then  soak  the  samples  in  test  gas  mixture  for  a period 
of  at  least  three  minutes. 

f . Verify  that  the  chamber  pressure  is  the  desired  test 
pressure,  then  isolate  the  chamber. 

g.  Start  the  motion  picture  camera  and  other  applicable 
instruments , 

h.  Apply  current  to  the  ignition  wire  until  the  silicone 
rod  ignites. 

i.  Record  whether  sample  is  noncombustible,  self -extinguishing , 
and/or  extent  of  burning. 

j.  Note  combustion  characteristics  (nature  and  color  of 
flame,  soot,  residue  and  other  pertinent  observations) . 
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k.  Record  the  final  pressure  in  the  chamber  and  the  final 
temperature  rise. 

l,  Return  the  chamber  to  the  normal  state. 

8.  REPORTING 


The  data  shall  be  reported  in,  accordance  with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Figure  2-1. 

The  following  special  data  are  required; 

a.  Combustion  Characteristics.  Distance  that  flame  progressed 
before  extinguishing,  flame  phenomena  and  temperature,  etc. 
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402  TEST  NO.  2 - DOWWAM)  propagation 

1.  PURPOSE 

The  purpose  of  this  test  is  to  determine  the  downward 
propagation  rate  of  materials, 

2.  CRITERIA  OF  ACCEPTABILITY 

Materials  shall  he  evaluated  for  individual  flame  propa~ 
gatlon  properties  to  provide  relative  rankings  for  materials 
review  and  selection. 

3.  TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERE 

The  test  pressure  and  gas  mixture  conditions  for  the 
pertinent  materials  category  shall  he  designated  hy  the 
program  office.  These  conditions  shall  he  representative 
of  the  most  hazardous  atmosphere  anticipated  in  the  space~ 
craft. 

4.  TEST  EQUIPMENT 

The  test  equipment  shall  be  the  same  as  that  in  401.4. 

5.  PROPAGATION  RATE  INDICATORS 

a.  A vertical  hank  of  a minimum  of.  four  thermocouple 
indicators  positioned  on  the  back  of  the  sample 
combined  with  a recorder  may  he  used  in  lieu  of  data 
from  other  devices.  A precision  of  at  least  5 per- 
cent shall  be  obtained  with  the  measuring  device, 
loss  of  more  than  one  thermocouple  or  loss  of  either 
end  point  ■thermocouple  will  Invalidate  the  test. 

h.  Motion  picture  measurements  may  be  used  in  lieu  of 
thermocouples  t°  measure  the  propagation  rate. 

c.  Visual  observations  using  manually  activated  timing 
devices  may  supplement  the  use  of  thermocouples  or 
motion  picture  measurements. 

6.  SAMPLE  PREPARATION 

Samples  shall  be  prepared  in  the  same  manner  as  described 
in  Section  401.5. 

7.  PRETEST  PROCEDURE 

The  pretest  procedure  shall  be  the  same  as  that  described 
Section  401.6. 


4-8 


TEST  PROCEDURE 

The  test  procedure  shall  be  the  same  as  that  described 
in  Section  401.7,  except  that  the  bottom  edge  or  surface 
of  the  Igniter  shall  be  placed  in  contact  with  the  top 
edge  of  the  sample, 

REPORTING 

Test  data  shall  be  reported  in  accordance  with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Figure  2-1. 
The  special  information  shall  be  the  same  as  required  under 
Section  401.8. 
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TEST  NO.  3 - ETLASH  AND  EIRE  POINT  TEST 

1.  PURPOSE 

The  flash  arid  fire  test  is  designed  to  evaluate  the  spark 
ignition  characteristics  of  materials  selected  for  appli- 
cation in  and  around  manned  spacecraft. 

2.  CRITERIA  OP  ACCEPTABILITY 

Flash  and' fire  points  shall  he  measured  and  recorded. 
Candidate  materials  shall  be  acceptable  for  design  if 
they  exhibit  a flash  point  above  400°F  and  a fire  point 
above  450'’F, 

3 . TEST  CONDITIONS—  PRESSURE  AND  ATMOSPHERE 

The  test  pressure  and  gas  mixture  conditions  for  the 
pertinent  materials  category  shall  be  designated  by  the 
program  office.  These  conditions  shall  represent  the 
most  hazardous  atmosphere  anticipated  in  the  spacecraft, 

4.  DEFINITIONS  ■ 

a..  Plash  Point.  The  flash  point  is  the  lowest  temperature 
at  Which  a material  will  give  off,  at  or  near  its 
Surface,  flammable  vapor  which,  when  mixed  With  the 
test  atmosphere  and  exposed  to  ai  ignition  source, 

Will  provide  a nonself-sustaining  flash  or  flame. 

Fire  Point.  The  fire  point  is  the  lowest  temperature 
at  Which  the  mixture  of  vapors  from  the  surface  of 
the  material  and  the  test  atmosphere  continue  to  burn 
after'  ignition.  A self-sustaining  self -propagating 
glow  shall  be  donsidered  equivalent  to  flaming  combustion 

5.  TEST  EQUIPMENT 

a.  Test  Chamber.  Thev test  chamber  shall  be  the  same  or 
equivalent  to  that  described  in  Section  401. 4i 

b(,  Spark  Ignition  Equipment*  Spark  needles  shall  be  made 
of  tungsten  shaped  to.  0.004  inch  radius  point*  Spark 
energy  shall  be  supplied  to  the  electrodes  using  the 
high  voltage  spark  generator  circuit.  The  total  spark 
energy  per  pulse  shall  be  50^  + 20.  milli joules  With  a 
spark  duration  of  2 + 1 milliseconds. 


FIGURE  4-1  WSTF  FLASH  & FIRE  POINT  TEST 
APPARATUS  & CONTROL  SYSTEM 


c.  Gas  Systems.  The  gas  mixture  delivery  system  shall 
consist  of  corrosion  resistant  steel  tubing  of  suit” 
able  size,  Wien  oxygen  used  in  conducting  the 
test,  it  shall  conform  to  specification  MIL-0-27210 
Type  I,  or  MIL-^P-25508  Type  I.  Equipment  used  to 
transfer  the  oxygen  to  the  test  chamber  shall  be  effi- 
cient and  safe  and  conform  to  the  requirements  of 
Type  D. 

d.  Flash  and  Eire  Sensor  Unit.  Flash  and  fire  events 
shall  be  determined  using  a sensor  unit  constructed 
as  specified  in  the  NASA  WSTF  drawing  252-10298. 

TEST  SPECIMEN  PREBARATION 

a.  The  desired  test  specimen  weight  is  0.500  grams.  If 
this  specimen  weight  cannot  be  realized  within  the 
adjustment  limitation  of  the  sample  cup  assembly,  then 
decrease  the  sample  weight  to  0.400  grams  (or  0.300 
grams. etc.). 

b . Bulk  materials , films , fabrics , and  foams  shall  be 
cut  to  a cylindrical  shape  0.6  inch  diameter  and  of 
sufficient  height  to  make  up  a specimen  weight  of 
0.500  + 0.005  grams.  The  cut  specimens  may  be  stacked 
to  make  up  the  required  weight. 

c.  Liquids,  powders,  lubricants,  greases,  or  small  solid 
items  shall  be  poured  or  otherwise  transferred  into 
the  cup  to  make  up  the  test  specimen. 

d.  Electrical  wire  insulation  shall  be  stripped  from  the 
wire,  cut  to  1/4  inch  lengths,  and  placed  in  the  cup 
to  make  up  the  test  specimen. 

e.  Paints,  coatings,  adhesives,  and  other  such  materials 
that  require  curing  before  testing  are  to  be  applied 
to  Teflon  in  the  "normal  usage"  thickness  and  then 
cured,  stripped  from  the  Teflon,  and  out  to  the  test 
configuration  (i.e.,  discs).  The  material  shall  then 
be  stacked  in  the  specimen  cup  to  provide  the  required 
sample  weight. 

f.  Materials  not  suited  to  testing  in  the  forms  described 
above  shall  be  tested  in  the  most  feasible  manner.  In 
any  event,  the  test  specimen  weight  shall  not  exceed 
0,500  + 0.005  grams  and  the  distance  between  the  speci- 
men surface  and  the  electrodes  shall  be  maintained  to 
0.750  + 0.025  inches. 
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g.  The  specimens  shall  be  cleaned  by  blowing  with  dry 
nitrogen  or  air. 

7.  TEST  PROCSDUBE 

a.  The  test  ch^ber  shall  be  thoroughly  cleaned  before 
each  test.  Black  light  may  be  used  to  detect  the 
presence  of  residue. 

b.  Place  0.500  + 0.005  grams  of  the  test  specimen  into 
the  cup. 

c.  Place  the  cup  in  the  cup  assembly. 

d.  Insert  the  spark  electrodes  and  adjust  the  spark  gap 
to  0.125  + 0.025  Inches. 

e.  Adjust  the  specimen  cup  assembly  so  that  the  distance 
between  the  specimen  surface  and  the  spark  gap  is 
0.750  + 0.025  inches. 

f.  Seal  the  test  chamber  and  evacuate  to  at  least  0.2  psia. 

Note;  A pressure  rise  greater  than  0.2  psia  in  two 

minutes  indicates  a leak  that  must  be  corrected 
before  proceeding  with  the  test. 

g.  Pressurize  the  chamber  to  the  desired  test  atmosphere 
and  pressure. 

h.  Allow  the  spark  to  discharge  across  the  electrodes  for 
a total  of  20  times  before  thermal  programming.  This 
step  will  establish  spark  uniformity. 

i.  Heat  the  specimen  at  the  rate  of  25  + 5*F  per  minute. 

A single  spark  shall  be  discharged  ‘once  for  each  lOj^^ 
seconds . 

j . Record  flash  and  fire  points  as  detected. 

k.  Testing  for  flash  and  fire  points  shall  be  stopped  when 
the  maximum  test  temperature  of  1000°F  has  been  reached. 

l.  Depressurize  and  cool  the  chamber  to  ambient  temperature. 

m.  Thoroughly  clean  the  sample  cups  and  interior  of  the 
cheunber. 

n.  Repeat  steps  403. 7. a through  m until  the  required  number 
of  samples  has  been  tested. 
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Et-EGTRONIG.  DETECTION  QF  FLASH  AND  FIRE 

A major  advantage  of  the  test  system  shown  in  Figure  4-1 
is  that  sensitive  instrumentation  and  visual  observation 
are  both  used  to  monitor  flash  occurrences  within  the 
chamber.  Some  materials  exhibit  an  apparent  flash  which 
has  been  defined  as  a ‘'halo”.  The  system  described  in 
Paragraph  403.5  records  this  halo  effect  and  differentiates 
between  the  halo  effect:  and  a true  flash  point.  This  is 
accomplished  by  means  of  an  oscilloscope,  operated  in  the 
storage  mode  so  that  the  spark  output  can  be  analyzed  and 
retained  on  the  scope's  display  console  after  its  occur- 
rence. Typical  spark  energy  outputs  observed  on  the 
oscilloscope  are  presented  in  Figure  4-2.  The  basic  spark 
output  is  characterized  as  shown  in  "A”  of  Figure  4-2. 

When  a material  that  exhibits  the  halo  is  being  tested, 
the  amplitude  of  the  basic  spark  output  generally  increases 
by  some  small  increment  with  each  spark  after  a certain 
temperature  is  reached  as  shown  in  "B"  and  ”D"  of  Figure 
4-2.  During  a period  when  the  halo  is  being  observed,  the 
displacement  (horizontal)  axis  is  vertically  constant;  only 
the  energy  amplitude  increases.  The  halo  does  not  propa- 
gate as  does  an  actual  flash.  The  halo  appears  like  an 
ionized  gas  that  adds  energy  to  the  spark  only  for  the 
duration  of  the  sparh.  An  actual  flash  self-propagates 
for  a time  period  longer  than  the  spark  time;  hence,  an 
increase  in  the  time  displacement  will  be  observed.  This 
is  illustrated  in  "C"  and  "D"  of  Figure  4-2.  Characteristics 
exhibited  by  materials  as  illustrated  in  "C”  and  ”D”  of 
Figure  4-2  are  difficult  to  differentiate  visually  from  the 
halo;  however,  the  instrumentation  display  clearly  indicates 
the  occurrence  of  a flash.  Examples  "E"  and  ”F"  of  Figure 
4-2  illustrates  the  shape  of  flashes  that  can  easily  be 
distinguished.  A sustained  flash  shall  be  considered  as 
the  fire  point. 

REPORTING 

The  test  data  shall  be  reported  in  accordance  with  instruc- 
tions contained  in  Paragraph  208  on  a form  similar  to 
Figure  2-1.  The  following  special  Information  shall  be 
reported: 

a.  Maximum  test  temperature. 

b.  Flash  point  temperature  “F. 

c.  Fire  point  temperature  °F. 

d.  Observations  (temperature  of  observed  halo,  sample 
discoloration , etc. ) 
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Figure  4-2  Typical  Oscilloscope  Displays  (Sheet  2 of  2 Sheets) 
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404  TEST  NO.  4 - ELECTRICAL  WISE  INSULATION  AND  ACCESSORY 

FLAMMABILITY  TEST 

1.  PURPOSE 

This  test  is  designed  to  screen  wire  insulation  and 
electrical  accessory  material  for  flammability  charac- 
teristics . Electrical  accessory  material  consists  of 
wire  bundle  sleeving,  heat  shrinkable  tubing,  solder 
sleeves,  bundle  ties,  cable  clamps,  and  identification 
tags . 

2.  CRITERIA  OF  ACCEPTABILITY 

Electrical  wire  insulation  and  accessories  shall  be 
noncombustible  in  the  test  atmosphere  during  the  appli- 
cation of  current  overloads  up  to  the  melting  point  of 
the  electrical  conductor  and  in  addition,  meet  the 
requirements  of  Test  No.  1. 

3.  TEST  CONDITIONS  ' - ' PRESSURES  AND  ATMOSPHERES 

The  test  pressure  and  gas  mistura  conditions  for  the 
pertinent  materials  category  shall  be  designated  by  the 
program  office.  Thee®  conditions  shall  represent  the 
most  hazardous  atmosphere  anticipated  in  the  spacecraft, 

4.  TEST  EQUIPMENT 

The  test  equipment  shall  be  the  same  as  that  described 
in  401.4,  items  a through  d. 

a.  Sample  Holder.  The  sanple  holder  shall  consist  of 
two  horizontally  mounted  electrical  connections,  i.e., 
knurled  bolts , spaced  12  Inches  apart , Three  non- 
flammable center  supports  shall  be  provided  to  support 
the  center  and  end  of  the  sample  wire  bundle.  The 
electrical  terminals  shall  be  connected  to  the  igni- 
tion power  source. 

b.  Ignition  Source . An  external  electrical  power  supply 
shall  be  provided  which  is  capable  of  providing  a 
large  steady  current  through  one  wire  of  the  sample 
bundle  so  that  a high  temperature  ^d.11  be  achieved 
quickly.  The  power  source  must  be  capable  of  supply- 
tog  a current  lOZ  above  the  nominal  fusion  current 
for  the  gage  wire  being  tested  in  accordance  with 
the  following  schedule. 
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Wire  Gage  Initital  Test 

Nominal  Fusion 

N6. 

current  ■ (aiftps) 

Current  ■ (amps) 

28 

10 

15 

26 

15 

20 

24 

20 

30 

22 

25 

40 

20 

40 

60 

18 

60 

80 

16 

lOO 

120 

14 

140 

.160 

12 

205 

225 

iq 

230 

300 

SAMPLE  PREPARAKON 

a.  Wire 

Insulation  SMples 

Cl) 

Insulated  wire  samples  shall  be 

free  of  cuts. 

abrasions,  or  other  fla'tra  as  determined  by  cx  se 

visual  Inspection. 

(2) 

Prior  to  testing,  the  samples  shall  be  cleaned 
of  foreign  matter  and  residue  using  a method 
compatible  with  the  insulation  being  tested. 

(3)  A test  bundle  of  seven  insulated  wires,  six  of 
which  are  12  inches  in  length  and  the  seventh 
wire  13  inches  iii  length,  shall  be  tightly  bound 
together,  using  Bently-Harfis  Si’FE”30  or  equi- 
valent lacing  tape,  in  four  places  approximately 
3 inches  apart.  The  13  inches  length  of  wire 
shall  be  positioned  on  the  exterior  of  the  bundle 
in  intimate  contact  with  adjacent  wires  and  shall 
be  stripped  of  i/2  inch  of  insulation  on  each 
end.  A crimp  spade  lug  terminal  shall  be  used 
at  each  end  to  terminate,  the  overload  wire  and 
provide  a heat  sin’e.  The  Wires  shall  be  laid 
up  parallel  to  each  other  and  one  end  of  the 
bundle  shall  be  twisted  180®  relative  to  the 
other.  Blectrical  harnesses  and  accessories  as 
used  in  actual  applications,  including'  connectors, 
laay  be  used  in  lieu  of  the  above  configuration. 

The  mating  connector  Xfith  electrical  wiring  to 
power  electrode  must  be  either  ceramic  Insulated 
wire  or  bare  copper  wire  of  lower  gage  number 
than  that  used  in  the  test  bundle. 
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b.  Electrical  Wire.  Accessories 


(1)  Accessory  specimens  shall  be  free  of  cuts,  abrasions 
or  other  flaws  as  determined  by  close  visual 
inspection. 

(2)  Accessory  specimens  shall  be  Installed  over  or 
adjacent  to  wire  bundles,  prepared  per  Para- 
graph 404.5,  in  the  manner  in  which  they  are 
intended  to  be  installed  in  the  spacecraft. 

6.  PRETEST  PROCEDURE 

a.  Verify  that  all  test  equipment  is  clean  and  in  current 
calibration. 

b.  Verify  gas  certification. 

C 

c.  Visually  inspect  each  sample  (there  shall  be  no  cuts, 
abrasions,  or  other  flaws) . 

d.  Prepare  three  samples  per  Paragraph  404. 5. a. 

e.  Install  wire  accessories  per  Paragraph  404.5 .b. 

Document  installation  configuration  details. 

f.  The  sample  bundle  shall  be  mounted  in  the  sample 
holder  and  positioned  within  the  test  chamber  by 
fastening  one  end  of  the  stripped  wire  to  each  of 
the  electrical  connection  posts . The  sample  bundle 
shall  he  supported  in  the  middle  by  a center  support, 
constructed  with  a nonflammable  material. 

g.  Record  wire  gage  number. 

h.  Record  power  supply  current  capability  in  amps.  Power 
supply  must  meet  the  requirement  of  Paragraph  404. 4. b 
for  the  gage  wire  being  tested. 

i.  Record  thickness  of  wire  insulation  in  mm. 

j.  Record  volume  of  chamber  in  liters, 

7.  TEST  PROCEDURE 


Testing  of  the  candidate  samples  shall  he  accomplished 
in  accordance  with  the  following  basic  procedure  for 
materials  which  will  he  used  in  atmospheres  at  pressures 
less  than  14.7  psia.  Materials  used  in  an  atmosphere  at 
14.7  psia  (such  as  air)  may  be  tested  in  the  chamber  but 


the  leak  check  steps  can  be  deleted.  These  materials 
may  also  be  tested  in  a hood  but  precautions  must  be 
taken  to  baffle  the  test  samples  from  drafts.  The  appli- 
cable steps  of  the  procedure  shall  then  be  followed, 

a.  Evacuate  the  chamber  to  0.2  psia  or  less. 

b.  Allow  the  chamber  to  stand  for  two  minutes,  A leak 
is  indicated  if  an  increase  in  the  test  chamber  vof 
greater  than  0.2  psia  is  observed  at  the  end  of  that 
time.  If  a leak  occurs,  the  chamber  will  be  brought 
to  atniospheric  pressure,  leak  corrected,  and  steps 
404, 7, a and  404, 7.b  repeated.  Repressurize  the  chamber 
to  test  pressure  with  the  test  gas. 

c.  After  the  chamber  has  stabilized  at  test  pressure, 
soak  the  specimen  for  at  least  thii.<e  minutes.  Record 
soak  time. 

d.  Verify  chamber  pressure  is  test  pressure  and  isolate 
the'  chamber, 

e.  Apply  a current  per  initial  test  currant  of  Paragraph 
404. 4.b  to  the  wire.  If  ignition  is  not  obtained  in  one 
minute,  the  current  shall  be  increased  in  5 amp  steps 

at  one  minute  intervals  until  the  wire  fails  or  igni- 
tion occurs.  If  the  wire  fails,  the  voltage  shall 
remain  applied  to  the  overloaded  wire  until  it  is 
positively  established  that  cufrent  does  not  flow  by 
bridging  the  gap  to  adjacent  conductors, 

f . Record  current  level  at  which  ignition  occurred  or  the 
wire  failed.  Record  if  combustion  was  sustained  or 
halted  upon  removal  of  ignition  source, 

g.  Return  the  chamber  to  the  normal  state. 

REPORTING 


Test  data  shall  be  reported  in  accordance  with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Figure  2-1, 
The  following  special  data  shall  be  reported: 

a.  Configuration  of  the  test  item. 

b.  Combustion  characteristics  and  phenomena j self- 
extinguishing  or  burned. 

c.  Current  level  at  end  of  test. 
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Legend; 


Test  Gas 


Vg  = Vacuum  Gage  L — ^ . 

DC  = 28  vdc  Power  supply 
V = Variable  Resistor 
A = 0 100  Amp  Ammeter 

C = Gen  oral  Connector  Mount 
PT06  = Bendix  PT  Q6-CP-18-11P  Straight  Plug 
PT07  = Bendix  PT  07-CP-18-11S  dam  Nut  Receptacle 


Figure  4-3  Potting  Flammability  Test  Equipment  Schematic- 
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FIGURE  4-4.  SAMPLE  CONFIGURATION 


405  TEST  NO.  5, ELIOTRICAL  CONNECTOR  POTTING  MP  CONFOH^ 

COATINGS  PLAMMSlLlTY  TEST 

1.  PURPOSE  : 

This  test  evaluates  the  flammahility  characteristics  of 
spacecraft  potting  and  coating  compounds  in  a specific 
gas  atmosphere  environment.  It  is  designed  to  simulate 
a short  circuit  or  dielectric  breakdown  of  current  carry-^ 
ing  wires,  or  connector  contacts  within  the  potting  or 
coating  used  to  envlronmenfally  seal  electrical  connectors 
and  circuit  hoards, 

2.  CRITERIA  OF  ACCEPTABIPITY 

Connector  potting,  and  coating  compounds  shall  be  non- 
combustible in  the  test  atmosphere  during  the  application 
of  current  overloads  up  to  the  melting  point  of  the  electri- 
“lal  conductor  and  in  addition,  meet  the  requirements  of 
Test  NOo  1. 

3,  TEST  CONDITIONS  • - PRESSUPJiS  AND  ATMOSPHERES 

The  test  pressure  and  gas  mixture  conditions  for  the 
pertinent  materials  category  shall  be  designated  by  the 
program  office.  The  conditions  shall  represent  the  most 
hazardous  atmosphere  anticipated  in  the  spacecraft. 

4,  TEST  EQUIPMENT 

The  test  equipment  shall  be  the  same  as  that  described 
in  401,4,  items  a through  d, 

a.  Sample  Holder  and  Connector  Mount,  The  sample  holder 
shall  consist  of  two  horizontally  mounted  electrical 
collections  (bolt  with  knurled  mts)  spaced  12.  inches 
apart.  The  electrical  terrainals  shall  be  connected 
to  the  ignition  power  source,  A central  connector 
consisting  of  a ve^tlcai  pan®!  '^Filled  to  receive  a 
horizontal  BendixPT07  jam  Nut  Receptacle  or  equi- 
valent shall  be  provided,  See  Figures  4-3  and  4-4. 

b,  ■ Ignition  Source  external  power  supply  shall  be 

provided  which  is  capabla  of  providing  a large  steady 
current  so  a high  temperature  will  be  achieved  quickly. 
The  power  source  must  be  caipa^’lu  of  supply  100  amperes 
of  current  through  the  No,  18  A^G  overload  conductor. 
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SAMgI.E 

a.  Prepare  three  samples’  for  eaciv  candidate  pott^tog 
compound  per  Paragraphs  405.5, h through  405, 5, j 
below. 

Note:  Electrical  harness  and-  accessories  as  used 

in  actual  appllcatigne  including  conaectors 
may  be  used  in  lieu  of  the  hardware  called' 
out  below^j-  A di*?2t<5h  short  must  be  Built 
into  this  system. 

b.  Prepare  a 0 inch  length  of  A\?G  18  white  Teflon  insulated 
wire  OaL-W'-1687S/’Type  E,  or  MlE-tr-22759,  Type 
MS219852  as  follox^ss 

Cl)  Form  a U-bend  in  the  middle  of  the  wire  and 

etch  the  center  4 inches  per' JSC  Specification 
Q-3. 

(2)  Strip  1/4  inch  insulation  from  each  end. 

(3)  Cut  the  wire  in  half  such  that  2 inches  of  etched 
insulation  remain  on  the  unstripped'  end  of  eaCh 

3 inch  length. 


c;  Prepare  two  6 inch  lengths  of  AWG  12  tjhite  TFE  Teflon 
insulated  wire.  Strip  1/2  inch  of  insulation  from 
one  end  of  each  wire  1/4  inch  from  the  other  end. 

d.  Crimp  the  1/4  inch  exposed  AW&  12,  6 inch  wire  to  the 
1/4  inch  exposed  AWG  18,  3 inch  wire  using  a standard 
copper  barrel  crimp  sleeve.  Repeat  for  the  second  wire, 

e.  Slide  a 1 Incb  length  of  Ffip  Teflon  heat  shrinkable 
sleeving  over  each  barrel  crimp j shrink  using  a hot  air 
gun.: 

f. ;  Obtain  a Bendix  Pygmy  PTQ6CP'^18-11P  Straight  Plug  or 

equivalents  Take  the  ‘wires  prepared  and  stripped  per 
Paragfaph  405 *5>b  above  and  crimp  one  wire  to  contact 
K and  the  second  wire  to  adjacent  contact  L (see 
. Figure  4-4) . 

g.  Crimp  nine  etched  white  AWG  18  Teflon  insulated  wires, 
each  6 inches  iongj  In  the  remaining  Contacts. 

h.  Place  the  potting  boot  on  the  connector  an.d  fill  with 
the  candidate  potting  compound,  per  the  manufacturer’s 
instructions . Ensure  that  the  potting  compound  is 
within  the  recommended  shelf  life.  Ensure  that  all 


steps  are  followed  exactly  as  they  ^tsld  be  In 
flight ‘hardware,'  incltiding  cleaning  and  priming 
of  connector  rear  insert  for  bondable  capability, 
degassing  potting  compound,  proper  humidity  control, 
etc.  . 

i.  Cure  per  applicable  user’s  procedure  or  manufacturer’s 
recommended  time/ temperature  for  optimum  properties. 

j.  Remove  potting  boot. 

6.  CENTRAL  CONNECTOR  PREPAMTION 

a.  Prepare  three  central  connectors  per  Paragraph  405, 6. b 
through  e, 

b.  Obtain  a Bendix  Pygmy  PT07CP-18-11S  Jam  Nut  Receptacle 
or  equivalent.  Crimp  a short  ANG  16  Teflon  insulated 
jumper  between  contact  K and  contact  L (see  Figure 
4-4). 

c.  place  the  potting  boot  on  the  connector  and  fill  with 
the  compound  to  be  tested, 

d.  Cure  per  manufacturer’s  instruction. 

e.  Remove  potting  boot. 

7.  SAMPLE  PREPARATION  FOR ' COATING ' GOMOUNDS 

a.  Prepare  three  samples  for  each  candidate  conformal 
coating  compound  as  follows; 

Cl)  Obtain  an  eight  lug  NAS 1066-3-8  terminal  block. 
Mount  to  a 4 X 15  x 0.020  inch  aluminusi  base 
plate.  See  Figure  4-5, 

# 

(2)  Prepare  a 14  inch  length  of  A¥G  18  white  Teflon 
insulated  wire  (MIL-W-22759,  Type  MS21985)  as 
follows ; 

Ca)  Form  a U-bend  in  the  middle  of  the  wire 

and  etch  the  center  4 inches  per  JSC-SPEC- 
Q-3. 

(b)  Cut  the  wire  in  half  and  strip  1/2  inch 
of  insulation  from  all  four  ends. 

(3)  Etch  2 inches  of  one  end  of  each  of  six  additional 
AWG  18  Teflon  Insulated  wires,  each  6 inches  long, 
per  jsC'-SPEGMJ-3  , Strip  1/2  inch  of  insulation 
from  the  etched  ends. 


C4)  Form  a U-bend  iu  the  middle  qf  a 10  inch  length 
of  AW6  20  white  Teflon  insulated  wire  and  etch 
the  center  4 inches  per  JSG-SPEC--Q-3.  Cut  the 
etched  portion  of  the  tTire  to  obtain  a jumper 
3 inches  long a all  of  which  is  etched.  Strip 
1/2  inch  from  each  end. 

(5)  Obtain  ten  MS2Q659  terminal  lugs  and  crimp  per 
manufacturer’s  instructions  to  conductors  at 
etched  ends  of  wires  prepared  per  7, a. (3)  and 
(4)  above. 

(6)  Fasten  the  nine  wires  to  the  terminal  block  as 
shown  in  Figure  4-5,  using  standard  terminal 
board  hardware , 

(7)  Overcoat  the  base  plate,  terminal  block,  wire 
lugs,  and  wire  insulation  to  within  1/8  inch 

of  the  end  of  the  etched  portion  with  the  candi- 
date primer  (if  applicable)  and  conforaial  coat- 
ing compound,  applied  to  recommended  thickness 
and  in  accordance  with  recommended  application 
techniques . 

(8)  Cure  per  recommended  time/teraperature  process. 

TEST  PROCEDUBE  FOR  POTTED  CONNECTORS 


Testing  of  the  candidate  connector  samples  shall  be 
accomplished  in  accordance  VTith  the  following  basic  pro- 
cedure for  materials  which  will  be  applied  in  atmospheres 
at  pressures  less  than  14.7  psi  absolute . Materials 
applied  in  an  atmosphere  at  14.7  psia  may  be  tested  in  the 
chamber  but  the  leak  check  (step  2)  can  be  deleted.  These 
materials  may  also  be  tested  in  a hood  but  precautions 
must  be  taken  to  baffle  the  test  samples  from  drafts.  The 
applicable  steps  of  the  procedure  shall  then  be  followed. 

a.  After  verifying  the  test  gas  certification,  the  sample 
prepared  per  Paragraph  405.5  and  405.6  shall  be  mounted 
in  the  sample  holder  by  locking  the  PT06CP  plug  to  the 
PT07GP  receptacle  which  has  been  placed  in  the  vertical 
panel  provided  for  it,  and  fastened  with  a threaded 
locknut.  The'  stripped  ends  of  the  lengths  of  wire 
crimped  into  the  plug  shall  be  fastened  to  the  current 
supply  terminals  of  the  sample  holder. 

b.  The  test  chamber  shall  be  evacuated  to  a pressure  of 
0.2  psia  dr  less  and  repressurized  to  the  test  pressu^^e 
with  the  test  atmosphere.  Allow  the  chamber  to  stand 
for  one  minute.  A leak  is  indicated  if  an  increase  in 
test  chamber  pressure  of  0.2  psia  is  observed  during 
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NAS1066-3-8  TERMINAL  BLOCK  ASSEMBLY* 

^Procurable  from  Olympic  Plastic  Co., 

3471  So.  La  Cienega  Blvd. , Los  Angeles,  Calif., 
or  Seastrom  Mfg  Co.v  701  Sonora,  Glendale,  Calif. 

Note;  Shaded  areas  to  be  coated  with  candidate  conformal  coating. 


FIGURE  4-5  * 


the  five  minute  perS^od  after  the  vacuum  pump  la 
cloaed  off  from  the'  syatem,  The  system"  shall  he 
brought  to  atmosphere  pressure  and  the  leak- corrected 
hefpre  any  additional  tests  are  carried  out,  Repeat 
the  ahove  procedure.  Verify  atmospheric  composition 
hy  suitahle  analytical  methods. 

Q.  After  the  test  chaiJiber  has  been  stabilized  at  the 

test  pressure,  soak  the  specimens  three  to  ten  minutes. 
Apply  a current  of  55  amperes  to  the  wire.  If  igni- 
tion or  considerable  degradation  is  not  obtained  in 
one  minute,  the  curKent  shall  be  Increased  five  amperes 
per  minute  (i.e,,  from  55  to  60  and  60  to  65,  etc.) 
until  such  time  as  the  wire  falls  or  ignition  occurs. 

If  the  wire  fails,  voltage  shall  remain  applied  to 
the  open  wire  for  one  minute  to  establish  that  current 
does  not  flow  by  bridging  the  gap  to  adjacent  conductors. 

d.  Three  samples  of  each  potting  compound  shall  be  tested. 

The  failure  of  any  one  sample  to  meet  the  criteria  of 

• Paragraph  405.2  shall  be  cause  for  rejection  of  that 
compound. 

e.  The  chamber  shall  be  returned  to  the  normal  state  at 
the  conclusion  of  the  test. 

9.  TEST  PROCEDURE  FOR  COATING ' COMPQUMDS 

Testing  of  the  candidate  coating  samples  shall  be  accomplished 
in  accordance  with  the  following  basic  procedure  for  materials 
which  vrill  be  applied  in  atmospheres  at  pressures  less  than 
14.7  psla.  Materials  applied  in  an  atmosphere  at  14.7  psia 
may  be  tested  in  the  chamber  but  the  leak  check  (step  2)'  can 
be  deleted.  These  materials  may  also  be  tested  in  a hood 
but  precautions  must  be  taken  to  baffle  the  test  samples 
from  drafts.  The  applicable  steps  of  the  procedure  shall 
then  be  followed. 

a.  The  sample,  prepared  per  Paragraph  405.7,  shall  be 
placed  in  the  chamber  and  the  stripped  end  of  each 

7 inch  wire  shall  be  fastened  to  a chamber  electrical 
connection. 

b.  After  verifying  the  test  gas  certification,  the  test 
chamber  shall  be  evacuated  to  a pressure  of  0,2  psia 
and  repressurtzed  to  the  test  pressure  with  test  atmos- 
phere, Allow  the  chamber  to  stand  for  tWo  minutes.  A 
leak  is  indicated  if  an  increase  in  test  chamber  pressure 
of  0.2  psia  is  observed  during  the  two  minute  period 
after  the  vacuum  pump  is  closed  off  from  the  system. 

The  system  shall  be  brought  to  atmospheric  pressure  and 
the  leak  corfeCted  before  any  additional  tests  are 
carried  out.  Repeat  the  above  procedure. 
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c.  After  tb,e  test  chamber  has  been  stabilized  at  the 
teat  pressure,  soak  the  specimens  3 to  10  minutes. 

Apply  a current  of  40  amperes  to  the  wire.  If  igni- 
tion or  considerable  degradation  is  not  observed  in 
one  minute,  the  current  shall  be  increased  5 amperes 
per  minute  (i.e,,  from  40  to  45  to  50,  etc.)  until 
such  time  as  the  wire  fails  or  ignition  occurs.  If 
the  wire  fails,  voltage  shall  remain  applied  to  the 
open  wire  until  it  is  positively  established  that 
current  does  not  flow  by  bridging  the  gap  to  adjacent 
conductors . 

d.  Three  samples  of  each  candidate  conformal  coating 
shall  be  tested.  The  failure  of  any  one  sample  to 
meet  the  criteria  of  Paragraph  405.2  shall  be  caused 
by  rejection  of  that  coating, 

10.  BEPOBTING 

Test  data  shall  be  reported  in  accordance  with  instructions 

contained  in  Paragraph  208  on  a form  similar  to  Figure  2-1. 

The  following  Special  information  shall  be  reported. 

a.  Current  level  at  the  end  of  the  test. 

h.  B,esults  of  each  test  Including  combustion  phenomena 
if  ignition  occurs. 
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406  TEST  NO.  6 - ODOR  TEST 


1.  PUBPOSE 

The  purpose  of  this  test  is  to  determine  the  odor 
characteristics  of  materials.  A material  that  fails 
these  requirements  shall  not  be  used. 

Notes  The  results  of  Test  No.  7 .shall  be  reviewed 
before  conducting  this  test  so  that  members 
of  the  odor  team  are  not  inadvertently  ex- 
posed to  toxic  offgassing  products. 

2,  ODOR  TEST  REQUIBEMENTS  AND  CRITERIA 

a.  Prerequisites  to  Selection  6f  Odor  Evaluation  Test  Panel. 


(1)  Review  NMI7100.8  "Human  Research  Policy  and  Pro- 
cedures" to  determine  applicable  procedure. 

(2)  Prepare  protocol  and  authorization  of  human 
research  where  required  by  Paragraph  8,  NMI7100.8. 

(3)  Prepare  voluntary  consent  forms  for  signature  of 
test  panel  members  where  required  by  Paragraph  6, 
NMI7100.8. 

b . Selection  of  Test  Panel  for  Odor ' Evaluation 


(1)  The  test  conductor  shall  establish  a pool  of 
qualified  personnel  composed  entirely  of  either 
NASA  or  contractor  personnel. 

(2)  Where  contractor  personnel  are  used,  NASA  con- 
tracts shall  include  human  research  activity 
within  the  statements  of  work  in  order  that  appli- 
cable state  workmen’s  compensation  statutes  will 
apply  in  the  event  of  injury. 

(3)  Each  member  of  the  pool  shall  be  capable  of  detecting 
seven  basic  odors  from  the  following  solutions: 


Primary 

Odor 


Standard 

Compound 


Amount  Dilution 
In  Water 


Ethereal 

Camphoraceous 

Musky 

Floral 

Minty 


1,2-Dichloroethane 

1,8-Cineole 

15-Hydroxpentadecanoic 
acid  lactone 

l-methyl-l-ethyl-2  phenyl 

propanol-1 

methone  Cdl) 


0.4  ml  in  500  ml 
5 jil  in  500  ml 

1 mg  in  1,000  ml 

0.07,5  ml  in  500  sal 

2 ul  in  333  ml 
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Primary 

Odor 


Standard  Amount  Dilution 

Coiflgdund  In  Ifater 


Pungent 

Putrid 


Pormic  acid 

Methyl  disulfide 
(Methyl  dithiomethane) 


25  ml  of  90  jpercent 
solution  in  500  ml 
1 ul  in  10,000  ml 


(4)  Members  of  the  pool  shall  be  given  three  odorless 
solutions  along  wJ,th  the  seven'  primary  standards 
for  detection  of  odor. 

(5)  The  solutions  Shall  be  freshly  prepared  once  a 
month  or  as  needed  and  stored  in  closed  amber 
bottles  away  from  heat  sources  and  direct  sunlight. 

C6)  The  established  pool  for  odor  evaluation  shall  be 
requalified  every  three  months. 

(7)  A.  panel  of  at  least  five  members  shall  be  selected 
from  the  pool  for  odor  evaluations. 

C8)  Odor  panel  members  shall  receive  a nose  and  throat 
examination  by  a medical  staff  member  before  and 
after  each  odor  test  session. 

(55  Members  of  the  pool  shall  not  participate  on  the 
panel  if  their  sense  of  smell  is  affected  in  any 
manner  such  as  by  recent  smoking,  ingestion  of 
highly  flavored  foods,  and  exposure  to  pungent 
vapors . 

(10)  At  least  one  of  the  seven  odors  shall  be  presented 
to  the  panel  as  a standard  for  sensing  odor  before 
evaluation  of  odors  from  any  sample  material. 

(11)  Panel  members  shall  not  be  permitted  to  see  the 
material,  nor  to  know  the  gas  sample  being  evalu- 
ated for  odor,  nor  to  see  the  ratings  of  the  other 
panelists. 

(12)  Odor  evaluation  on  sample  materials  shall  be 
performed  in  a room  actively  ventilated  and  free 
from  extraneous  odors. 

(13)  Odor  evaluations  shall  be  performed  on  every  new 
■ bottle*  of  oxygen  or  gas  used  for  the  tests. 

(14)  Provisions  shall  be  made  for  flushing  the  face 
mask  of  residual  odors. 
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c.  O'ior  Evaluatloina  and  Aecapfcance  Criteria 


M6mb6£a  Rating  Teat  C6aduct6g*s  Rating 


Undetectable  0 
Barely  Detectable  1 
Easily  Detectable  2 
Objectionable  3 
Irritating  4 


An  average  rating  of  2.5  or  lower  of  any  sample  material 
by  the  panel  members,  signifies  the  material  passes  the 
odor  test. 

3.  TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERE 

a.  The  test  pressure  and  gas  atmosphere  conditions  for  ' ne 
pertinent  materials  category  shall  be  designated  by  the 
program  office. 

b . Leak  Check.  The  test  system  shall  not  increase  in 
pressure  more  than  0,2  psia  while  remaining  at  a 
reduced  pressure  of  0,2  psia  for  a time  period  of 
one  hour  after  isolation  from  the  pump. 

c.  The  sample  materials  shall  be  heated  at  test  temperature 

corresponding  tq  their  maximum  use  temperature  +10*pfor 
a test  duration  of  at  least  72  hours.  - 0® 

d.  Odor  evaluations  shall  be  performed  within  72  hours 
of  the  conclusion  of  the  thermal  treatment. 

e.  All  measuring  equipment  shall  have  the  proper  cali- 
bration stickers, 

f . All  equipment  shall  be  cleaned  in  accordance  with 
commonly  accepted  laboratory  practices  and  shall  be 
given  a distilled  water  rinse  and  oven  dried  at  a 
minimum  temperature  of  200®F.  The  equipment  shall 
be  free  of  extraneous  odors  and  contaminants  before 
each  use. 

4.  TEST  EQUIPMENT 

a.  Test  Chamber.  The  test  chamber  shall  be  made  of 
Pyrex  glass  and  its  internal  voltime  shall  be  two 
liters  minimum.  The  test  chamber  shall  have  the 
following ; 

(1)  A gas  tight  removable  cover. 


(2)  A sampltog  valve. 

(3)  A sampling  port  capable  of  being  sealed  with 
a septum,  A laboratory  vacuum  dessicator  may 
be  used  as  a test  chamber, 

b.  Oven,  The  oven  shall  be  capable  of  pjroviding  a 
constant  interior  temperature  from  70  + 2’F  up  to 
200  + S'*?. 

c.  Test  Gas  Supply.  Ttie  test  gas  shall  be  commercially 
available  and  conform  to  the  appropriate  specif icaitions. 
Suitable  equipment  for  transferring  gas  to  the  test 
chamber  shall  be  used. 

3 

d.  Sample  Transfer  Equipment.  Glass  syringes,  of  3 cm 
mintmvim  capacity,  shall  be  used  for  measuring  and 
transferring  sample  atmospheres  from  the  test  chambers 
to  the  panel  members’  face  mask. 

e.  Bressure  Gage « The  pressure  gage  shall  be  capable  of 
measuring  absolute  pressures  to  within  0.2  psia 
accuracy. 

f . Olfactometer.  The  olfactometer  shall  consist  of  a 
mask  made  of  odorless  flexible  material  which  can  be 
applied  to  a panel  member’s  face. 

g. '  Odor  Testing  Equipment.  All  odor  testing  equipment 

shall  be  nonproducers  of  odor  and  carbon  monoxide, 
as  set  forth  under  the  test  conditions  in  Paragraph 
406.3. 

5.  TEST  SPECIMENS  PREPARATION 

a.  Categories . All  the  materials  to  be  tested  shall  be 
classified  into  four  categories; ‘surface,  volume,  weight, 
or  specialized'  items. 

b.  Samples  Based  on  Surface.  This  classification  is  defined 
as  all  those  materials  that  are  essential3.y  two  di~ 
mensioaal.  This  would  include  films,  fabrics,  coating, 
finishes,  inks,  primers,  adhesives,  thin, film  lubri- 
cants, tapes,  and  electrical  insulating  materials. 

(1)  The  sample  tested  shall  have  a suTiTface  area  of 
46.5  +2.5  square  inches  per  liter  of  test 
chamber.  Coatings,  finishiiigs,  etc.,  shall  be 
coated  on  clean  aluminum  substrate  of  0.020  + 0.001 
inch  thickness.  Material  thickness,  curing  process. 
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and  method  oS  application  shall  fee  accordance 
’trf.th  the  manulacthrer  ’s  racbmmendatlona.  Material 
may  fee  coated  on  feoth  sides  of  the  aluminum  panel. 

Tapes  and  other  similar  materials  with  an  adhesive 
surface  shall  fee  fastened  to  a similar  aluminum 
panel.  In  all  cases,  only  the  outer  surfaces  of  a 
material  on  the  aluminum  panel  la  counted  in  the 
surface  area  determinations.  Films,  faferlcs,  and, 
similar  materials  shall  fee  cut  to  give  46,5  + 2.5 
square  Inches  surface.  Because  these  materials 
axe  two  surfaced  in  use,  feoth  the  top  and  bottom 
surface  shall  fee  counted  in  determining  total 
surface  area.  Heat  shrinkable  tubing  shall  be 
applied  and  shrunk  to  simulate  actual  use  configuration. 

c.  samples  Based • on  volume 

(1)  '’'his  classification  is  defined  as  all  those  materials 
having  a definite  volume  but  having  a large  real 
surface  area  due  to  surface  convolutions  or  matting. 
These  shall  include  foams  and  other  blown  or  foamed 
materials  and  insulation  padding. 

(2)  Samples  of  these  materials  shall  fee  cut  to  a 
thickness  of  0.50  + 0,05  inch  unless  the  existing 
thickness  is  less  than  0.50  inch.  In  this  case,  . 
the  existing  thickness  shall  fee  used.  The  material 
shall  fee  cut  to  such  a size,  as  to  give  7.75  + Qi75 
square  Inches  of  total  surface  per  liter  of  teat 
container  voltime.  All  surfaces,  tops,  bottoms, 
and  sides  shall  fee  used  to  compute  total  surface 
area.  In  cases  where  the  natural  thickness  is 
such  that  the  material  cut  would  fee  too  la,rge  to  fee 
placed  into  the  container,  two  or  more  pieces' may 
fee  cut  as  Ipng  as  the  total  surface  area  requirement 
is  met. 

d.  samples  Based  on' i^?eight 

(1)  This  classification  is  defined  as  all  those ' 

materials  having  a definite  bulk  and  not  falling 
into  the  volume  classification.  This  shall  in~ 
elude  potting  compounds,  molding  compounds,  cast 
or  formed  objects,  solid  wires,  and  thick  plastics. 
Liquids  that  are  not  used  or  applied  as  coatings 
or  thin  films  shall  fee  Included. 

(2i  The  samples  shall  fee  used  as  much  as  possible  in 
the  supplied  configuration  and  cut  to  give  5.0  + 

0.25  grams  per' liter' of  chamber  volume.  Potted 
or  molded  materials  shall  fee  prepared  and  cured 
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pay  mnufacfeuKer’s  diKecfei,piis  and  cut  to. weigh.®. 
Liquids  sha*  I he  placed' in  suitatile  honreacitivc 
dlshea' 2.25  Q.25  incheh' in  diameter , Sample 

weight  shall  he  5.0-+  0,25  grams  per  liteir  of 
test  chamber  volume, 

e.  specialized  • Items , It  must  he  recognized  that  s.-vme 
materials  will  not  meet  the  above  clasaificatios.?  md 
must  he  specially  handled.  This  will  most  often 
occur  with  nonhomo geneous  materials.  These  cases  wi,ll 
be  tested  in  the  manner  designated  by  the  Test  Engineer 
in  charge.  The  manner  of  testing  and  sample  prepara- 
tion shall  he  fully  reported. 

6.  PRETEST  PROGEDURE 


Before  odor  testings,  candidate; 'in tecrials -must  have  'been 
tested  for  total  organics  and  carbon  monoxide  and  must 
meet  those  criteria  of  acceptability. 

7.  TEST  PROCEDURE 


The  procedure  shall  be  conducted  in  "the  following  orders 

a.  Sample  materials  shall  he  prepared  according  to  the 
conditions  outlined  under  sample  preparation  in 
Paragraph  406.5. 

b.  After  placing  the  sample  material  in  the  test  chamber, 
the  chamber  shall  he  evacuated  to  0.2  psia  or  less. 

The  test  chamber  shall  then  be  pressurized  to  test 
pressure  and  test  atmosphere. 

c.  The  test  chamber  shall  be  exposed  to  a temperature  not 

to  exceed  the  actual  use  temperature  +1^  F oven 

for  a time  period  at  least  72  hours,  allowing  time  for 
initial  warm“up. 

d.  Following  the  isothermal  exposure,  the  test  chamber 
shall  be  removed  from  the  oven  and  allowed  to  return 
to  room  temperature, 

e.  The  pressure  in  the  test  chamber  shall  be  measured  and 
recorded  after  return  to  room  temperature, 

f . Observation  of  distillable  residues  on  Interior  chamber 
walls  shall  be  made  and  recorded. 

g.  The  test  chamber  shall  be  pressurized  to  ambient 
atmospheric  pressure  T^ith  test  gas  and  a sampling  septum 
installed. 


h.  Odoy  Kiiowiii  volumas’  o?  sample  atmosphere  shall 

be  estracted'  from  the’,  teat  chainber  by . means  of  a 
syringe  and  diluted’ with  fresh  gas  in  the  following 
proportions, 

(1)  One  part  of  sample  atmosphere  to  29  parts  of  teat 
.gas, 

C2)  One  part  of  sample  atmosphere  to  9 parts  of  teat 
, gas. 

C3)  No  dilution,  or  as  drawn  from  the  flask. 

(4)  Odor  dilutions  shall  be  administered  to  panel 
members, at  random, 

.■REPORTING 

Test  data  shall  be  reported  in  accordance  ■with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Figure  2~1» 
The  following  special  information  shall  be  reported? 

a.  Average  rating  numbers  determined  by  the  panel  members. 


b.  Definition  of  the  odor  as  interpreted  by  each  panel 
member. 

c.  Material  category  per  Paragraph  4G6.5, 


TEST.  NO  . 7 - DETEEHINATION  OF  OFFGASSING  PRODUCTS  AND  CAEBON 

MONOXIDE 'TEST 

1.  PURPOSE 

This  test  establishes  the  criteria  for  a screening  test, 
which  will  determine  the  suitability  of  nonmetallic 
materials  for  use  in  the  space  vehicle  cretcr  compartment 
environments . The  criteria  are  established  with  respect 
to  production,  of  offgassing,  of  potentially  toxic,  or  ob- 
jectionable, and  condensable  volatiles.  The  products  are 
separated  into  three  categories;  carbon  monoxide,  organics 
and  inorganics,  and  condensates. 

2.  DEFINITIONS 

The  following  definitions  apply  to  the  terms  as  used  in  this 
test  procedure. 

a,  . Offgassing  V The  evolution  of  gaseous  products  from  a 
liquid  or  solid  material. 

b*  Condensables . ■ The  portions  of  offgassed  products  which 
condense  on  a cooled  surface. 

c.  Total  Organic  Offgassing , The  total  of  the  organic 
gaseous  and  condensed  products  which  offgassed  from  a 
material.  This  does  not  include  carbon  monoxide, 
water  or  carbon  dioxide. 

d.  Total  Inorganic  Offgassing.  The  total  of  the  inorganic 
gaseous  and  condensed  products  which  offgassed  from  a 
material. 

3.  CRITERIA  FOR  ACCEPTABILITY 

a.  The  maximum  allowable  level  of  total  organics,  excluding 
water,  in  the  tested  configuration  shall  not  exceed 

100  microgrars  per  gram  of  sample. 

b.  The  maximum,  allowable  level  of  carbon  monoxide  in  the 
tested  configuration  shall  not  exceed  25  micrograms 
of  carbon  monoxide  per. gram  of  sample. 

c.  Inorganic  gases  such  as  HCN,  ammonia,  HCI,  shall  be 
recorded  and  evaluated  by  a toxicologist  for  potential 
toxicity  levels. 


TEST  ■ CONDITIONS  -PRESSURES 


The  test  pressure  and  gas  mixture  conditions  for  the  pertinent 
materials  category  shall  be  designated  by  the  program 
office/  These  conditions  shall  represent  the  most  hazardous 
atmosphere  anticipated  in  the  spacecraft » ' 

TEST  EQUIPMENT  ^ 

a/  Test  Chamber.  The  test  chamber  shall  have  a> minimum 
volume  of  two  liters.  It  shall  have  a configuration 
and  be  fabricated  of  materials  which  allow  ready  clean- 
ing. A thermometer  or  thermocouple  and  pressure  gage 
for  temperature  and  pressure  determination,  respectively, 
shall  be  included  in  the  test  chamber.  The  pressure 
gage  shall  be  capable  of  measuring  operating  pressures 
with  an  accuracy  of  0,2  psi  absolute ^ a pressure 
transducer  and  recorder  with  comparable  capability 
may  be  used.  The  chamber  shall  be  connected  so  as  to 
permit  direct  gas  sample  introduction  from  the  chamber 
to  a gas  chromatograph  and/oj:‘*mass  spectrometer, 

b.  'Keating  Source.  The  heating  tuiit  or  oven  shall  maintain 
the  temperature  in  the  test  chamber  uniformly  constant 
at  the  designated  test  temperatures.  The  temperature 
during  Sample  exposures  shall  be  recorded. 

Cb ' 'Vacuum  Pump . The  vacuum  pump  shall  be  capable  of  pro- 
ducing a vacuum  in  the  test  system  of  less  than  0.2  psia, 

d, ■ Analytical  Equipment.  The  analytical  equipment  shall 

consist  of  the  following  types  of  equipment  and  any  other 
instruments  that  the  tester  desires  to  use  efficiently 
to  increase  the  accuracy,  reliability,  and  confidence 
in  the  offgassing  products  eyaluatlon. 

C3.)  Gas  Chromatograph  System.  The  gas  chromatograph 
system  shall  use  a minimum  of  two  detectors,  viz., 
thermal  conductivity  and  hydrogen  flame  ionization 
units  with  appropriate  recorders.  As  a supple- 
mentary detector,  the  electron  capture  attachment/ 
recorder  is  recOMended.  .The  separatory  columns 
shall  have  the  capability  of  separating  light  organic 
and  inorganic  gases,  organic  sulfides  and  mercaptans, 
halogenated  hydrocarbons j:  representative  aliphatic 
and  aromatic  hydro carbohs:  including  aldehydes, 
ketones j,  alcohols,  and  esters.  The  hydrogen  flame 
ionization  detector  has  greater  sensitivity  to 


organic  materials.  Conversely,  becattse  of  the 
flame  ionization  detector’s  lack  of  sensitivity 
to  the  inorganic  compounds  listed  above,  the 
thermal  conductivity  detector  is  used  for  their 
identification. 

(2)  Recording  infrared  Spectrophotometer  capable  of 
analyzing  3 microllters  (3  hi)  less  of  liquid 
with  accessories  that  include  an  infrared  gas 
cell  with  10m  path  length. 

(3)  Mass  spectrometer. 

(4)  Cold  trapping  system  suitable  for  trapping  and 
transfer  of  microliter  quantities  of  liquid  to 
suitable  analytical  equipment. 

C5)  Gas  Sampling  System  suitable  for  the  transfer  of 
measured  volumes  of  gas  samples  from  the  test 
chamber  to  the  gas  chromatograph. 

C6)  Calibration  Gas  Samples  as  required  to  qualify 

detector  sensitivity  and  readout.  The  calibrated 
gas  samples  may  be  obtained  from  a manufacturer 
or  made  up  in  the  laboratory.  The  basic  calibra- 
tion gas  to  be  used  shall  be  methane, 

6.  SAI4ELE  'PREPARATION 

a.  Ererequisites . Before  loading  the  sample  into  the 
chambef,  the  chamber  shall  be  filled  to  test  pressure 
with  the  test  atmosphere,  heated  at  150  + 5®E  for  24 
hours,  and  the  gas  analyzed  for  a total  organic  off- 
gassing and  carbon  monoxide.  Tbe  chamber  shall  be 
certified  as  clean  for  use  if  the  total  organics  and 
carbon  monoxide  values  are  no  higher  by  volume  as 
methane  equivalents,  than  that  of  the  test  atmosphere. 
After  uate,  the  chamber  shall  be  reused  v/lthout  clean- 
ing if  the  sample  values  are  equal  to  or  less  than  the 
above.  If  not,  the  chamber  shall  be  heated  and  purged 
with  air  or  nitrogen  by  some  convenient  method,  such 
as  a heat  gun  equipped  Vith  a blower.  The  chamber 

then  Shall  be  loaded  to  test  pressure  with  test  atmosphere, 
and  tested  to  the  above  specifications, 

b.  Leak  Check,  The  test  systems  shall  not  increase  in 
pressure  more  than  0.2  psia  while  remaining  at  a reduced 
pressure  of  0,2  psia  for  a time  period  of  one  hour. 
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lest:  Specimens.  The  materials  to  be  tested  shall  be 
classified  into  four  categories  and  prepared  as  de- 
tailed in  406, 5, a through  e. 

7.  TEST  PROCEDURE 


a.  Purge  the  test  chamber  until  the  minimum  purity  of  the 
test  atmosphere  is  95  percent  of  the  use  environment 
and  then  begin  heating.  Bring  the  chamber  to  120,0  + 
3,5®F  or  to  the  designated  test  temperature,  and  adjust 
the  chamber  pressure  to  test  pressure. 

b.  After  24  hours,  check  the  test  gas  for  contaminants 
with  the  gas  chromatograph.  Proceed  to  Paragraph 
407, 7, c if  the  total  contamination  is  no  more  by 
volume  then  the  test  atmosphere.  If  the  contamination 
exceeds  the  above  value,  the  test  chamber  shall  be 
flushed  and  rechecked  after  an  additional  24  hours . 

This  procedure  shall  be  continued  until  the  contamination 
is  below  the  specific  level.  If  the  gassing  contami-. 
nation  continues  indefinitely,  modification  of  the 
test  chamber  is  indicated, 

c.  Place  a clean,  weighed  specimen  prepared  per  Paragraph 
407 , 6. c in  the  test  Chamber, 

d.  Tlie  chamber  shall  be  evacuated  through  a liquid  nitrogen 
trap  to  below  0.2  psia.  The  chamber  shall  then  be 
closed  off  and  the  test  gas  shall  be  filtered  through 

a 13X  Molecular  Sieve  and  bled  into  the  chamber  to  test 
pressure.  The  conditions  of  exposure  are  maximum  use 
temperature,  when  designated.  Or  120  + for  a 

total  period  of  72  hours.  Allow  the  chamber  to  cool 
until  ready  for  test.  After  the  final  gas  samples  are 
taken,  the  test  specimen  is  removed  from  the  chamber 
and  weighed.  The  gases  are  then  analyzed  for  the 
following; 

(1)  Total  organic  offgassing  expressed  as  pentane 

equivalents.  ^ 

(2)  All  offgassing  components  exceeding  10  ug/g, 
excluding  water  vapor  and  cj’-bpn  dioxide,  ••  shall 
be  identified  and  quantified.  These  shall  include 
but  not  be  limited  to  the  following; 

Organic  - benzene,  xylene,  methyl  ethyl 
ketone,  n-butanol,  chloroform,  dichloro- 
methane,  1-4  dioxane,  formaldehyde,  and 
trichloroethylene . 

Inorg^ic  “ hydrogen  cyanide,  hydrogen 
chloride,  ammonia. 
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(3)  Condensables  - tbe  identity  and  quantity  of 
condensables  shall  be  determined. 

(4)  Quantity  of  carbon  monoxide  evolved. 

e.  Condensables  (organic  and  inorganic)  shall  be  deter- 
mined at  roota  temperature.  The  condensed  products 
shall  be  flushed  from  the  test  cell  by  solvent  rinse 
or  an  equivalent  method. 

f.  Offgassing  components,  including  those  listed  in 
Paragraph  407. 7. d. 2 that  exceed  10  ug/g  shall 
be  identified  and  the  quantities  recorded  in  the 
reporting  format. 

g.  The  carbon  monoxide  content  or  the  evolved  gases  shall 
be  determined  above  by  using  an  appropriate  separation 
and  analytical  technique  having  the  sensitivity  to 
detect  within  0.5  ug/g  CO. 

h.  All  charts,  equipment  calibration  information,  and  test 
data  are  to  be  retained  in  the  event  that  further 
identification  or  evaluation  is  necessary. 

8,  SEPORTIHG 

Test  data  shall  be  reported  in  accordance  with  instructions 

contained  in  Paragraph  208  on  a fom  similar  to  Figure  2-1. 

The  following  special  data  and  pertinent  information  shall 

be  reported: 

a.  Carbon  monoxide  in  micrograms  per  gram, 

b.  Total  gas  phase  organic  offgassing  in  micrograms  per 
gram  as  pentane  equivalents, 

c.  Identity  of  all  gas  phase  organic  products  greater 
than  10  ug/g. 

d.  Total  inorganic  gas  phase  species  in  micrograms/gram. 

e.  Identity  and  quantity  of  condensables. 
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408 


TEST  NO.  8 - FLAMMABIEITT  TEST  FOR  MTERIALS  IN  VENTED 
CONTATNERS 

1.  • PURPOSE 

This  test  describes  the  method  for  determining  the  ability 
of  a closed  Cnnsealed)cor,tainer  to  withstand  the  effects 
of  a fire  internal  or  external  to  the  containers.  This 
test  is  applicable. to  containers  with  both  internal  igni- 
tion sources  and  external  ignition  sources. 

Potentially  hazardous  materials,  or  instruments  containing 
such  materials,  that  are  removed  from  the  container  for  a 
period  longer  than  established  between  the  program  offices 
and  Flight  Grew  Operations  must  meet  the  requirements  for 
Group  I materials. 

2.  ’CRITERIA  FOR- AGCEPTASIhlTI 

m the  event  of  an  internal  fire,  the  container: 

a.  Shall  not  rupture  and.  thus -.permit  the  escape  of  flames, 
burning  debrlS:  or  the  scattering  of  flaming  contents 
outside  the  chamer, 

b.  Shall  not  permit  flames  or  burning  materials  to  be  emitted 
through  vents. 

c.  The  container  shall  not  emit  gases  and  heat  to  the  extent 
that  a rise  in. pressure  measured  in  the  test  chamber  when 
related  to  a . corresponding  rise  in  the  module  or  vehicle 
might  be  sufficient  to  cause  rupture  of  the  walls  of  the 
habitable  areas  of  the  spacecraft, 

3.  • TEST  CONDITIONS  ~ PRESSURES  AND  ATMOSPHERES 

The  test  shall  be  performed  on  materials  configured  in  a 
container  in  the  same  manner  as  the  flight  item.  The 
most  hazardous;  (*'worsit  Case'*)  configuration  of  materials 
shall  be  determined  and  used  in  the  test,  Tlie  test  pres- 
sure and  gas  mixture '.(conditions  shall  be  designated  by 
the  program  of f ice . These  conditions  shall  represent  the 
most  hazardous  atmos|>here  anticipated  in  the  spacecraft, 

4.  'TEST  EQUIPMENT 

a.  ‘Test  Chamber.  The  test  chamber  shall  be  the  same  or 
similar  to  that  described  in  401,4. a. 
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b . Thermal  Charactaris t ica  Indlcatbrs 

(1)  Temperature  Monitoring.  Thermocouple  readings 
may  be  monitored  by  multiple  point  recorders  or 
any  equally  accurate  method.  The  desired  accuracy 
is  + 10“F.  ' The  thermocouples  may  be  placed  inside 
the  container  spaced  one  inch  apart  along  and  in 
contact  with  the  conductor  selected  for  overload- 
ing, Where  the  external  igniter  is  used,  the  thermo- 
couples shall  be  placed  on  and  around  the  material 
selected  for  ignition  in  accordance  with  the  test 
engineer’s  direction.  Additional  thermocouples 
shall  be  placed  approximately  at  the  center  of  the 
top,  bottom,  and  four  sides  of  the;  interior.  Thermo- 
couples shall  be  placed  on  the  exterior  of  the 
container,  against  the  top,  bottom,  and  four  sides, 
approximately  in  the  middle  of  each  panel. 

c.  Pressure  Gage.  A pressure  gage  capable  of  measuring 
operating  pressures  with  an  accuracy  of  +0*2  psia,  or 
a pressure  transducer  and  recorder  with  comparable 
capability,  shall  be  used. 

d.  Motion  or  still  pictures  of  the  test  are  required, 

IGIglTrON- SOURCE 

a.  Internal-  Ignition.  Ignition  of  the  materials  in  the 
container  with  electrical  wiring  shall  be  accomplished 
by  using  a power  supply  that  is  capable  of  providing 
a large  current  through  one  wire  of  the  conductor 
bundle  so  a high  temperature  will  be  achieved  quickly  . 

The  power  source  must  be  capable  of  supplying,  a -Current 
for  that  gage  wire  being  tested.  Refer  to  Test  No.  4, 
Paragraph  404, 4.b,  for  the  initial  test  current  for 
wire  gage  number  28  through  12,  Materials  in  a non- 
electrical container  shall  be  treated  as  described  in 
Paragraph  408.5. b, 

b , ■ External.'  Ignition*  Ignition  of  .materials  in  a container 
without  an  internal  ignition  source  shall  be  accomplished 
in  the  following manner,  A silicone  igniter  or  equi- 
valent which  is  •representative;  of  the  worst,  possible 
spacecraft  fire  shall  be  placed  outside  the  container 
at  a.  point  closest  to  the  most  combustible  material  in 
the  test  configuration.  Sufficient  energy  shall  be 
supplied  to  ignite  the  Igniter*  The  Igniter  shall  be 
left  in  Contact  with  the  container  Tmtil  it  burns  out , 

The  contractor^  shall  furnish  anal^aes  to  support  the 
selection  <5f  ignition  sources. 
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Note: 


In  the  event  that  the  worst  service  condition 
specified  above  cannot  be  determined,  the  igni- 
ter shall  be  appropriately  placed  inside  the 
container  to  serve  as  the  ignition  source. 

6.  SAMPLE  • PREgARATION 

a.  The  container  shall  be  the  same  size,  geometry,  and 
■ material  as  the  flight  container, 

b . The  equipment  to  be  tested  shall  be  the  same  .as  the 
flight  equipment,  with  regard  to  nonmetallics . Elec- 
tronic parts  and  similar  expensive  metallic  or  cera::;ic 
entities  may  be  siraulated, 

c.  The  equipment  shall  be  packaged  and  positioned  in  the 
container  ia. the  game  manner  as  in  the  flight  article. 
Thermocouples  shall  be  exited  through  bushings  or  any 
adequately  sealable  means. 

7.  EBETEST 'BROCEDURE 

a.  Verify  that  all  test  equipment  is  in  current  calibration. 

b.  Verify  that  the  container  is  the  required  item. 

c.  Verify  proper  attachment  of  thermocouples  in  the  designated 
area, 

d*  Verify  proper  packaging  and  positipnlng  of  the  materials 
and  equipment  .: 

e.  Verify  the  gas  certification. 

f . Position  the  container  in  the  chamber , 

g.  Verify  the  placing  of  the  ignition  wire  in  the  designated 
spot  in  the  container  or  that  the  conductor  to  be  over- 
loaded is  hooked  up  to  the  proper,  high  current  power 
supply, 

h.  Observe  that  the  ignition  wire,  thermocouples  and  other 
instinament  leads  are  hooked;  up  to  the  pertinent  outlets . 

8.  TEST 'PROCEDURE 

Testing  of  the  containers  shall  be  accomplished  in  accordance 

With  the  following  basic  procedures  for  containers  which 

will  be  exposed  to  atmospheres  at  pressures  less  than  14.7 

psia.  Materials  applied;  in  an  atmosphere  at  14,7  psia  may  be 
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tested  in,  tlie  chambej?  but  tlie  lealc  check  steps  (1  and  2) 
Belbir  can  be  omitted.  These  containers  may  also  he 
tested  In  a hood  but  precautions  must  be  taken  to  baffle 
the  test  area  from  drafts.  The  applicable  steps  of  the 
procedure  shall  then  be  followed. 

a.  The  chamber  shall  be  evacuated  to  a minimum  of  0.2  psia. 

h.  Isolate  the  chamber  and  monitor  the  pressure  for  five 
minutes  to  check  for  leaks.  A rise  of  0.2  psia  during 
that  time  indicates  a leak  that  must  be  rectified  before 
going  to  the  next  step . 

c.  Pressurize  the  chamber  to  test  pressure  +■  0.2  psia  with 
the  teat  atmosphere. 

d.  After  the  chamber  has  stabilized  at  the  proper  pressure, 
permit  the  container  to  equilibrate  for  15  minutes. 

e.  Start  all  applicable  instruments. 

f.  For  containers  with  an  internal  ignition  source  such 
as  an  electrical  conductor,  current  shall  be  applied 
to  the  conductor  at  the  amperage  shown  for  that  size 
coi\ductor  in  the  table  in  404, 4. b.  If  no  effect  is 
shown,  the  current  shall  be  increased  in  five  iampere 
steps  at  one  minute  intervals  until  the  wire  falls  or 
ignition  occurs , 

g.  For  containers  requiring  external  ignition,  apply 
current  to  the  igniter  until  ignition  occurs  or  will 
not  occur. 

h.  Observe  all  phenomena  occurring  in  and  around  the 
container. 

Note:  The  test^  shall  be  terminated  if  the  container 

ruptures  or  if  obviously  excessive  quantities 
of  fire  and  smoke  are  emitted  from  the  vents. 

1.  Record  any  pressure  rise  and  the  final  pressure  in 
the  chamber* 

j.  Remove  the  container  from  the  test  chamber  and 

examine  it  and  its  contents  and  record  all  observations  . 


9.  REPORTING 

Test  data  shall  be  reported  In.  accordance  with  instructions 
contained  in  Paragraph  208  on  a form  Similar  to  Figure  2-1 „ 
The  following  special  test  data  and  information  shall  be 
reported, 

a.  Identification  by  generic  name  of  all  the  materials 
tasted  in  the  container . 

h.  Vendor  and  vendor  designation  for  the  materials. 

c.  Construction  and  source  of  container. 

d.  Presence  or  absence  of  flame  or  ignition  failure. 

e.  Color  of  flame, 

f.  Evolution  of  smoke  from  the  container. 

g.  Evolution  of  flame  from  the  vents. 

h.  length  of  time  flame  persisted  from  the  container. 

i.  Length  of  time  smoke  evolved, 

j.  Rate  of  temperature  js»d  pressure  rise  and  final 
temperature  and  pressure  in  the  test  chamber, 

k.  Condition  of  container  after  the  test, 

, Condition  of  contents  of  the  container  after  the  test. 
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409  TEST  NO.  9 ” ELECTRICAL  OVERI^OAD  TEST  FOR  SEALED  CONTAINERS 

1.  PURPOCE 

This  procedure  describes  the  method  for  testing  materials 
packaged  in  sealed  containers  and  the  ability  of  the  con-" 
tainer  to  withstand,  without  rupturing,  the  effects  of  a 
fire  Initiated  within  the  container  as  a result  of  an 
electrical  overload.  For  containers  with  no  internal 
electrical  energy  sources,  the  ignition  system  described 
in  Paragraph  408,5 .b.  shall  be  used. 

2.  CRITERIA  FOR  ACCEPTABILITY 

The  sealed  container  shall  not  rupture  and  emit  flame, 
burning  particles,  smoke  or  gas  as  a result  of  the  test. 

3.  TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERES 

The  test  conditions  shall  be  the  same  as  those  described 
in  408.3, 

4.  TEST  EQUIPMENT 

1.  Test  Chamber.  The  test  chamber  shall  be  the  same  or 
similar  to  that  described  in  401. 4, a. 

2.  Themal  Characteristics  indicators , The  temperature 
monitoring  shall  . be  the  same  as  described  in  Section 

408.4.b.(l), 

3.  16  millimeter  motion  picture  camera (s)  shall  film  the 
phenomena  in  case  the  container  distorts  or  ruptures. 

5.  IGNITION  SOURCE 

The  ignition  of  the  materials  shall  be  accomplished  in  the 
same  manner  as  described  in  408.5. 

6.  SAMPLE  PREPARATION 

The  samples  preparation  shall  be  the  same  as  that  described 
in  408.6.  y 

7.  PRETEST  PROGEDURE 

The  pretest  procedure  shall  be  the  same  as  described  in 
408.7. 


4-47 


TEST  PROCEDUSE 


The  test  procedure  shall  be  the  same  as  that  in  408.8 
except  that  the "JSfotei"  under  408. 8. h.  shall  be  ch^ged 
to  read,  "The  test  shall  be  termiinated  if  the  container 
ruptures," 

9.  REPORTItJG 


Test  data  shall  be  reported  in  aeordance  with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Figure  2-1 , 
The  following  special  test  data  and  information  shall  be 
reported: 

a.  Identification  by  generic  avid  trade  names  of  all  the 
materials  tested  in  the  container. 

b . Cons traction,  configuration,  and  source  of  the  container 

c.  Presence  of  absence  of  ignition  or  fusion  of  the 
conductor, 

d.  Temperature  changes  inside  the  container  and  those 
measured  on  the  outer  walls  of  the  container. 

e.  Phenome^va-  associated  with  rupture  of  container,  if 
rupture  occured: 

(1)  Presence  or  absence  of  flame  and  smoke, 

(2)  Extent  of  scatter  of  burning  or  smoking  materials. 

(3)  Part  of  container  where  rupture  occurred. 

(4)  Pressure  and  temperature;  rise  in  chamber, 

(5)  Presence  of  gases  and  method  of  detection, 

f.  Condition  of  container  after  the  test. 

g.  Condition  of  the  contents  after  the  test. 
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410  lEST  NO.  10  - GUIDELINES  FOR  SIMUUTED  PANEL  AND  ASSEMBLY 
FLAMMABILITY  TEST 

1.  PUKPOSE 

This  procedure  describes  the  method  for  determining  the 
combustion  characttsristics  particularly  the  propagation 
rate,  of  a huiiiber  c)f  differeiii.t  siaes  and  areas  of  non- 
metallic  materials  of  similar  or  different  types  that 
make  up  " Functional  assembly,  subsystem,  or  system  in 
the  spac>  ,raft.  (Each  item  usually  requires  a specifically 
developed  procedure.  Guidelines  for  establishing  the 
parameters  of  the  test  follow) . The  purpose  of  flammability 
tests  on  assemblies  is  to  determine  the  behavior  of  the 
assembly  under  the  particular  test  conditions  which  shall 
be  representative  of  the  most  hasardous  situation  to  which 
the  assembly  will  be  exposed  in  the  spacecraft. 

2.  CRITERIA  FOR  ACCEPTABILITY 

The  results  of  the  burning  of  the  assenibly  must  be  con- 
sidered in  light  of  their  effects  on  the  spacecraft  ex- 
ternal to  the  assembly,  as  well  as  the  effects  of  the 
fire  internal  to  the  assembly.  Acceptability  shall  be 
determined  by  the  procuring  activity  pn  the  basis  of  the 
results  obtained  during  the  testing  of  individual  assem- 
blies, subsystems,  and  systems, 

3.  TEST  CONDITIONS  - PAPAMETERS  AND  INSTRUMENTATIONS 

• . - - , CV  

a.  Configuration  and  materials  of  the  test  assembly  will 
duplicate  exactly  the  flight  article. 

b.  Test  assembly  (combustion  element)  will  be  oriented  in 
the  chamber  as  it  wili  be  in  the  operational  space- 
craft at  launch, 

Ci  The  test  chamber  volume  will  be  sufficient  to  provide 
for  complete  combustion  per  the  fire  hazard  analysis, 
j and  to  accpnmpdate, the  largest  assembly  to  be  tested 

with  adequate  space  around  the  assembly  to  allow  ob- 
servation of  the  extent  of  projection  of  burning  pieces 
due  to  sputtering  and  expaaslpn  of  gases  internal  to 
the  burning  mass, 

d.  The  test  assembly  will  be  Operational  before  and  during 
the  test  and  Will  be  tested  for  Operatiort'-after  the 
teat, 

(1)  The  "worst  case"  mode  of  operation,  determined  by 
the  fire  hazard  analysis,  will  be  selected, 


4-49 


(2)  The  test  assembly  will  be  in  operation  before 
the  test  until  steady  state  conditions  are 
reached. 

e.  For  assemblies  containing  substitute  materials  or  new 
designs,  the  test  configuration  need  not  be  operational 
unless  economically  feasible.  The  materials  shall  be 
configured  as  in  the  flight  article.  Expensive  com- 
ponents may  be  simulated^  but  the  basic  material,  geo- 
metry, and  simulated  mass  of  the  components  must  be  the 
same  as  in  the  flight  assembly 0 

f.  All  thermal  interfaces  will  be  simu3.sted. 

(1)  Cold  plates, 

(2) ;  Structure. 

(3)  Convection  due  to  the  cabin  fan, 

(4)  Cabin  radiation  characteristics. 

g.  Envirohment.  Pressure  and  temperature. 

(1)  Test  chamber  ambient  temperature  will  be  as 
anticipated  in  actual  use  conditions. 

(2)  Gas  environments  and  pressures  shall  be  defined 
by  program  requirements. 

h„  instrumentation.  Instrumentation  requirements  for  each 
test  assembly  will  be  determined  on  an  individual 
basis  as  part  of  overall  combustion  hazard  analysis. 

(1)  Temperature  Measurement,  Temperatures  will  be 
continuously  recorded  during  testing. 

(a)  Temperature  measuring  recording  equipment 

- will  have  response  times  equal  to  or  greater 

r ■ than  the  rate  Of  change  of  temperature  at 

the  location  being  measured  as  predicted 
' by  thermal  calculations. 

(b)  - Ebdatibne  of  ■ temperature  measurement  devices 

will  depend  on  the  configuration  of  the 
assembly  being  tested.  These  should  provide 
. a tempefatufe  profi^^  the  assembly  and 
location  of  ignition  sites. 

Cc)  Measure  ambient  gas  temperature. 


(d)  Measure  cbamber  wall  temperature. 
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(2)  Pressure  Maasjuremen^^  Contiuuously  measure  an,d 
record  the  chamber  gas  pressure » 

(3)  Petermiee . tuautity  and  eomposition  of  coiibustion 
gas  generated.  Use  gas  chromatography,  mass 
spectrometry,  and  other  applicable  methods  as 
outlined  in  Test  No,  7,  Paragraph  407. 5. d.  above. 

4.  IGNITION  SOURCE 

In  general,  two  modes  of  ignition  must  be  considered. 

a.  Ignition  from  an  intemal  sourcei  i.e,,  wire  overload 
or  short  circuit. 

b.  Ignition  from,  an  external  source;  i.e.,  flame  or  fire 
propagated  from  another  nearby  burning  entity. 

5.  PRETEST  PROCEDURE 

a.  Define  or  select  the  test  assembly.  This  should  be  a 
portion  of  the  spacecraft  which  is  a mo^ingful  and 
corv ©riant  package  £6r  fire  hazard  testing  and  analysis 
The  portion  selected  shall  be  that  definable  area 
vulnerable  to  a potential  fire. 

b.  Perform  a fire  hazard  analysis  on  the  test  assembly, 

(1)  Material  inventory . 

(2)  Configuration  analysis . 

(3)  Thermal  analysis, 

c.  Design  the  flammability  test  to  obtain  the  required 
information.  The  experimental  design  will  be  based 
on  the  fire  hazard  analysis. 

d.  Write  detailed  test  procedure. 

6.  TEST  PROCEDURE 

a.  Ignition.  The  ignition  source  shall  be  that  detailed 
in  Test  No,  8,  Paragraph  408.5*  Ignition  will  be 
accomplished  at  appropriate  sites  (fistermlned  by 
combustion  hazard  analysis)  and  will  simulate  the 
following  fire  conditions* 

(1)  Momentary  heat  source  produced  by  any  suitable 
method  other  than  the  constant  burning  silicone 
igniter. 
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C^).  Igttltlon  source  wifcli.- continous  heat  input 
Cinterhal). 

(3)  Extex'nal  heat  input.  A rationale  justifying 
selection  of  ignition  points  will  accompany 
’ eath  test  report. 

b.  peat  Test  Inspectioa,  The  following  comparable  test 
data  will  be  obtained  before  and  after  the  test, 

(1)  Color  still  photographs, 

(2)  lifeight  of  individual  materials. 

(3)  Operational  characteristics. 

(4)  Visual  inspection, 

(5)  Motion  pictures  as  required  by  the  test  engineer. 

7,  REPORTING 

Test  data  shall  be  reported  in  accordance  with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Pigure  2-1. 

The  fotlc^Tlng  specie!  test  data  and  information  shall  be 
reported!! 

a.  Identification  by  generic  name  of  all  materials, 
h.  Vendor  and  vendor  designation  for  the  materials, 

c.  Wieight  and  surface  area  of  the  nonmetallic  materials. 

d.  Corabustion  characteristics  (burning  rate^  sparks, 
dripping,  flame  color  and  size,  etc.) , 

e.  Initial  point  of  ignition. 

f.  Flame  propagation  paths  within,  the  assembly. 

g.  Heat  transport  paths  away  from  the  assembly. 

h.  Total  heat  generated, 

i Quantity  and  compositibn  of  combustion  product  gases . 

j.  Evaluation  of  the  effects  of  the  fire  on  the  performance 
of  the  assembly  according  to  Spacecraft  hazard  categories. 


411  TEST  NO.  11  - GUIDELINES  FOR  SIMULATED  CREW  BAY  CONFIGURATION 
FLAMMABILITY  VERIFICATION  TEST 

1.  PURPOSE 

* 

This  procedure  will  use  panels  and  assemblies  of  'Vorst 
case**  materials  configured  in  a mockup  vehicle  in  the 
same  manner  as  the  flight  vehicle  for  the  purpose  of 
determining  the  propagation,  combustion  phenomena  and 
behavior  of  the  materials  in  the  event  of  fire  in  the 
spacecraft. 

2.  CRITERIA  FOR  ACCEPTABILITY 

The  resvults  of  the  test  should  demonstrate  that  there  can 
be  ho  propagation  of  the  fire  to  adjacent  equipment  by 
radiation,  conduction,  or  mass  transfer.  There  shall  be 
no  sputter,  drip,  or  release  of  hot  or  burning  particles. 

3.  TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERES 

The  test  shall  be  conducted  at  the  most  hazardous  pressure 
and  gas  mixture  conditions  designated  for  the. materials 
applications . 

4.  TEST  EQUIPMENT 

The  test  shall  be  performed  using  a full  scale  spacecraft 
mockup  vehicle, 

5.  TEST  CONFIGURATION 

a.  The  e'quipment  tested  shall  be  similar  in  configuration 
to  the  flight  article.  As  described  in  Test  No.  10, 
Paragraph  410 . 3, e.,  the  electronic  parts  can  be  mock- 
ups  of  the  same  material-’mass  and  geometry  as  the  flight 
part  or  instrument, 

b»  All  potential  propagation  paths  shall  be  simulated. 

c.  Geometric  and  spatial  proximity  to  spacecraft  panels 
and  enclosures  shall  be  simulated, 

6.  IGNITION  SOURCE 

a.  A standard  silicone  ignition  source  or  equivalent, 
as  noted  in  Test  No.  8,  Paragraph  408,5  shall  be 
used  to  produce  as  hot  a flame  as.  might  occur  in  the 
spacecraft. 
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b.  The  source  shall  be  placed  as  close  as  possible  to  or 
In  contact  with  the  most  combustible  material  in  the 
assembly. 

c.  Sufficient  energy  shall  be  supplied  to  the  wise  to 
ignite  the  igniter  and  the  test  configuration. 

7.  PBETEST  PROGEDUHES 

The  pretest  procedures  will  describe,  step-by-step,  the 
preparation  of  the . chamber  and  the  assembly  and  configura- 
tion of  the  materials  within  the  vehicle,.  Ignition  lo- 
cations and  test  termination  criteria  shall  be  established. 
The  pretest  documeats  shall  be  prepared  by  the  contractor 
and  submitted  to  the  testing  agency  and  the  program  office 
for  concurrence  before  the  test  is  run, 

8.  TEST  PROCEDURES 

The  test  procedures  will  describe,  step-by-step  the  final 
instrumentation  of  the  test  items  and  the  chamber,  the 
performance  of  the  test  and  the  post  test  disassembly  of 
the  test  panels  for  observation.  The  procedures  shall  be 
written  by  the  contractor  and  submitted  to  the  program 
office  and  testing  agency  for  concurrence  before  the  test 
is  run. 

9.  EEPORTING 

Test  data  shall  be  reported  in  accordance  with  instructions 
contained  ii\  Paragraph  208  on  a form  similar. to  Figure  2-1* 
The  following  test  data  and  information  shall  be  reported; 

a.  Identification  and  dimensions  of  the  assemblies  tested. 

b . Identification  by  generic  name  of  all  materials  tested 
in  the  complete  mochup  test, 

c.  Vendor  and  vendor  designation  for  the  materials. 

d.  Weight  and  surface  area  of  the  nonmetalllc  materials. 

e.  Gombustion  characteristics. 

f.  Flame  propagation  paths  within  the  assemblies  and  the 
chamber , 

g*  Total  heat  generated. 

h.  Quantity  and  composition  of  combustion  product  gases, 

i.  Evaluation  Of  the  effects  on  the  performance  of  the 
assembly  in  relation  to  spacecraft  hazard  categories. 
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412  TESy -NO.  12  - GUIDELINES  FOR  TOTAL  SPACECRAFT  OFFGASSING  TEST 

1.  PURPOSE 

This,  test  Is  designated  to  measure  the  total  quantity  and 
individual  components  of  the  products  offgassed  by  a space- 
craft during  manned  and  unmanned  chamber  tests  to  determine 
the  toxicological  safety  of  the  spacecraft  during  manned 
..flights,,'.. 

2.  CRITERIA  FOR  ACCEPTABILITY  V 

The  results  of  this  test  shall  be  evaluated  and  analyzed 
by  the  responsible  taedical  office  and  the  safety  of  the 
spacecraft  atmosphere  shall  be  established  with  respect 
to  the  measured  contaminahts.  A report  confirming  the 
status  shall  be  sent  to  the  cognizant  NASA  program  office, 

3.  TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERES 

The  test  pressure  and  gas  mixture  conditions  to  be  used 
during  the  test  shall  he  designated  in  accordance  with 
the  requirements  of  each  program  and  shall  not  be  less, 
quantitatively,  than  those  used  in  the  manned  flight 
s vehicle, 

4.  PRETEST  PROCEDURES 

a.  The  instrumentation  for  monitoring  the  heater  control 
network  of  the  gas  sampling  lines  and  measuring  the 
temperature  shall  be  applied. 

b.  The  gas  sampling  lines  from  the  spacecraft  to  the  gas 
sampling  station  shall  be  leak  checked,  (A  leak  rate 
no  greater  than  1 x 10“^  Torr-liters /second  will  be 
allowed), 

c.  The  gas  sampling  lines  of  the  gas  sampling  station 
shall  be  leak  checked.  (A  leak  rate  of  no  greater 
than  1 X 10“^  Torr=llters/second  will  be  allowed). 

d.  A functional  checkbut  shall  be  performed  to  determine 
the  following: 

(1)  That  the  temperatufe  of  the  gas  sampling  lines 
can  be  jnaintained  at  ainbient  plus  18  + 9,0®F. 

(2)  Thaf  an  adequate  flow  rate  can  be  maintained  for 
the  cabin  gas  sampling  line. 
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USS^t^52£IS!!:?c; 


e . The  gas  samplin^^  as  clean  by 

assuring  that  no  gaseotis  contaminants  are  present  at 
concentration  levels  greater  than  one  ppm.  The  gas 
sampling  lines  shall  be  heated  at  160  + 20* F during  this 
verificatiohV  (This  Mil  require  introducing  high  purity 
nitrogen  into  t^^e  cabin  gampling  port) 

f.  The  capability  for  continuous  and  intermittent  gas 
sampling  shall  be  provided.  Each  set  of  cryogenic 
traps  shall  include  a dry  ice  solvent  cooled  trap 
and  a liquid  argon  cooled  trap, 

g.  For  manned  tests  s,  the  capability  for  continuous  on- 
line, real-time  monitoring  of  concentrations  of  COg, 

Ng,  62  aad  other  spacecraft  atmospheric  contaminants 
Shall  be  provided.  This  will  necessitate  the  use  of: 

CO2  analyzer. 

02  analyzer. 

N2  analyzer. 

Mass  Spectrometer. 

Any  necessary  institiments  selected  from  Paragraph 
407. 5. d of  Test  No.  7. 

TEST  PROCEDURE 

a.  Before  Manning 

(1)  The  heater  control  network  shall  he  monitored  and 
line  temperatures  recorded  hourly  during  the  cryo- 
genic trapping  period  and  immediately  before  ob- 
taining gas  Samples.  Tile  Test  'Director  shall  be 
notified  if  the  line  temperature  Is  out  of  tolerance. 

(2)  Gas  samples  shall  be  obtained  before  each  manning 
of  the  vehicle.  It  is  recommended  that  the  samples 
be  taken  hofore  aay  cabin  depressurization  below 

3 pSia. 

b.  Manned  Phase 

(1)  The  Medical  Office  shall  provide  a toxicological 
evaluation  of  the  analytical  data  to  the  program 
office . 


(1) 

C2) 

(3) 

(4) 

(5) 
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(2) ;  The  heater  con 

and  line  temperattirea*  recorded'  hourly * The- 
Tcst  Director  shall  be  notified  if  the  line 
temperatures  arc  out  of  tolerance^  (The  allow- 
able temperature  for  the  gas  sampling  lines 
shall  be  spacecraft  ambient  temperature  plus 
18.0  i 9^F. 

(3)  Aiiter  each  ingress,  an  initial  gas  sample  shall 
be  obtained  as  soon  as  operational  pressure  is 
reached,’ 

Subsequent  samples  shall  be  collected  from  the 
cabin.  Exception;  If  a collection  time  occurs 
when  the  crew  is  isplated  in  the  suit  loop,  a 
sampde  shall  be  collected  therefrom. 

C4)  Continuous  monitoring  of  the  on-^liae  real-time 
analytical  instrumentation  for  the  duration  of 
the  manned  p^  ^8es  shall  be  maintained  to  obtain 
data  on  the  concentrations  of  CO2,  N29.O5,  and 
other  atmospheric  contaminants  in  the  cabin;  Any 
unusual  mass  spectrometric  or  other  analytical 
data  shall  bei  supplied  to  the  medical  office  as 
soon  as  available,( 

POST  TEST  EBQhlKSMEKTS 

a,  -The  analytical  data  from  the  gas  samples  shall  be 
, reported  tov  the  medical  office  ti^thln  2h  days  of 
completion  of  the  testing, 

REPORTING 

The  tests  shall  be-directed  by  the  cognizant  teat  engineer 
or  his  appointed  alternate.  Approval  of  the’ test  and 
verification  of  data  transcribed  to  the  data  sheets  shall 
be  indicated  at  the  •'end  of  the  test  procedure  by  the  respansi- 
ble  test  engineer's  signature.  ' 

A final  report  corttainihg  the  complete  evaluation  and 
analysis  of  the  test  results  and  data  and  the  recommendations 
of  the  Medical  Office  shall  be  Submitted  to  the  appropriate 
program  office. 
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413  TEST  NO  i 13  AMBIENT  LIQUID  OXYGEN  AND  PBESSURISED  LIQUID 
AND  GASEOUS  OXYGEN  MECHAJ^ICAL  IMPACT  TESTS  • 

1,  PUBPOSE 

The  purpose  of  this  test  is  to  determine  the  impact 
sensitivity  of  materials  wi eh  liquid  or  gaseous  oxygen 
(LOX  or  GOX) . The  test  is  applicable  to  materials  selected 
for  use  Ins.high  pressure  LUX  or  GOX  systems,  (TypeD), 

The  test  methods  are  separated  as  follows: 

a.  Ambient  LOX  Mechanical  Impact,  (Parti) 

b.  Pressurized  LOX  or  GOX  Mechanical  Impact,  (Part  2) 

2,  CRITERIA  FOR  ACCEPTABILITY  FOR  AblBIENT  LOX  ME^  iltcAL  AND 
PRESSURIZED  LOX  AND  GOX  MECHANICAL  IMPACTS 

a.  The  material  shall  be  subjected  to  twenty  (20)  successive 
impact  tests  at.  72' ft  IbS"- using  the  equipment  described 
in  Paragraph  3,  More  than  one  reaction  in  20  Impacts 
rejects  the  material.  If  there  iS  no  more  than  one  re- 
action in  20  impacts,  the  material  Shall  be  subjected  to 
40  additional  impacts.  No  further  reactions  shall  place 
the  material  in  the  acceptable  category.  The  material 
shall-*,  show  none  of  the  following  reactions: 

(1)  Audible  explosion. 

(2)  Flash  (electronically  or  visually  detected) . 

(3)  Evidence  of  burning  (obvious  charring) 

(4)  Major  discoloration. 

Note;  A burnt  odor  alone  is  not  considered  a reaction. 

If  any  reaction  occurs  due  to  rebound  of  plummet, 
it  shall  be  reported  as  evidence  of  sensitivity. 

h.  All  Type  D materials  that  fail  Paragraph  2, a criteria 

must  be  subjected  to  LOX  or  GOX  mechanical  impact  threshold 
determinations  in  the  thickness  of  actual  use. 

3,  PART  1 - AMBIENT  LOX  MECHAtTICAL  IMPACT  SCREENING  TEST 
a.  Sample  Preparation 

(1)  Sampling . Sufficient  material  shall  be  available 
to  permit  preparation  and  testing  of  at  least  240 
separate  11/16-inch  diameter  disc  samples.  Sheet 
materials  up  to  1/4  inch  in  thictaiess  shall  be 
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tested  as  IJ/IS  inch  dlameteir  discs  in  the  thick- 
ness intended  for  actual  use.  Materials  normally 
used  in  thicknesses  greater  than  1/4  inch  shall  be 
sized  and  tested  as  11/16  inch  diameter  discs  of 
two  tbickness  0.050  0.005  inch  and  0.250  + 0.025 

inch . -Failure  of  samples  of  either  thickness  to 
meet  requirements  of  this  specification  shall  be 
cause  for  rejection  of  the  material.  Greases, 
fluids,  and  other  materials,  whose  thicknesses 
are  not  dictated  by  conditions  of  use,  shall  be 
tested  as  0,050  + 0.005  inch  layers  in  test  cups. 
Materials  not  readily  available  in  sheet  form 
shall  be  tested  in  the  available  configuration. 

• "Staliiiess  steel  inserts  shall  be  used  as  a false 
bottom  in  the  ai«®i^i«“  specimen  cups  when  testing 
all  materials  with  the  exception  of  greases,  oils, 
other  liquids,  dye  penetrants,  coatings,  and  solders. 
The  latter  materials  shall  he  tested  as  specified 
in  other  sections  of  this  specification," 

(2)  G-Rings , Each  sige  from  each  batch  of  0-rings  and/ 
or  o-ring  materials  shall  be  sampled  and  tested  as 
follows  unless  it  can  be  demonstrated  that  test 
results  on  different  sizes  and:  hatches  are  compar- 
ahie  when  tested  as  specified  in  Section  413.3,0. 

' , ' _ ' f 

(a)  Extruded  0-Eings.  At  least  240  discs  16  inch 
diameter  by  thickness  of  o~rings  shall  be  cut  . 
froin  a strip  after  the  chopping  operation.  The 
discs  shall  he  processed  and  deflashed  with  the 
same  equipment  used  for  the  o-rings.  The  discs 
shall  be  cleaned  as  specified  for  the  material 
and  its  use  and  tested  after  precooling  as 
specified  in  413. 3.1, 

(h)  Molded  0-Rings.  At  least  240  discs  11/16 

inch  diameter  by  the  thickness  of  the  o-rings, 
and  which  have  been  processed  and  deflashed, 
shall  he  furnished. 


(c)  0-Rings  from  Standard  stock  or  where  above 
procedures  are  Impractical.  0-rings  1/2  inch 
outside  diameter  or  less  shall  he  sampled 
and' tested  as  a complete  o-ring.  O-rings  - 
larger  than  1/2  inch  outside  diameter  shall 
be  tested  as  one  segment  (approximately  3/4 
inch  long  on  a stainless  steel  insert.  The 
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Samples  shall  be  cleaned  and  precooled  as 
specified  abovdi  If  a sample  is  not  im- 
pacted during  testing,  it  shall  be  placed 
in  a new  cup  with  a stainless  steel  insert 
and  precoolad  prior  to  re-r-testing.  As  an 
alternative,  sufficient  samples  may  be  pre- 
pared to  account  for  the  normal  impact 
misses. 


(1)  ABMA.  Impact  Tester  (see  Figure  4-6) , The  impact 
tester  shall  have  a rugged  structural  frame  with 
three  vertical  guides  capable  of  maintaining  ac- 
curate yertical  alignment  under  repeated  shock 
conditions,  a solenoid-operated  mechanism  for 
dropping  a pltmmiet  which  weig  20  + 0.05  pounds 
through  a distance  of  43.3  + 0.02  inches  (this 
will  transmit  to  the  test  sample  an  approximate 
impact  energy  of  72  foot-pounds,  a striker  pin 
(see  Figure  4-7)  1/2  inch  in  diameter  and  2 inches 
long,  and  test  cup  (see  Figure  4-8)  approximately 
7/8  inch  inside  diameter  by  approximately  7/8  itich 
inside  depth  made  of  1/16  inch  thick  aluminum 
alloy.  The  initial  alignment  and  subsequent  opera-- 
tion  of  the  impact  tester  shall  be  such  that  the 
plummet  falls  uniformly  under  essentially  friction- 
free  conditions i This  shall  be  verified  by  de- 
termining the  drop  interval  across  a measured  dis- 
tance, The  obSeryed  plummet  acceleration  shall 
ndt  deviate  more  than  3 percent  from  the  prevail- 
ing gravitational  acceleration. 


Note:  The  weight  X drop-height  product  specified 

is  not  duplicated  for  the  purposes  of  this 
test  by  combinations  other  than  20  +0.05 
pounds  and ^43,3  + 0.2  inches.  For  example, 
doubling  the  weight  and  halving  the  di^op 
height  would  not  duplicate  the  specified 
requirement.  ’ , 


(1)  Electromagnet.  The  electromagnet  shall  be  designed 
with  a Sufficient  safety  factor  to  hold  over  20 
pounds  of  weight  with  a minimum  energizing  wattage. 
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FIGURE  4-6.  ABMA  IMPACT  TESTER 


PLUMMET  9.  IKgm 
( 20  LBS ), 

OIL  HARDEMED 
TOOL  STEEL 


PLUMMET  NOSE 


STRIKER  PIN 


STRIKER  PIN  GUIDE 
SAMPLE  CUP  HOLDER 


SAMPLE  CUP 


TEST  SAMPLE 
ANVIL 


(0.500  INCH!) 


FIGURE  4-7.  DETAILS  OF  STRIKER,  SAMPLE  CUP,  AND  SAMPLE 
(IMPACT  SENSTIViTY  SYSTEM) 


(2)  Safety  Catch,  The  solenoid-^operated  safety 
catch  shall  he  desigaed  to  hold  the  plunmat 
near  the  base  ef  the  magnet  ih  the  event  of  s 
power  failure. 

(3)  Base  Plate,  The  base  plate  shall  be  constructed 
from  1-inch  thick  stainless  steel  plate  and 
shall  rest  solidly  and  level  on  a 2-foot  cube 
base  of V reinforced  concrete,  Eoun  stainless 
steel  foundafclpn  boits  shall  be  used  to  anchor 
the  plate  to  the  concrete, 

(4)  Anvil  Plate  and  Specimen  Cup  Holder,  A stainless 
Steel,  type  440b  heat  treated  jinvll  plate  5 by 

5 by  2 inches  thick',  shall  be  bolted  to  the  base 
plate  in  the  center  of  the  machine . This  plate 
shall  center  the  specimen  cup  holder  and  provide 
the  base  plate  with  protection  from  denting  upon 
impact.  A 5 by  5 inch  atalnless  steel  specimen 
cup,  holder,  1-inch  thicks  shall  be  bolted  on  top 
of  the  ahvil  plate.  The  specimen  cup  holder 
shall  .have  a slightly  tapered  hole  into  Which 
the  test  cup  can  be  placed, 

(5)  Specimen  Cups  (See  Mgure  4-8) . One-piece 
specimen  cups  shall  be  made  of  5052-H32  alumiT- 
num  alloy,  A special  Insert  cup  (see  Figure 
4-9)  with  an  inside  depth  of  O.OSO  + 0.005  inch 
shall  also  he  used  when  testing  semi-solid  materials 
These  special  insert  cups  shall  be  placed  inside 
the  one-piece  specimen  cups. 

(6)  Striker  Pins  . The  striker  piiis  shall  be  made 
from  17-4  PH  stainless  steel  with  hardness  in 
accordance  with  the  applicable  detail  drawings, 

A sufficient  number  of  pins  shall  be  provided 
for  testing  and  discard, 

(7)  Auxiliary  Equipment,  The  auxiliary  equipment 
shall  consist  of  stainlese  steel  forcepfi  for 
handling  the  specimen  cups  and  striker  pins, 
stainless  steel  spatulas ^ and  LOX  handling 
equipment  (e.g:,,  stainless  steel  Dewar  flasks, 
fireproof  lintiess  laboratory  coats,  safety 
goggles,  gloves,  and  LOX  storage  containers). 
Additional  handling  equipment  shall  include  a 
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(b)  TEST  CUP  WITH  GREASE 
SAMPLE  SHOWING  INSERT 
CUP 


FIGURE  4-8  SAMPLES  IN  TEST  CUPS 


grease  insert  cup  holder  (see  Figure  4-9),  sample 
freezing  bos  (see  Figure  4-10) , striker  pin 
baskets,  specimeu  cup  trays,  microburettes,  sy- 
ringes, a test  cell  for  the  impact  tester  with 
a protective  window  for  observation  of  test  drops, 
a control  panel  for  the  operator  to  activate  the 
safety  catch  and  electromagnet,  and  timing  in- 
strumentation to  measure  the  drop  time  of  the 
plummet , 

(8)  Timer,  A Berkely  Universal  counter  and  timer. 

Model  1500,  or  approved  equal,  shall  be  used  to 
measure  drop  time.  The  overall  drop  time  shall 
be  measured  and  recorded  for  each  test  drop  for 
any  giTi^'en,  height . The  timer  shall  be  calibrated 
periodically  to  ensure  that  the  rated  accuracy 
of  thes;  equipment  is  maintained,  A typical  timing 
circuit  is  shown  on  Figure  4-11. 

(9)  Test  Cell,  Mie  Impact  tester  shall  be  housed 

in  a test  cell  with  a concrete  floor.  Walls  shall 
be  constructed  of  reinforced  concrete  or  metal  to 
provide  protection,  from  explosion  or  fire  hazards. 
The  cell  shall  contain  a shatterproof-glass  obseari^a- 
tion  window.  It  shall  be  darkened  sufficiently 
for  observation  of  flashes.  Continuous  ventila- 
tion shall  provide  fresh  air  to  the  test  cell. 
Construction  of  the  test  cell  shall  he  directed 
at  providing  a facility  that  can  he  economically 
maintained  at  a high  level  of  good  housekeeping. 

Materials 

(1)  Liquid  Oxygen,  LOX,  used  in  the  performance  of 
this  t®sts  shall  conform  to  the  requirements  of 
Specification  MIL-P-25508. 

(2)  Llquid’TJttrogen , Liquid  nitrogen,  used  in  the 
performance  of  this  test,  shall  conform  to  the 
requirements  of  Specification  B3“N“411  or  MIL- 
P-27401, 

(3)  Trichloroethylene.  Trichloroethylene,  used  in 
the  performance  of  this  test,  shall  conforia  to 
the  requirements  of  Specification  MSFG-SFEC-  217. 

(4)  Alkaline  Gleanet * A nonetch-type  alkaline  cleaner 
shall  he  used. 
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'fereparation ' <6f  Eqtulpim6iit ' f oi:  ~ Tgia  ting 

(1)  Iinpapt  Testers ^ 2^  tracks,  pltunmet,  anvil 

plate,  striker  pin  guide,  sample  cup  holder,  and 
base  plate  of  the  impact  tester  shall  he. cleaned 
thoroughly  at  the  start  of  each  teat  and  between 
tests  of  different  materials,  and  shall  be  rinsed 
with  clean  e:i?tractlpn  grade  trichloroethylene  at 
least  after  impact  test  of  every  tenth  sample. 
After  completipn  of  testing  for  the  day,  the  im- 
pact tester  shall  be  thoroughly  cleaned.  Clean- 
liness shall  be  maintained  throughout  any  series 
of  impact  tests  to  minimize  erroneous  results, 

C2)  Striker  ?ins.  Striker  pins  shall  be  used  only 
once  and  then  cleaned.  Before  each  test  the 
striker  pins  shall  be  checked  for  dimensional 
conformance  to  the  applicable  drawing  and  then 
examined  to  ensure  freedom  from  scratches,  nicks, 
metallic  slivers,  and  other  imperfections. 
required,  the  pins  shall  be  remachined  to  ensure 
freedora  from  scratches  and  pits.  Prior  to  use, 
all  striker  pins  shall  be  vapor  degreased  in 
perchlorethylene  or  extraction  grade  trichlo- 
rpthylene  for  at  least  30  minutes.  After  use, 
they  shall  be  thoroughly  cleaned  by  soaking  in 
trichloroethylene  and  scrubbed  with  a detergent 
solution,  Fbllowing  this  treatment,  the  striker 
pins  shall  be  soaked  in  an  alkaline  cleaner, 
rinsed  with  V7ater,  dried,  and  stored  in  a suitable 
container  to  ensure  cleanliness. 

(3)  Remaehined  Striker  Pins.  The  length  of  remachined 
striker  pins  shall  be  2.000  (plus  0*010  or  minus 
0.100)  inches.  Striker  pins  shall  be  remachined 
if  the  striking  area  exhibits  scratches  or  pits  or 
both.  It  may  be  necessary  to  remachina  pins  that 
are  bent  or  flattened  during  impact  tests.  Badly 
bent  and  remachined  pins,  in  which  the  diameter 
near  the  striking  area  is  greater  than  0,505  inch 
or  is  less  thant  0,495  inch,  shall  be  discarded, 

(4)  Tjqie  347  Stainless  Steel  Inserts,  Type  347 
stainless  steel  inserts  shall  be  cleaned  in 
accordance  with  the  method  specified  for  striker 
pins. 
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(5)  S|»<seinien  CJups.  A test  cup  shall  be  used  only 

mice  and  discarded.  Prior  to  use,  specimen 

cups  should  be  cleaned  as  follows  s 

(a)  Vapor  degrease  in  perchloroethylene  or 
extraction  grade  trichloroethylene  for 

15 ‘minutes  (cups  should  be  in  an  inverted 
■position)  , 

(b ) Rinse  with  deionized  water , 

(c)  Soah  in  nonctch-type  alkaline  cleaner 
i80-200°F  for  20  minutes, 

Cd)  Rinse  thoroughly  with  deionized  water, 

(e)  Immerse  in  water  solution  containing  0,5 
percent  of  hydrofluoric  acid  (48  percent) 
by  volume  and  5.0  percent  of  nitric  acid 
(70  percent)  by  volume  for  2 to  5 minutes 
at  room  temperature, 

(f)  Rinse  with  deionized  water. 

(g)  Desmut  by  immersing  at  room  temperature  in 
a 50“percent  (by  volume)  solution  of  nitric 
acid  (70  percent)  for  5 minutes  or  until  smut 
is  removed. 

(h)  Rinse  thoroughly  with  deionized  water, 

(i)  Dry  in  a moderately  hot  oven  250--300^P  to 
avoid  staining, 

(j)  Store  in  a clean  container  until  ready  for 
use. 

The  cups  shall  not  be  used  for  at  least  72  hours 

after  cleaning. 

f.  Blank  Test,  The  effectivsness  of  the  cleaning  procedure 
^hall  be  checked  by  testing  a series  of  twenty  blank 
cups  (filled  With  hOiC)  and  striker  pins  from  each  batch 
of  clean  cups  and  Striker  pins  at  the  72-foot-pound 
level*  In  addition  to  these  blank  tests,  four  blank 
tests  shall  be  made  at  random  during  the  testing  of 
any  materials.  Additional  blank  tests  may  be  made  at 
the  discretion  of  the  operator.  The  striker  pins  and 
sample  cups  shall  be  handled  by  forceps  -or  tongs  and 
kept  out  of  contact  With  the  operator's  hands  or  other 
Sources  of  contamination. 
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g , Cleafllilg  gtocfedura  f 6t  Auxlllairy  E<j;iilpmen.t 

(1)  Test  Cell,  The  ceiling,  walls,  and  any  fixture 
in  the  test  cell  shall  be  rinsed  with  water  at 
the  end  of  the  working  day.  The  concrete  floor 
shall  be  scrubbed  daily  with  a detergent, 

(a)  Stainless  Steel  Ware,  Stainless  steel  ware,  such 
as  striker  pin  baskets,  forceps,  tongs,  spatulas, 
and  inserts,  shall  be  cleaned  in  the  same  manner 
as  the  striker  pins.  Once  integrated  into  the 
handling  procedure,  a thorough  rinse  of  the  stain- 
less steel  ware  with  clean,  extraction  grade 
trichloroethylene  should  be  the  only  cleaning 
necessary, 

(3)  Glassware  Check,  Any  glassware,  such  as  micro- 
burettes,  beakers,  and  syringes,  shall  be  cleaned 
by  soaking  in  a alkaline  cleaner,  rinsed  with 
water,  and  dried.  Immediately  prior  to  use,  they 
shall  be  vapor  degreased  with  trichloroethylene 
for  at  least  30  minutes, 

h.  Preparation  of  Test  Samples 

Cl)  Number  of  Samples,  At  least  20  samples  shall  be 
used  for  each  series  of  test  drops.  It  may  be 
desirable  to  prepare  more  than  20  samples  be-t 
cause  of  rejection  due  to  samples  floating  or 
breaking  up  during  precooling. 

C2)  Liquid  S^ples , Liquid  samples  shhll  be  applied 
to  form  a layer  in  the  bottom  of  the  specimen 
cups  0,050  + 0,010  inch  thick, 

(3)  Greases  and  Semlsolids,  Grease  samples  shall  be 
prepared  as ' follows  s 

(a)  Special  specimen  cups  with  inside  depths  of 
0 ,050  + 0,005  inch  shall  be  provided  (see 
Figure  4-9) , 

(h)  The  special  specimen  cups  shall  be  cleaned 
as  specified  in  413. 5. e. 

Cc)  Place  special  cups  into  the  cup  holder  (see 

Figure  4-9) , Press  sufficient  sample  material 
into  the  special  cups  t«ith  a clean,  stainless 
steel  Spatula  to  form  a sample  that  is  free 
of  air  hubbies  and  void  spots. 
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(d)  Scrape  off  the  excess  sample  with  the  spatula 
until  a smooth  surface,  leyel  with  the  edge 
of  the  cup,  is  achieved, 

Ce)  Remove  the  special  cup  from  the  holder  and 
place  it  inside  the  regular  specimen  cups . 

Solid  Samples.  Solid  samples  shall  be  cleaned, 
rinsed,  dried  as  specified  below,  and  placed  in 
the  bottom  of  the  specimen  cups. 

Metallic  and  Solvent-Resistant  Samples.  Metallic 
and  solvent-resistant  samples  shall  be  scrubbed 
in  detergent  water,  rinsed,  dried,  and  vapor 
degreased  with  tricholoroethylene  before  placing 
in  the  specimen  cups. 

Nonmetallic  Samples.  Npnmetallic  samples  shall  be 
cleaned  with  a detergent  solution  followed  by 
water  rinsing  and  oven  drying  at  212  + 18°F  for 
1 hour  or  until  dry.  The  particular  detergent 
used  shall  be  impact  sensitive  in  accordance  with 
the  requirements  of  this  specification  in  the 
concentration  used  when  tested  as  outlined  in 
413. 3. h. (8). 


Coatings 

(a)  Paints  and  Dry  Film  Lubricants,  Coating 

samples,  such  as  paints  and  dry  film  lubri- 
cants, shall  be  prepared  as  follows; 

(3^)  Apply  the  coating  to  11/16  inch  diameter 
stainless  steel  inserts  in  the  same  manner 
and  to  the  same  thickness  that  is  intended 
for  hardware  application. 

(^)  After  the  samples  have  dried,  place  them 
in  the  regular  specimen  cups  and  test, 

Cb)  Elastomerics . Elastomeric  coating  samples 
shall  be  prepared  as  follows; 

(1)  Thin  With  reagent  grade  methyl  isobutyl 
ketone  or  other  compatible  solvent  to 
10  percent  of  total  weight  of  solids, 
or  to  manufacturer's  recommendations. 
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(^ ) Apply  the  coating  to  11/16  inch  diameter 
stainless  steel  inserts  as  follows: 

(^)  METHOD  1 (Single  Dip  Coat) . Dip  coat 
inserts  to  approximately  0.0005  inch 
and  place  on  clean  aluminum  foil  to 
air  dry.  The  coated  inserts  shall  be 
removed  from  the  foil  and  turned  over 
after  30  minutes  to  allow  both  sides 
to  dry  completely.  The  specimens 
shall  be  air  dried  for  a minimum  of 
24  hours  prior  to  testing.  The  coating 
thickness  shall  be  checked  on  at  least 
four  samples  and  recorded. 

0^  METHOD  2 (Brush  Coat) . Apply  22  coats 
(10  percent  solids)  using  a single  brush 
stroke  with  a soft  nonshedding  brush. 
Allow  a minimum  of  30-minute  drying 
time  between  coats.  If  the  thickness 
of  the  coating  is  greater  than  0.015 
inch,  the  specimen  shall  be  rejected; 
if  less  than  0.015  inch,  additional 
coats  shall  be  applied  as  required  to 
achieve  the  specified  thickness.  Each 
specimen  shall  be  visually  examined  for 
contamination  following  application  of 
each  coat  (especially  bristles  from  the 
brush) . The  coated  specimens  shall  be 
air  dried  for  a minimum  of  24  hours 
following  application  of  the  final 
coat  before  testing. 

(8)  Leak  Check  Compounds,  Dyes,  and  Dye  Penetrant 

Systems.  Clean,  unsealed,  sulfuric-acld-anodized, 
6061-T6  discs  11/16  inch  in  diameter  by  0,063  inch 
thick  shall  be  used  as  a carrier.  Prior  to  use, 
the  discs  shall  be  vapor  degreased  in  extraction 
grade  trichloroethylene.  To  check  the  effective- 
ness of  the  cleaning  procedure,  a minimum  of  20 
blank  discs  shall  be  tested  as  specified  in  413, 3, f. 
The  discs  shall  then  be  soaked  in  the  leak  check 
compound,  dye,  dye  .penetrant , efflulsifier,.  or 
developer  for  15  minutes;  drained  for  15  minutes 
at  an  angle  of  90  degrees  in  the  fixture  shown 
on  Figure  4-12,  and  tested  by  placing  the  speci- 
men discs  on  stainless  steel  inserts  in  the  bottom 
of  the  test  cups . 
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(9)  Solders.  Solders  shall  be  tested  as  flat  sheets. 

The  sheets  shall  be.  prepared  by  melting  and  casting 
the  solders  to  forw  ingots  and  by  rolling  the  ingots 
into  sheets  of  0.020  + 0.005  inch  in  thickness.  Discs 
11/16  inch  in  diameter  shall  be  punched  from  the 
sheets,  cleaned  as  outlined  in  Paragraph  h. (4)  above 
and  test  by  placing  the  dies  on  stainless  steel  inserts 
in  tlie  bottom  of  the  test  cups.  If  rosin  core  solder 
is  used,  care  should  be  taken  to  ensure  that  the  rosin 
is  burned  off  or  completely  renioved  prior  to  test. 

i.  Precooling.  Precooling  shall  be  accomplished  by  lowering 
the  temperature  of  tlie  material  to  the  boiling  point  of 
LOX  at  one  atmospheric  pressure  (minus  298°F) 

j.  Dewar  Flasks.  Stainless  Steel  Dewar  flasks  shall  be  pre- 
cooled by  slcwly  pouring  I^X  into  the  flask  until  the  LOX 
ceases  to  boil,  When  cooled,  the  flask  shall  be  filled 
with  LOX  and  covered  with  clean  aluminum  foil  or  a stainless 
steel  cover,  since  glass  Dewar  flasks  are  easily  bssoken, 
they  should  not  be  used. 

k.  Specimen  Cups 

(1)  Blank  Specimen  Cups.  The  clean,  blank  specimen  cups 
shall  be  precooled  by  slowly  pouring  LOX  into  a sample 
trap  until  -.the  LOX  covers  and  fills  the  cups. 

(2)  Specimen  Cups  Containing  Sample  Material.  To  minimize 
cracking  of  the  samples  during  freezing,  the  cups 
containing  the  samples  shall  be  precooled  slowly  by 
using  the  freezing  box  shown  on  Figure  4-10.  The  box 
should  be  leveled  prior  to  use.  The  procedure  shall 
be  as  follows: 

(a)  Place  approximately  40  specimen  cups  over  the 
holes  in  the  retainer  plate. 

(1?)  Using  an  autcanatic  delivery  tube  with  a 25- 
liter  l>"war  flask,  pressurize  the  Dewar  flask 
to  approximately  2,5  pounds  per  square  inch 
gage  (psig)  with  oil-free  oxygen. 

' (c)  While  maintaining  the  pressure  at  approximately 
2,5  psig,  open  the  discharge  valve  approximately 
halfway  and  start  to  fill  the  freezing  box. 

The  time  required  to  fill  the  cups  and  tlie  freezing 
box  1/8  inch  from  the  top  shall  be  35  to  40  minutes, 
after  this  step,  a careful  inspection  shall  be  made, 
any  sample  that  separates  from  the  bottom  of  the  cup 
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and  floats  or  shatters  due  to  thermal  shock  shall  be 
discarded,  a?he  thickness  of  at  least  five  frozen 
samples  shall  be  measured  and  recorded.  !Ihe  samples 
shall  be  transferred  to  a suitable  (precooled)  con- 
tainer for  storage  until  tested.  Additions  of  LOX 
shall  be  made,  as  necessary,  while  tests  are  in  pro- 
gress to  ensure  that  each  sample  cup'  is  completely 
filled  at  time  of  testing, 

l.  Striker  Pins,  Cleaned  striker  pins  shall  be  precooled 
by  placing  pins  in  a Dewar  flask  and  adding  liquid  nitro- 
gen to  the  flask  until  the  pins  are  covered  with  liquid 
nitrogen, 

m.  Specimen  Gup  Holder  and  Base  Plate.  The  specimen  cjup 
holder  and  aiivil  plate  shall  be  precooled  by  adding  liquid 
nitrogen  to  the  stainless  steel  moat  surroisndlng  the  speci- 
men cup  holder  and  base  plate.  The  moat  should  be  filled 
with  liquid  nitrogen  to  approximately  1/2  inch  below  the 
top  of  the  specimen  cup  holder, 

n.  Pretest  Procedure 

(1)  Critical  test  parameters  shall  be  as  follows: 

(^)  Plxmcnst  Weight.  Pluamiet  weight  shall  be 
20  + 0,05  pounds., 

(b)  Drop  Height.  Drop  height  shall  not  deviate  more 
than  0.2  inch  frcsai  the  specified  height. 

(a)  Striker  Pin  .Diameter,  Striker  pin  diameter 
near  the  striking  area  shall  be  0.500  + 0.005 
inch, 

(d)  Energy  Loss.  The  energy  loss  due  to  fiiction 
shall  be,  controlled  by  measuring  and  recording 
the  drop  time  of  each  drop  of  any  given  height. 

The  observed  plummet  acceleration  shall  not 
deviate  more  than  3 percent  from  the  prevailing 
gravitational  acceleration. 

(1)  Blank  Drop.  The  effectiveness  of  the  cleaning  procedure 
shall  be  cQieclced  by  testing  blank  cups  as  outlined 
in  413. 3. f. 

o . Test  Procedure  for  Ambient  LOX  Mechanical  Impact  Detenaination 

(1)  The  magnet  shall  be  adjusted  to  proper  drop  height 
43.3  inches  for  72  foot-pounds. 

(2)  Cle^  tongs  shall  be  used  to  set  the  precooled  specimen 
cups  into  the  specimen  cup  holder. 
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(3)  A visual  ched?  shall  be  to  assure  that  the 

frozen'  sSH^le  has  not  ^separated  from  the  bottom  of 
the  cup.  Samples  that  have  separated  shall  be 
discarded. 

(4)  Place  the  striker  pin  in  the  cup  and  hold  it  in 
place  by  the  striker  pin  guide. 

(5)  Md  LOX  to  the  specimen  cup  to  ensure  that  the 
specimen,  cup  is  full, 

(6)  Cover  the  exposed  container  of  LOX. 

(7)  Close  the  test  cell  door,  turn  off  the  cell  lights, 
and  set  the  timer. 

(8)  Release  the  safety  catch  and  plummet  by  means  of  the 
contarol  panel  located  outside  the  test  cell  near 
the  observation  windoiff. 

(9)  Observe  and  record  the  results  of  the  impact  reaction 
as  defined  in  413.2. 

(10)  Record  the  drop  time  of  the  plummet  for  each  drop. 

p.  Interpretation  of  Resui'ts.  h material  proposed  for  use 
in  LOX  systems  or  subject  to  direct  contact  with  LOX 
shall  conform  to  the  requirements  of  Section  413.2, 

q.  Threshold  Levels.  For  materials  sensitive  at  72  foot- 
pounds, it  may  be  desirable  to  determins  threshold  values. 
The  approximate  threshold  value  shall  be  obtained  by 
testing  20.  samples  a'  '::ch  of  the  drop  heights  listed  in 
Tcble  4-1,  The  first  height  at  which  no  reactions  are 
obtained  in  20  drops  shall  be  the  approximate  threshold 
veilue.  The:  definitive  threshold  value  shall  be  determined 
by  20  tests,  at  drop-height  incr^ents  of  3 inches  starting 
at  a height  of  6 inches  above  the  approximate  threshold 
value . The  definitive  threshold  value  shall  be  the  higher 
of  the  two  adjacent  heights  a^  vdiich  no  reaction  was 
obtained, 

r.  Rejection  and  Retest^  Failure  of  any  sait^le  to  meet  the 
requirements  of  this  Specification  shall  be  cause  for 
rejection  of  the  lot  represented.  Rejected  materials  shall 
not  be  submitted  for  approval  without  full  details  being 
furnished  concerning  the  previous  rejection  and  measures 
taken  to  correct  the  defects . If  not  more  than  one  test 
unit  of  tie  original  test  sample  fails  to  meet  the  test 
requirements  specified  herein,  the  manufacturer  may  request 
a retest,  if  all  test  units  of  the  retest  meet  the  require- 
ments specified  herein,  the  material  shall  be  considered 
con5>atiblQ  for  use  in  LOX  systems. 
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TABIE  4-1.  DROP  HEIGHT  SCHEDULE  FOR 

THESHHOLD  VM.UE  EGTERMINATIOT 


Energy  Drop  Height 


(Ft  libs)  (Inches) 

43.3 
.39 .0 
36.0, 

33.0 

30.0 

27.0 

24.0 

21.0 

18.0 

15.0 

12.0 

9.0 

6.0 


4 , PAICT  2 - TTIST  method  TOR  PRESSURIZED -rox  OR  GOX -MEGgflNICmL  IMPACT 

I ■ Iiiw.i.  I"  ||'»»|-|.  1,171  ■■■■■.I  III!  !■■■■  , miiiBii  1-1  I I "I »||'-||  II  .1  nnia  

Purpose.  This  procedure  determines  the  compatibility  of 
materials  used  in  pressurized  LOX  or  GOX  systems. 

h.  Criteria  of  Acceptability.  The  material  \^en  subjected 
to  mechanical  impacts  at  the  maximum  use  pressure  aind 
temperature  shall  meet  the  criteria  described  in  413.2. 
Materials  whicfi  fails  to  meet  those  criteria  shall  be 
subjected  to  threshold  determinations  in  LOX  or  GOX  at 
maxiitium  use  pressure  and  temperature  at  the  drop  heights 
shown  ift  Table  4-1. 

c.  Test  Atmosphere.  Candidate  materials  shall  be  tested  in 
95+^  percent  LOX  or  GOX  (M1L-0-27210C) . 

d.  Test  Equipment.  All  tests  shall  be  performed  utilizing 
the  basic  ABMA  impact  tester  described  in  Paragraph  413. 3. b 
with  appropriate  modifications. 
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Sample  Identification.  The  following  information  shall 
accompany  each  material  submitted  for  test. 

(1)  Generic  name. 

(2)  Manufacturer  and  manufacturer's  designation. 

(3)  Composition. 

(4)  Batch/lot  number. 

(5)  Previous  cleaning  and  conditioning  processes. 

(6)  Test  pressure, 

(7)  Test  temperature. 


Sample  Preparation.  The  materials  samples  shall  be 
prepared  according  to  the  procedures  described  in 
Paragraph  413. 3. a. 

Sample  Cleanliness.  Materials  submitted  shall  be  cleaned 
in  accordance  v/ith  the  cleaning  guidelines  established 
for  the  material  and  its  application. 

Pre-Test  Procedure.  Verify  that  all  test  equipment  is 
in  current  calibration. 

(1)  The  ABMA  test  equipment,  fixtures,  striker  pins,  etc. 
shall  be  thoroughly  cleaned  before  each  test  according 
to  the  procedure  utilized  by  the  testing  agency.  If 
such  a procedure  has  not  been  established,  the  clean- 
ing guidelines  outlined  in  Appendix  C shall  be  followed. 

Test  Procedures 

(1)  Place  the  sample  in  position  within  the  sample  retainer 
cavity.  Verify  that  the  sample  is  contained  in  a 
specimen  holder  and  cup  assembly  which  will  allow  for 
the  transfer  of  impact  energy  to  the  subject  specimeii 
in  a repetitious  manner, 

(2)  Pass  gaseous  oxygen  from  the  high  pressure  oxygen 
source  into  the  chamber  and  pressurize  the  test  chamber 
to  the  applicable  test  pressure, 

(3)  Adjust  the  plummet  drop  height.  The  plxanmet's  weight 
shall  he  standardized  at  20  pounds  and  dro.ned  from 
heights  shown  in  Table  4-1. 


(4)  Adjust  the  chamber  pressures  to  the  specified  levels, 

(5)  Maintain  the  pressures  in  the  test  chamber  at  per- 
cent of  the  specified  pressure. 

(6)  Counterload  the  equalizer  chamber  to  pemit  the 
striker  pin  to  "float"  in  the  test  chamber. 

(7)  Maintain  the  temperature  at  + 10  percent  of  the 
specified  temperature. 

(8)  Activate  the  plummet  release  mechanism. 

(9)  Record  the  pressure  and  temperature  in  the  chamber 
beforej  during,  and  after  the  test. 

(10)  Record  audible  explosions. 

(11)  Record  any  flashes  electronically  or  visually  detected. 

(12)  At  the  conclusion  of  the  test,  release  the  residual 
GOX  pressure  in  the  assembly. 

(13)  Diassemble  the  test  apparatus. 

(14)  Examine  the  sample  specimen  and  cup  specimen  holder 
for  visible  signs  of  reaction. 

(15)  Record  all  observations;  photographs  of  a visual  change 
in  the  sample  specimen  shall  be  at  the  discretion  of  the 
test  engineer. 

(16)  Repeat  the  above  procedure,  each  time  employing  a new 
sample  and  assuring  cleanliness  requirements  are  main- 
tained until  the  total  number  of  samples  are  tested. 

j.  Threshold  Level  Determination.  Materials  sensitive  at 

72  ft  lbs  shall  be  subjected  to  threshold  level  determina- 
tions according  to  the  procedure  detailed  in  Section  413. 3. q. 
The  determinatioas  shall  he  made  starting  at  the  maximum  use 
pressure  and  temperature. 

k.  Reporting.  Test  data  shhll  he  reported  in  accordance  with 
instructions  contained  irj  Paragraph  208  on  a form  similar  to 
Figure  2-1.  The  following  special  test  data  and  information 
shall  be  reported; 

(1)  Lot/batch  ntimbers  of  tvach  material. 

(2)  Impact  energy  for  each  test. 

(3)  Temperature  change  in  the  test  chamber. 
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(4)  Condition  of  sample  after  test, 

C5)  Number  of  mechanical  Impacts. 

(6)  Number  of  failures  versus  number  of  samples  tested. 

(7)  Definitive  threshold  value. 

(8)  Pertinent  comments  and  observations  of  test. 
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414  TEST  NO.  14  - GASEOUS  OXYGEN  PNEUMATIC  IMPACT  TEST 

1.  PURPOSE 

The  purpose  of  this  test  is  to  determine  the  sensitivity  of 
materials  to  pure  gaseous  oxygen  (GOX)  when  sub;]ected  to 
pneumatic  impact.  The  test  is  applicable  to  materials  selected 
for  use  in  high  pressure  oxygen  systems  (Type  B) . 

2.  CRITERIA  FOR  ACCEPTABILITY 

a.  A candidate  material  shall  exhibit  no  reactions  at  the 
specified  use  pressure  times  1.5,  and  maximum  temperature 
to  which  it  can  be  exposed  iii  the  thickness  intended  for 
use. 

b.  If  a material  does  react  at  the  test  pressure  and  tempera- 
ture, a review  will  be  required  to  ascertain  the  level  of 
pneijmatic  impact  conditions  that  exist  within  the  system 
in  which  the  material  is  applied. 

3.  TEST  CONDITIONS  - PRESSURES  AND  ATMOSPHERES 

+5 

a.  Candidate  materials  shall  be  tested  in  95_q  percent  GOX 
(MIL-0-27210C)  at  the  specified  use  pressure  and  tempera- 
ture. Test  pressures  ranging  from  50  psia  to  10,000  psia 
will  be  utilized.  Intermediate  pressure  Increments  of 
500  psia  will  normally  be  used. 

b.  Standard  test  conditions  ^ployed  in  performance  of  the 
pneumatic’ impact  test  are  as  follows:  (Other  conditions 
require  special  notation) 

(1)  Test  chamber  temperature  70  + 10“F. 

(2)  Five  pneumatic  impact  cycles  within  60  seconds,  auto- 
matically timed. 

(3)  The  pressure  in  the  test  chamber  shall  be  raised  to 

95  percent  of  test  pressure  within  20  + 7 mlllisecorids. 

c.  The  pneumatic  test  equipment  is  presented  schematically 
in  Figures  4-14  and  4-15. 

4.  SAMPLE  IDENTIFICATION 

The  following  information  shall  accompany  each 
material  submitted  for  test. 

a.  Generic  name 

Manufacturer  and  manufacturer's  designation. 
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HIGH  PRESSURE  OXYGEN 


FIGURE  4-14  PNEUMATIC  IMPACT  TEST  SYSTEM 
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FIGURE  4-15  PNEUMATIC  IMPACT  TEST  SYSTEM 
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c.  Composition 

d.  Batch/16t  number 

e.  Previous  cleaning  and  conditioning  processes 

f.  Test  pressure 

g.  Test  Temperature 

5.  SAMPLE  PREPARATION 

The  materials  s^ples  shall  be  prepared  according  to  the 
procedures  described  in  Section  413. 3. a except  that  80 
specimens  of  each  material  shall  be  prepared. 

a.  Sample  Cleanliness 

(1)  Materials  submitted  shall  be  cleaned  in  accordance 
with  the  cleaning  guidelines  described  in  Appendix  G. 

6.  TEST  PROCEDURE 

a.  Place  the  sample  in  position  within  the  sample  cup. 

b.  Loosely  install  the  sample  cup  in  the  test  chamber. 

c.  Purge  the  test  chamber  and  sample  cup  with  low  pressure 

oxygen  by  opening’:parge  valve  ^-1  to  ensure  that  a per- 

cent oxygen  environment  is  established  within  the  test^ 
chamber. 

d.  Wrench-tighten  sample  cup._ 

e.  Pressurize  the  high  pressure  accumulator  to  the  desired 
test  pressure  with  oxygen. 

f.  Stabilize  the  test  chamber  temperature  at  the  desired 
test  conditions. 

g.  Subject  the  material  specimen  to  cyclic  high  pressure 
oxygen  as  follows: 

(1)  Ensure  purge  valve  V-1  is  closed. 

(2)  Open  vent  valve  V-4  until  chamber  pressure  sensor 
indicates  atmospheric  pressure,  then  close  V-4. 

(3)  Open  pressure  isolation  valve  V-2. 

(4)  Cycle  high  speed  valve  V-3  open  until  test  chamber 
pressure  sensor  indicates  the  same  pressure  as  the 
aocxmiulator,  then  close. 
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(5)  Maintain  pressure  in  test  chamber  for  five  seconds. 

(6)  Open  vent  valve  V-4  for  five  seconds  to  allow  the 
test  chamber  pressure  to  decay  to  atmosphere  pressure. 

(7)  Repeat  Steps  (4) , (5) , and  (6)  until  five  complete 
cycles  have  been  accomplished. 

(8)  Close  pressure  isolation  valve  V~2. 

(9)  Open  vent  valve  V-4  and  high  speed  valve  V-3. 

(10)  When  test  chamber  pressure  sensor  indicates  atmospheric 
pressure,  close  V-3  and  V-4. 

h.  Remove  sample  cup  from  test  chamber. 

i.  Remove  the  material  specimen  and  examine  for  evidence  of 
reaction. 

j.  Record  all  observatioxis  on  the  data  sheet.  Photographs 

of  a visual  change  in  the  sample  shall  be  at  the  discretion 
of  the  test  engineer. 

k.  Repeat  the  above  sequence  to  obtain  data  on  a total  of  20 
specimens  at  each  specified  test  pressure. 

REPORTING 

Test  data  shall  be  reported  in  accordance  with  instructions 
contained  in  Paragraph  208  on  a fo3mi  similar  to  Figure  2-1. 

The  following  special  test  data  and  information  shall  be 
reported: 

a.  Lot/batch  number 

b.  Pressure  change  before  and  after  test 

c.  Temperature  change  in  the  test  chamber 

d.  Condition  of  sample  after  test 

e.  Number  of  test  cycles 

f.  Number  of  failures  versus  number  of  samples  tested 

g.  Pertinent  comments  and  observations  of  the  test  agency 


415  TEST  NO.  15  - CONSTANT  TEMPERATURE  IMMERSION  OF  MATERIALS  IN 
TYPE  J FLUIDS 

1.  PURPOSE 

The  purpose  of  this  test  is  to  determine  the  gross  compatibility 
of  materials  with  Type  J fluids. 

2.  SCOPE 

This  test  is  applicable  for  materials  being  considered  for  use 
in  all  Type  J fluids.  The  test  technique  is  hazardous  in 
nature  and  requires  remote  propellant  handling  and  control. 

3.  CRITERIA  FOR  ACCEPTABILITY 

The  criteria  for  acceptability  is  based  on  exposure  to  a test 
environment  consisting  of  a 48-hour  conditioning  period  in 
the  test  fluid  at  a temperature  of  160° F.  All  materials  are 
to  be  tested  at  their  maximum  use  pressure.  A material  is  con- 
sidered to  be  compatible  with  the  test  fluid  if  exposure  of 
a minimum  of  three  test  specimens  to  these  conditions  results 
in  no  obvious  changes  in  the  material,  i.e.,  dissolution,  sepa- 
ration, etc. 

Materials  shown  to  be  incompatible  at  test  fluid  temperatures 
of  less  than  160°F  are  also  considered  incompatible  and  testing 
at  160° F is  not  required. 

4.  TEST  CONDITIONS 

Test  pressure  will  be  adjusted  to  simulate  maximum  applied 
system  use  pressure  at  a temperature  of  160°F  + 5.5°F  - 0°F. 

The  samples  will  be  immersed  for  48  + 1 hours  then  removed 
for  post  test  observations. 

5.  TEST  EQUIPMENT 

The  test  fixture  shall  be  constructed  of  300  series  stainless 
steel  or  equivalent.  It  shall  contain  a rupture  disc  suitable 
for  protecting  personnel  and  test  equipment  in  the  event  a 
sample  ignition  occurs.  The  fixture  shall  have  penetrations 
for  filling,  pressurization,  pressure  and  temperature  measuring 
devices.  The  test  fixture  volume  shall  be  a minimum  of  1.5 
liters  with  a minimum  of  two- thirds  of  this  volume  as  ullage. 

6.  SAMPLE  PREPARATION 

A minimum  of  three  samples  shall  be  prepared  in  lengths  of  two 
inches.  The  nonnal  sample  size  shall  be  2'*  X 1/4*'  X 1/4". 


Cleaning  shall  conform  to  the  applicable  vehicle  specifica- 
tion. The  sample  shall  be  laounted'  in  the  test  fixture  with 
a stainless  steel' wire  in  a position  where  it  will  be  fully 
submerged  in  the  test  fluid  medium. 

7.  TEST  PROCED-(JB.E 


a.  Verify  that  all  test  equipment  is  in  current  calibration. 

b.  Position  sample  in  the  text  fixture. 

c.  Complete  test  fixture  assembly  (with  rupture  disc)  and 
perform  leak  test. 

d.  Fill  test  fixture  completely  with  the  test  fluid  to  ensure 
all  interior  surfaces  are  wet. 

e.  Braw  ullage  and  pressurise  test  fixture  with  gaseous  helium 
to  desired  test  pressure. 

f.  Isolate  test  fixture  and  monitor  pressure  for  10  minutes. 

A decay  in  pressure  of  more  than  one  percent  is  unacceptable. 

g.  Start  recording  instrumentation  (pressure  and  temperature). 

h.  Initiate  power  to  the  heaters.  Ensure  a temperature  rise 
rate  of  9 to  18“F  per  minute.  Ensure  temperature  stabilises 
at  160°F  + 5.5°F,  - 0°F. 

i.  Continue  immersion  test  for  48  + 1 hours  after  temperature 
stabilises . 

j.  After  48  hours,  vent  the  test  fixture,  de-energise  heaters, 
secure  recording  instrumentation. 

k.  Purge  test  fixture  with  GN^  until  no  liquid  or  vapor  is 
visible  at  the  vent  line. 

l.  Disassemble  test  fixtures  and  examine  test  sample. 

m.  Record  all  observations  on  the  data  sheet.  Photographs 

of  the  sample  shall  be  at  the  idiscretion  of  the  test  engineer. 
Recorded  observations  shall  include  comments  pertaining  to 
any  sample  color  changes,  physical  deformation,  dissolution 
characteristics,  separation,  apparent  size  changes,  etc. 

n.  Chamber  shall  be  decontaminated  and  cleaned  per  the  applicable 
test  agency  requirements. 
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8.  5BP0RTING 


Test  data  shall  be  reported  in  accordance  with  instructions 
contained  in  Paragraph  208  on  a form  similar  to  Figure  2-1. 
The  following  special  test  data  and  information  shall  be 
reported: 

a.  Lot/batch  number 

b.  Temperature  change  in  test  fixture 

c.  Condition  of  samples  after  test 

d.  Pertinent  comments  and  observations  of  the  test'  agency 
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APPENDIX  A ~ ABBREVIATIONS  AND  ACRONYMS 


ABMA. 

amps 

ASTM 

AWG 

FAA 

FAR 

FEP 

GFE 

GSE 

GOX 

JSC 

KSG 

LOX 

MQ 

MSEC 

N2O4 

N2H4 

OMSF 

ppm 

psia 

QA 

RFP 

SBF 

SPEC 

TFE 

Vg 

WSTF 


Army  Ballistic  Missile  Agency 
amperes 

American  Society  for  Testing  Materials 

American  Wire  Gage 

Federal  Aviation  Administration 

Federal  Aviation  Regulation 

Flxiorinated  Ethylene  Propylene 

Government  Furnished  Equipment 

Ground  Support  Equipment 

Gaseous  Oxygen 

Johnson  Space  Center 

John  F.  Kennedy  Space  Center 

Liquid  Ojcygen 

Reliability,  Quality  Assurance  and 
System  Safety  (OMSF) 

George  C.  Marshall  Space  Flight  Center 

Nitrogen  tetroxide 

■Hydrazine 

Office  of  Manned  Space  Flight 

parts  per  million 

pounds  per  square  inch  absolute 

Quality  Assurance 

Request  for  Proposal 

Single  Barrier  Failure 

Specification 

polytetrafluoroethylene  resin 
Vacuum  Gage 

White  Sands  Test  Facility 
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APPENDIX  B ~ RELATED  DOCUMENTS 


The  following  publications  contain  applicable  Information  relating  to 
the  selected  requirements  and  criteria  prescribed  herein; 


SPECIFICATIONS 

Military 

MIL-W-16878 

MIL-W-22759 

MIL-P-25508 

MIL-0-27210 


Wire,  Electrical,  Insulated,  High  Temperature 

Wire,  Electrical,  Fluorocarbon-Insulated,  Copper 
and  Copper'  Alloy 

Propellavit  Oxygen,  Type  I 

Oxygen,  Aviators  Breathing,  Liquid  and  Gas,  Type  I 


Lyndon  B.  Johnson  Space  Center  (JSC) 


JSC-SPEC-Q3 

JSC-02681 

JSC-C-20A 

JSC-C-23 


Pretreatment  (Etching)  of  Teflon  Surfaces  prior  to 
Potting  Processes,  Specification  for 

Nonmetallic  Materials  Design  Guidelines  and  Test 
Data  Handbook 

Water,  High  Purity  and  Distilled 

Surface  Cleanliness  Levels  for  Sampling  Equipment. 


American  Society  for  Testing  Materials  (ASTM) 

ASTM-D56  Standard  Method  of  Test  for  Flash  Point  by  Tag 

Closed  Tester 

AST1^”D568  Standard  Method  of  Test  for  Flammability  of  Flexible 

Plastics 

ASTM-D635  Standard  Method  of  Test  for  Flammability  of  Self- 

Supporting  Plastics 

PUBLICATIONS 


George  C.  Marshall  Space  Flight  Center  (MSEC) 

TMX  64711  Compatibility  of  Materials  with  Liquid  Oxygen 

Volume  I 

MSFC-SPEC-234A  Nitrogen,  Space  Vehicle  Grade 


Federal  Aviation  Administration  (FAA) 

FAR25  Airworthiness  Standards  (Part  25) 
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DRAWINGS 


National  Aeronautics  and  Space  Admlnlstration/White  Sands  Test  gacility 
(NASA/WSTF) 

222-10167G  Modified  High  Voltage  Spark  Generator 

251rl0234-2A  Flash  and  Fire  Test  Apparatus 

252~10235D  Flash  and  Fire  Temperature  Controller  sv'stem 

Assembly 

252“10298  Flash  and  Fire  Point  Sensor  Unit 

3552  WSTF  Instruction  Manual 
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APPENDIX  C 


PRECISION  GLEANING  GUIDELINES 
• 'EOR 

OXYGEN  IMPACT  TEST  SPECIMENS  AND  TEST  APPARATUS 


^NRPOSE.  These  requirements  are  written  to  assure  that  cleaniness 
conditions  are  maintained  and  testing  of  materials  is  undertaken 
under  uniformly  clean  conditions.  These  cleaning  guidelines  shall 
assure  that  nonmetallic  materials  specimens  are  subjected  to  uni- 
form cleaning  methods  which  are  repeatable.  The  method  is  intended 
to  remove  hydrocarbons  which  contaminate  the  surface  during  manu- 
facturing, handling,  processing,  and  shipping. 

2.0  SCOPE.  These  guidelines  describe  methods  of  cleaning  material  test 
specimens.  The  constraints  implied  by  cleaning  and  the  techniques  of 
cleaning  are  only  generally  covered.  Particulate  contamination  shall 
be  controlled  by  assuring  freshly  prepared  cleaning  solutions.  These 
guidelines  are  not  an  operating  procedure  or  job  instruction  which 
details  every  specific  step  required  to  perform  a cleaning  operation. 
These  operating  procedures/job  instructions  are  the  responsibility 

■ of  the  operating  element  and  are  not  within  the  scope  of  this  docu- 
ment. 

3.0  VISUAL  EXAMINATION 

3.1  All  material  specimens  and  test  apparatus  shall  be  visually  inspected 
to  detect  signs  of  contamination.  Methods  employed  within’  the 
sample  preparation  area  shall  be  those  which  can  be  utilized  during 
inspection  and  verification  to  determine  the  amount  of  precleaning 
required.  Any  contamination  shall  be  cause  for  recleaning  (see 
Section  4.0).  Observations  must  be  made  with  the  unaided  eye  and 
light  of  sufficient  intensity  to  illuminate  the  area  being  inspected 
during  the  initial  material  cleanliness  inspection. 

3.2  All  material  specimens  shall  be  free  of  cuts,  abrasions,  and  other 
flaws  as  determined  by  close  visual  inspection  without  magnification, 

4.0  CLEANING 

4.1  jefore  any  GOX  Impact  test,  the  material  specimens  shall  be  pre- 
cleaned by  hrushing  with  a nylon  brush  and  by  flowing  an.  inert  gas 
over  them  to  remove  loose  surface  contamination,  followed  by  reln- 
spection  as  specified  in  Section  3.2 
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4.2  Only  lubricant  and  grease  test  specimens  shall  be  tested  in  their 
"as  used"  condition;  that  is,  no  special  cleaning  processes  other 

, than  those  used  to  prepare  the  material  for  application  or  assembly 

test  are  required. 

4.3  All  other  test  specimens  shall  be  subjected  to  the  following  general 
cleaning  provisons  consisting  of  the  removal  of  such  gross  surface 
contaminants  as  scale,  grease  marks,  manufacturing  residues,  excess 
plasticizers,  corrosion', and  oxidation  products,  etc.,  prior  to  final 
precision  cleaning  per  this  specification.  Solvent  cleaning  shall 
|je  limited  to  water  and  mild  detergent  since  further  solvent  action 
can  change  the  physical  and  chemical  properties  of  materials  by 
leaching  or  solvent  absorption,  thus  altering  the  sensitivity  to 
GOX  impact.  The  cleaning  method  proposed  here  is  uniformly  applied 
to  all  materials  (see  4.7)  prior  to  performing  GOX  impact  tests 
and  correlates  with  existing  contractor  cleanliness  specifications. 

4.4  Rubber  gloves,  or  equivalents,  shall  be  xrorn  during  all  cleaning 
operations.  Cleaned  surfaces  shall  not  be  handled  with  bare  hands. 
Clean  (low-lint)  white  nylon  gloves,  or  equivalent,  shall  be  worn 
when  handling  cleaned  items.  During  and  subsequent  to  cleaning, 
care  shall  be  taken  not  to  recontaminate  parts.  Cleaned  parts  shall 
be  placed  and  sealed  in  a Teflon,  or  equivalent,  packag'e  which  has 

‘ been  cleaned  in  accordance  with  JSC-C-23,  Level  1. 

4.5  Cleaning  and  inspection  processes  per  this  specification  are 
designed  not  to  be  detrimental  to  nonmetallic  materials  or  test 
apparatus  parts.  When  a procedure  herein  is  not  directly  applica- 
ble to  nonmetallic  material  specimens,  those  specimens  shall  not 
be  processed  per  this  specification. 

4.6  Cleaning  Materials 

4.6.1  Rinse  Water.  Rinse  water  shall  be  of  the  distilled  or  deionized 
variety  conforming  to  JSC-SPEC-C-20A,  except  that  a minimum  re- 
sistance of  50,000  ohm-cm  is  acceptable.  Water  shall  be  filtered 
through  a 25  micron  (absolute)  filter  or  better,  prior  to  use  for 
spraying  or  flushing. 

4.6.2  Detergent.  Detergent  shall  be  added  to  deionized  water  in  accordance 
with  concentration  requirements  of  Section  4.9.3  and  then  passed 
through  a 25  micron  (absolute)  filter,  or  better,  prior  to  use,  for 
flushing/decontamination  purposes.  The  following  detergent  types 
are  acceptable;  Liqui-Det.  ?/2,  Turco  4215S,  Ivory  Liquid  Detergent. 

4.6.3  Cleaning  Solvents.  Cleaning  Solvents  shall  be  Freon  TF  for  clean- 
ing test  fixture  and  apparatus'  and  shall  be  filtered  through  a 4.5 
micron  (absolute)  filter,  or  better,  prior  to  use.  The  3STVR  content 
of  the  Freon  solvent  shall  not  exceed  1.0  mg  per  100  ml.  Non- 
metallic materials  shall  be  suitably  cleaned  with  water  and  mild 
detergent  solution. 
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CleMlhg  JMetHbas.  IShere  applicable,  WSTP  Instruction  Manual, 

No,  3552,  Process  No.  3,  shall  be  followed,  'When  cleaning 
elastomeric  parts-  Orubber,  elastomers,  Q'frings,  and  other' plastic 
or  synthetic  nonmetallic  parts) . 

4.8  Precleaning.  Where  applicable,  (Section  4.1  )»  samples  and 
test  apparatus  shall  be  precleaned  prior  to  conducting  any  GOX 
mechanical  or  pneumatic  tests. 

4.9  Cleaning  Procedure 

4.9.1  Samples  and  test  apparatus  shall  be  first  inspected  for  any  signs 
of  abrasion,  etc. , and  brushed  clean,  using  a nylon  brush. 

4.9.2  The  material  specimens  shall  then  be  decontaminated,  using  cold 
tap  water.  Flush  with  water  until  pH  of  effluent  is  within  0.5  pH 
unit  of  influent,  but  do  not  flush  less  than  two  minutes. 

4.9.3  Perform  detergent  cleaning  using  1/2  to  1 oz.  of  detergent/gallon 
of  deionized  water.  Assist  cleaning  with  nylon  brush.  Immersion 
time  shall  be  5 + 1 minute  at  bath  temperature  of  120-150°  F. 
Agitation,  not  ultrasonic,  shall  be  effected  for  a period 

not  less  than  30  seconds  prior  to  removal  from  detergent 
bath. 

4.9.4  Soak  and  agitate  for  not  less  than  two  minutes  with  deionized 
water  (see  Section  4.6.1)  140°F  maximum  until  no  evidence  of 
detergent  solution  is  apparent  when  checked  by  a suitable  ASTM 
or  equivalent  method. 

4.9.5  Rinse-spray  using  deionized  water  for  at  least  ten  thorough 
applications . 

4.9.6  Place  samples  in  clean  Petri  dish. 

4.9.7  Dary  for  5 minutes  with  nitrogen  (GN2)  conforming  to  MSFC-SPEC- 
234A,  filtered  through  a membrane  filter  not  exceeding  a 4.5  micron 
pore  size,  and  package  in  a Teflon  package. 

4.9.8  Samples  have  now  been  uniformly  cleaned  and  are  ready  for  GOX 
mechanical/pneumatic  testing. 

5.0  TEST  APPARATUS 

5.1  Prior  to  performing  any  GOX  impact  test,  the  test  chamber  and 
components,  where  necessary  as  determined  by  Section  3.0,  shall 

be  degreased  in  a solution  of  detergent  and  demineralized  water  or 
Freon,  depending  upon  the  contaminants.  Rinsing  or  flushing  shall 
be  thorough,  followed  by  adequate  drying,  such  as  passage  of  dry 
nitrogen,  air,  or  inert  gas  over  the  components. 
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5.2  Application  of  any  cleaning  solution  must  be  restricted  to  usages 
where  problems  subsequent-  to  cleaning  will  not  occur  as  a result 
of  the  application;  e.g»,  corrosion  from  entrapped  cleaning  fluids 
that  might  alter  a material's  GOX  impact  characteristics,  etc. 

5.3  All  steps  in  any  procedure  must  progress  in  an  uninterrupted  series 
of  operations  through  the  final  rinse  and  drying  operation.  Precau- 
tions must  be  taken  to  assure  that  cleanliness  is  maintained  until 
testing  commences. 


* U.  S.  COVERNMEWX  PHIHTING  OFFICE  ; 1674  737-186/192 
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Table  37 


COMPARISON  OF  BURNING-PROPAGATION  RATES  IN  OXYGEN  FOR  VARIOUS  METALS 
Samples  in  form  of  either  foil  or  wire.  See  ANL-5959,  page  71,  for  method 


Metal 

Thickness 

(mm) 

Width 

(mm) 

Diameter 

(mm) 

Burning- 

propagation 

Rate 

(cm^  f 'ic) 

Metal 

Thiclmess 

(mm) 

Width 

(mm) 

Diameter 

(mm) 

Btirning- 

propagation 

Rate 

(cm/sec) 

Aluminum 

0.015 

~3.0 

.a 

Rhenium 

0.52 

_a 

Cadmium 

0.005 

~3.0 

_a 

Tantalum 

0.25 

3.2 

1.15 

Tantalum 

0.13 

3.1 

2.01 

Cobalt 

0.30 

~3.0 

_a 

Tantalum 

0.05 

3.0 

4.32 

Cobalt 

0.025 

2.9 

5.09 

Tantalum 

0.007 

3.0 

39.9 

Chromium 

0.05 

2.9 

3.56 

Thorium 

0.23 

3.0 

8.75 

Chromium 

0.013 

2.8 

6.37 

Thorium 

0.13 

3.1 

19.4 

Copper 

0.05 

~3.0 

-a 

Tin 

0.01 

-3.0 

.a 

Copper 

0.007 

3.1 

8.32 

Titanium 

0.29 

3.2 

6.11 

Hafnium 

0.13 

~3.0 

6.40 

Titaniian 

0.12 

3.1 

14.3 

Hafnium 

0.07 

3.0 

9.27 

Titanium 

0.025 

3.3 

53.3 

Titanium 

0.007 

3.1 

138 

Indium 

0.05 

-3.0 

_a 

Tungsten 

0.13 

-3.0 

_a 

Iron 

0.28 

3.0 

0.87 

Iron 

0.030 

3.0 

2.74 

Uranium 

0.25 

3.0 

3.75 

Iron 

0.007 

3.2 

6.96 

Uranium 

0.13 

3.0 

6.04 

Iron 

0.23 

5.09 

Uranium 

0.03 

3.0 

24.5 

Uranium 

0.01 

3.0 

60.6 

Lead 

0.17 

-3.0 

.a 

Uranimn 

0.48 

5.96 

Magnesium 

0.13 

2.8 

9.32 

Vanadium 

0.28 

3.0 

1.51 

Magnesium 

0.007 

3.2 

109 

Zinc 

0.02 

-3.0 

.a 

Molybdenum 

0.13 

3.2 

0.96 

Molybdenum 

0.08 

3.1 

1.96 

Zirconium 

0.27 

3.0 

8.24 

Molybdenum 

0.05 

3.0 

2.75 

Zirconimn 

0.13 

3.0 

11.1 

Molybdenum 

0.25 

2.13 

Zirconium 

0.05 

3.0 

17.3 

Zirconium 

0.02 

3.0 

42.8 

Nickel 

0.01 

~3.0 

.a 

Zirconium 

0.007 

4.2 

177 

Zirconium 

0.39 

19.9 

Niobium 

0.030 

3.0 

12.6 

Niobium 

0.010 

3.1 

26.5 

Niobium 

0.05 

49.5 

^Combustion  not  sustained,  therefore  no  burning  propagation  rate  measurable. 
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SUMMARY 


An  escploratory  e:iq>Grimental  program  has  been  carried  out  in  the  Allentown 
laboratories  between  Febmary  and  May  1970  in  order  to  observe  and  measure 
the  burning  rates  of  several  metals.  The  test  runs  did  not  involve  any  equip- 
ment for  measuring  temperature,  heat  input,  or  heat  evolved.  The  observations 
made  for  the  moat  part  were  qualitative  but  there  were  some  combustion  rates 
measured  in  two  of  the  estperimental  apparatuses. 

There  were  five  basic  set-ups  used  in  this  experimental  program  (Figures 
1 to  5),  four  involving  gaseous  oxygen  at  atmospheric  pressures  and  one 
using  LOX  at  atmospheric  pressure.  E:q)erimental  results  for  two  of  the 
set-ups.  Figures  2 and  5,  are  recorded  on  l6mm  movies.  Typical  runs  for 
mild  steel,  stainless  steel,  and  aluminum  were  filmed. 

There  were  two  ignition  methods  used<  Initially  an  oxyacetylene  torch  was 
used  to  heat  the  sample  to  ignition  or  melting  whichever  the  case  might 
be.  Later  an  ignition  "pill"  made  of  compressed  steel  wool,  stainless  steel 
wool,  or  aluminum  wool  was  used.  This  pill  was  ignited  by  means  of 
a 6 volt  battery  and  two  electrodes.  The  second  method  was  the  better  of 
the  two  since  the  oxygen  atmosphere  around  the  sample  was  not  disturbed  as 
much  as  in  the  case  of  the  torch,  which  emits  a high  velocity  flame. 

Table  I lists  the  metals  with  their  con^ositions , which  were  tested.  All 
n^tals  were  tested  in  every  set-up  except  Apparatus  No.  3.  Mild  steel  and 
stainless  steel  were  run  in  this  set-up. 

In  addition  to  the  experimentation,  a literature  survey  was  conducted  on  the 
combustion  of  metals,  ihe  Appendix  contains  a list  of  pertinent  reports  along 
with  abstracts.  Some  of  the  more  important  articles  are  the  ei^t  papers  by 
Dr.  L.  Kirschfeld,  who  h^  done  extensive  work  in  the  field  of  combustion  of 
metals. 

CONCLUSIONS 


For  the  most  part,  metals  will  react  with  oxygen  if  exposed  to  the  right 
conditions.  Tlie  degree  with  which  a specific  metal  reacts  depends  on  a 
number  of  variables.  Pressure,  temperattire , phase  of  oxygen  and  oxygen 
concentration  are  among  the  xoost  important  ones.  It  appeared  that  the  metals 
tested  reacted  faster  and  to  a greater  degree  in  liquid  than  in  gaseous 
oxygen.  The  reason  for  this  is  not  clear  but  two  possible  answers  ares 
higher  oxjrgen  concentrations  or  better  contacting  of  oxygen  in  the  reaction 
zone.  Combustion  rates  increase  lis  the  flow  rate  of  oxygen  increases,  at 
least  in  the  case  of  mild  steel  as  shown  in  figure  6. 

The  data  taken  during  these  series  of  tests  agree  in  a qualitative  way  with 
those  of  other  researchers  in  the  field  of  combtistion  of  metals  (U,^,6,7)« 

In  general  most  agree  that  mild  steel  is  the  easiest  to  ignite  and  bums 
readily  in  oxygen.  Nickel  sad  its  alloys  appear  at  the  other  end  of  the 
scal^  being  the  most  resistive  to  burning  in  oxygen  regardless  of  conditions. 
Aluminum  lies  somewhere  in  the  middle,  being  a very  reactive  metal  in  oxygen 
after  ignition,  but  its  low  uniting  point  and  high  ignition  tenperature  make 
it  one  of  the  hardest  n^tal  to  ignite  and  keep  b\u‘ning«  The  list  of  metals 
which  were  tested,  is  arranged,  in  Table  II,  in  order  of  decreasing  resistance 
to  ignition  and  burning  in  oxygen  atmospheres. 
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TABLE  I 


Compositions  of  Metals  Tested 
Composition 


Stainless 

C (Max) 

Mg  (Max) 

Si  (Max) 

Cr 

Ni 

Others 

Steel 

% 

$ 

$ 

J. 

J. 

$ 

309 

0.2 

2.00 

1.00 

22-24 

12-15 

—1 

316 

0.1 

2.00 

1.00 

16-18 

10-14 

Mo  2-3 

316  L 

0.03 

2.00 

1.00 

16-18 

10-14 

Me  1.75-2. 

i}lC 

0.15 

1.00 

1.00 

11.5-13. 

5 — 

17-U  Pb 

o.oU 

— 

— 

16.5 

3. 5-4.0 

Cu  3. 4-4.0 

Commercial  Leaded  Bronse:  69$  Cu,  1.75$  Pb,  9.25$ 

Zn 

Monel  2^00: 

65.5$  Ni,  1 

0.12$  C,  1.0$  Mn, 

1.35$  Fe,  0.15$  Si, 

31.5$  Cu 

Inconel  600 

: 76.0$  Ni 

, 0.04$  C,  0.2$  Mn,  7.2$  Fe, 

0.20$  Si, 

0.10$  Cu, 

15.8$  Cr 

Nickel  200: 

99.5$  Ni, 

0.06$  C,  0.25$  Mn,  0.15$  Fe 

, 0.05$  Si 

0.05$  Cu 

Hastelloy  Bs  ^5%  Ni^  0®!^  C,  0„5%  6/2  Fe,  0o3%  Si,  2Q%  Mo 

Aluminum  5357:  Mg,  0.23%  tai*  93.73%  M 

Carbon  Steel  1010:  O.OS-0.13^  C,  0.30-0.60^  O.OUO^  P,  0.050$  S,  Balance  Fe 

Moiybdiniik  0.33'*0.Ji3$  C.  0.75“1.0$  0.0l»0$  P,  0.0it0$  S, 

0.2-0.33$  Si,  0.8-1.10$  Cr,  0.15-0,25$  B!o,  Balance  Fe 


TABLE  II 


atui  C^emiea£t- 


Metals  Tested  Arranged  in  Order  of  Decreasing  Hesistamce 
to  Ignition  and  Burning 

- only  melted 

- only  melted 

- very  little  reaction 
“ very  little  reaction 

- very  slow  reaction  rate 

- hard  to  ignite  but  vesy  reactive 
after  ignition 

Stainless  steel  •»  self-sustaining  reaction  in  some  runs 

Mild  steel  - very  easy  to  ignite—coiiiplete 

combustion  of  sasi^le 


Nickel  200 
Commercial  bronze 
Inconel  600 
Monel  UOO 
Hastelloy  B 
Aluminum 
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Si  ancf 
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RESULTS 

Variations  in  burning  characteristics  of  metals  were  determined  in  each 
of  the  tests  in  the  five  experimental  set-ups.  These  characteristics  are 
classified  into  five  categories. 

1.  Metals  for  which  self-sustaining  burning  was  sufficient  to  allow 

a combustion  rate  to  be  measiired.  In  addition  these  metals  burned 
until  oxygen  was  removed  (7), 

2.  Metals  which  burned  in  a long  enough  self-sustaining  manner » that 
a rate  of  combustion  was  measured,  but  differed  from  number  1 in 
that  they  were  eventually  self-extinguishing  in  nature  (\/+). 

3.  Metals  which  burned  or  reacted  in  a manner  which  did  not  allow  the 
determination  of  a rate  of  combustion.  For  exan^le,  stainless  would 
melt  off  the  sascple  rod  and  react  with  the  oxygen  in  the  molten 
form  at  the  base  of  the  experimental  equipment  (v«). 

U.  Ifetals  which  reacted  only  when  outside  heat  was  supplied  (S.R. ). 

3.  Metals  which  did  not  react;  the  test  sample  only  melted  (N.R.). 

Table  III  has  a listing  of  all  the  metals  testvad  and  the  testing  apparatuses. 

In  addition,  the  metals  are  classified  into  the  above  n^ntioned  categories, 
and  son©  typical  burning  rates  are  mentioned. 

With  regard  to  the  resistance  of  metals  in  reacting  with  oxygen,  nickel  and 
its  alloys  are  probably  the  most  resistive,  while  steel,  stainless  steel,  end 
aluminum  are  the  least  resistive  of  the  sstals  tested.  Miiminum,  although 
reacting  most  violently  with  oxygen,  was  vesy  hard  to  ignite.  This  is 
a factor  in  its  favor  for  its  use  in  some  oxygen  atmosphere  applications. 

EXPERIMSmTION  AND  DISCUSSION  OF  REISUXTS 

Apparatus  Ko.  1 (Figure  1) 

In  this  equipment  although  very  simple,  three  types  of  reactions  could  be 
distinguished  (see  Table  III).  Mild  steel  is  the  easiest  of  the  metals  to 
ignite.  Once  heated  to  Rowing  red  end  lowered  into  the  beaker  containing 
oxygen  it  would  continue  to  burn  as  long  as  there  was  oxygen  available.  The 
reason  being,  mild  steel  ignites  and  burns  in  oxygen  at,  or  just  below  its 
melting  point,  causing  the  reaction  to  remain  on  the  rod.  Stainless  steel  on 
the  other  hand,  reacts  with  oxygen  at,  or  Just  above  its  melting  point,  there- 
fore, it  was  very  diffictjlt  to  sustain  a reaction  on  the  rod  for  a long  period 
of  time.  Stainless  steel  because  it  reacts  with  oxygen  at  a higher  temperature 
and  in  a different  phase  than  mild  steel,  was  veiy  sensitive  to  positioning. 
Combustion  rates  for  stainless  steel  were  obtained  when  the  stainless  steel 
rod  was  burning  horizontally  and  vertically  from  bottom  to  top.  Aluminum,  like 
stainless  steel  ignites  above  its  melting  point  (3)»  It  is  estimated  in  the 
literature  that  its  i^ition  tea^perature  in  oxygen  is  around  3700°F  (5,6). 

Since  aluminum's  melting  point  is  about  1220®F  there  was  very  little  chance  of 
getting  the  test  piece  hot  enough  to  cause  igaition  in  this  type  of  equipment. 
Nickel  and  its  alloys  are  other  E®tals  which  igiite  above  their  melting  point, 
so  ignition  of  these  ii^tals  was  again  not  achieved.  Low  oxygen  concentration. 
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TABLE  III 


Metals  Tested  Classified  into  Degrees  with  which  they  Reacted 
with  Oxygen  in  Each  Apparatus 


Metal  Apparatus 


1 

2 

3 

4 

Mild  Steel  Data  on 

1/16",  1/8"  & 1/16"  rod 

1/4"  rod 

A 

/ 

.3  in/sec  (up) 

.5  in/sec  (do\m) 

A 

No  Data 

A 

Aluminum 
1/16”  rod 

R.R. 

/+ 

10  in/sec  (up) 
approximate 

A 

309  Stainless  Steel 
1/16"  rod 

A 

✓ 

.171  in/sec 
Uown) 

A 

316  Stainless  Steel 
1/16"  rod 

A 

/+ 

.08  in/sec 
(up) 

A 

316  L Stainless  Steel 
3/32"  rod 

A 

/+ 

.07  in/sec 
(up) 

A 

4l0  Stainless  Steel 
1/16”  rod 

✓» 

A 

.052  in/sec 
(up) 

A 

17-4  Fh  Stainless  Steel 
1/16"  rod 

A 

/+ 

.12  in/sec 
(up/ 

A 

4l40  Steel 
3/16”  rod 

A 

/ 

.013  in/sec 
(up) 

A 

Hickel  200  I/I6”  & 1/8"  Rod 

N.R. 

N.R. 

N.Bo 

N.R. 

Monel  400 
1/16"  rod 

S.R.  • 

S.R. -9  sec 
of  glowing 

N.R. 

Inconel  600  I/16"  & 1/8"  Rod 

S.R. 

N.R. 

N.R. 

Commercial  Bronze 
1/16"  rod 

N.R. 

N.R. 

N.R. 

Hastelloy  B 
5/64"  rod 

S.R. 

/ 

.06  in/sec 
(up) 

S.R. 

Note:  See  Resiats  on  page  4 for  e:qplanation  of  symbols 


i 


/ 

.435  in/sec 


/» 


/ 

.38  in/sec 
.3  in/ sec 


S.R. 


.24  in/sec 


/ 

.3  in/sec 
/ 

.06  in/sec 


H.R. 


S.R.  - 4 
sec  of 
glowing 


S.R. >4  sec 
of  glowing 


N.R. 


.08  in/sec 


END  OF  REFERENCE 
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ABSTRACT 

The  Oxygen  Index  Flammability  Test  was  developed  by  Feni*  \ 

more  and  Martin  because  they  found  that  none  of  the  generally  | 

accepted  tests  gave  the  precise  measurement  of  the  relative  flam-  | 

mability  of  polymeric  materials  necessary  for  flammability  research.  ‘ 

This  paper  wiii  describe  their  test,  give  some  typical  results  for  the  | 

various  types  of  materials  which  can  be  studied  by  this  method,  | 

and  compare  results  from  this  test  with  those  obtained  on  other  ^ 

tests.  Some  examples  to  show  how  the  method  can  be  applied  to 
almost  every  phase  of  flammability  testing  from  quality  control  to  J 

pure  research  will  also  be  presented.  j 


INTRODUCTION 

1 n 1966,  Dfs.  C.  P.  Fenimore  and  F.  J,  Martin  of  the  General  Electric  Research 
and  Development  Center  published  an  article  [1]  introducing  the  Oxygen 
Index  Test,  which  they  had  developed  for  studying  the  flammability  of  poly- 
meric materials.  Since  that  time,  the  test  has  become  widely  recognized  as  a 
significant  addition  to  the  field  of  polymer  flammability  testing.  At  the  present 
time  over  100  different  industriai  firms  are  using  the  test  to  study  not  only 
polymers,  but  fabrics,  woods  and  many  other  materials.  In  this  paper  we  will 
show  how  the  test  can  be  applied  to  almost  every  phase  of  flammability  testing 
from  pure  research  to  everyday  quality  control. 


THE  OXYGEN  INDEX  TEST  METHOD 


Before  discussing  the  test,  it  is  necessary  to  first  define  Oxygen  Index  and 
explain  its  meaning.  The  Oxygen  Index,  n,  of  a materia!  Is  the  percentage  con- 
centration of  oxygen  in  a mixture  of  oxygen  and  nitrogen  which  will  maintain 
equilibrium  burning  conditions,  i.e.,  the  heat  produced  during  combustion  just 
balances  the  heat  lost  to  the  surroundings.  Physically,  this  is  the  lowest  con- 
centration of  oxygen  which  will  support  sustained  combustion  of  the  material, 
and  is  calculated  from  the  following  equation: 


/»(%)  = 


100  X Oa 
Oz  + Nz 


where  Oz  is  the  oxygen  concentration  at  equilibrium  and  N2  is  the  associated 
nitrogen  concentration. 


J 

j 

\ 

i 

j 
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Table  2.  Typical  Oxygen  Index  Results  for  Rigid  Plastics. 


Material 

Oxygen  Index 

Source 

Polyacetal,  Celcon 

14.9 

19 

Polyethylene  Oxide,  Polyox  WSR-35 

15.0 

19 

Polyacetal  plus  30%  glass 

15.6 

14 

Cellulose  Acetate  (dry  = 0.1%  water) 

16.8 

24 

Polyitiethyi  Methacrylate,  Plexiglas 

17.3 

1 

Polypropylene,  Profax  6505 

17.4 

19 

Polystyrene,  Shell  325 

17.8 

21 

Polypropylene,  Profax  P7401 

17.8 

29 

Cellulose  Acetate  (wet  = 4.9%  water) 

18.1 

24 

Polystyrene,  Cosden  825  TV 

18.2 

21 

Polypropylene  plus  30%  glass 

18.5 

14 

ABS,  Cycolac  T 

18.8 

21 

Cellulose  Butyrate  (dry  = 0.06%  water) 

18.8 

24 

Polystyrene,  Dylene  8X 

19.0 

22 

SAN 

19.1 

14 

Cellulose  Butyrate  (wet  = 2.8%  water) 

19.9 

24 

Arylon  T-3198  Natural 

20.6 

14 

ABS  plus  20%  glass 

21.6 

14 

Phenolic — Paper  Laminate,  Textolite  1 55718 

21.7 

21 

Polycarbonate,  Lexan  191 

22.5 

14 

Arylon  T-3198  White 

22.8 

14 

Polypropylene  (F.R,),  Plaskon  1070X 

23.7 

21 

Nory!  731 

24.3 

14 

Nylon  6-6  (dry,  as  molded) 

24.3 

23 

Polycarbonate,  Lexan  141 

24.9 

21 

Epoxy-Glass  Laminate,  G.E.  11558G10 

24.9 

22 

ABS  (F.R.),  Durez  2311 

25.2 

14 

has  been  hampered  by  the  failure  of  the  test  to  measure  flame  spread  rate  and 
ease  of  ignition.  In  the  future,  attempts  will  be  made  to  modify  the  procedure 
to  overcome  these  drawbacks.  Typical  examples  are  given  in  Table  3. 

6.  flubber— The  method  for  rigid  and  flexible  plastics  has  been  applied  to 
rubbers.  Some  results  are  shown  in  Table  4. 

7.  IVood— Table  4 also  contains  examples  of  the  results  for  woods.  The 
experimenter  must  be  careful,  as  with  many  plastics,  to  avoid  misleading 
results  due  to  the  formation  of  char.  Reference  3 suggests  the  use  of  a 
statistical  testing  method  for  erratically  burning  materials  such  as  these. 

8.  Coated  Products — ^Wire  coatings  are  being  tested  with  the  conductor 
removed  [8]  or  replaced  with  a non-conductor,  such  as  glass,  so  that  con- 
duction does  not  change  the  heat  balance  at  equilibrium  burning  conditions 
i.e..  Oxygen  Index  changes.  Other  coated  products  with  the  substrate  present  j 
are  being  tested  but  results  are  not  yet  available  for  discussion. 

9.  Other  Areas— -Oxygen  Index  values  for  various  materials  at  other  pres- 
sures and  temperatures  are  being  determined  for  use  in  several  areas  includ- 
ing aerospace.  Gases  other  than  nitrogen  and  combinations  of  gases  have  j 
also  been  used  to  study  various  materials  [1]. 
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Table  2.  Typical  Oxygen  Index  Results  lor  Rigid  Plastics. 


r 

fi 

i! 

Material 

Oxygen  Index 

Source 

i ' 

1 

1 

polypropylene  (F.FI.),  Plaskon  1050 

25.6 

21 

j 

ABS  (F.R.),  Cyoolac  KT 

25.8 

21 

!' 

Polypropylene  (F.R.),  Plaskon  1060 

26.4 

21 

i, 

Noryl  SE-100 

27.4 

22 

it 

ABS  (F.R.),  Cyoolac  KL 

27.4 

21 

1 

lioryl  SE-1 

28.0 

15 

1 1 

Polypropylene  (F.R.),  Avisun  2356 

29.2 

21 

•Polycarbonate,  Lexan  3412  plus  20%  glass 

29.8 

15 

Polyphenylene  Oxide  534 

30.0 

15 

i 

Nylon  6<6  (saturated,  about  8%  water) 

30.1 

23 

Polysulfone  PI  700 

30.4 

15 

PVC,  Plaskon  X2013 

31.5 

21 

! 

ABS  (F.R.),  Cycovin  KA 

31.7 

21 

i 

Epoxy— 'Glass  Laminate,  G.E.  11673FR-2 

32.6 

22 

Epoxy,  Plenco  200D-B1242 

38.3 

21 

Polycarbonate,  Lexan  OL444 

39.7 

15 

PVC,  Plaskon  2005 

40.3 

22 

Alkyd,  Plenco  1S04-B663S 

41.0 

21 

Polyester,  Atlao  711-050 

41.5 

16 

\ 

Polycarbonate,  Lexan  DL444  plus  20%  glass 

42.0 

15 

Polyvinyiidene  Fluoride 

43.7 

15 

PVC,  Geon  101 

45.0 

1 

Epoxy,  Plenco  2000F-B6432 

47.6 

21 

* 

Epoxy— Glass  Laminate,  G.E.  11635  FR-4 

49.0 

22 

Phenolic  (Mica  Filled),  Plenco  343-B817 

52.8 

21 

Polyvinyiidene  Chloride,  Saran 

60.0 

1 

1- 

Polytetrafluoroethylene,  Teflon 

95.0 

1 

RELATION  TO  OTHER  TESTS 

When  a new  test  is  developed,  results  are  usually  checked  against  those 
obtained  on  some  generally  accepted  test.  There  are  few  tests  which  will 
, numerically  measure  the  relative  flammability  of  a material.  Several  accepted 
tests  presumably  bracket  materials  into  several  broad  classifications  (burn- 
ing, self-extinguishing  and  non-burning)  according  to  their  ability  to  support 
combustion.  Two  of  the  best  known  are  the  ASTM  D-635  Test  and  the  U.L. 
Subject  94  Test  (10J.  In  Table  5,  we  compare  the  results  obtained  on  these 
two  tests  with  the  Oxygen  Index  for  the  material. 

It  is  apparent  from  these  data  that  neither  test  correlates  with  the  Oxygen 
Index  Test  or  with  each  other.  This  leads  to  confusing  results  such  as  those 
for  Dylene  85  which  has  an  Oxygen  Index  equal  or  greater  than  all  of  the 
’ polypropylenes  tested  yet  it  rates  only  self-extinguishing  (SE)  while  the  poly- 
propylenes  are  non-burning  (NB).  It  is  evident  that  the  results  are  affected  by 
factors  other  than  the  materials  inherent  flammability.  A similar  situation 
exists  with  the  Subject  94  test  where  certain  types  of  materials  need  an 
Oxygen  Index  near  27  to  guarantee  an  SE  rating  [9].  In  both  cases,  we  have 
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Table  S.  Typical  Oxygen  Index  Results  for  Non-Rigid  Plasties, 
Cellular  Materials  and  Fabrics. 


Oxygen 


Material  Designation 

Index 

Sample  Size 

Remarks 

Source 

Non-rigid  plastics 

Delrin 

16.1 

0.125"  X 1" 

X 4" 

5 

Plexiglas  G 

16.7 

0.030"  X 1" 

X 6" 

— 

5 

Plexiglas  G 

16.8 

0.050"  X 1" 

X 6" 

— 

5 

■ * 

Plexiglas  G 

17.4 

0.125"  X 1" 

X 6" 

— 

5 

• 

Polystyrene,  Koppers  8 

18.0 

0.062"  X 0.875"  X 4" 

— 

5 

i 

Cellulose  Acetate  Butyrate 

19.6 

0.125"  X 1" 

X 4" 

— 

5 

Lexan  8000-111 

21.3 

0.005"  X 2" 

X 6" 

5 

4 

Lexan  8070-112 

22.2 

0.010"  X 2" 

X 6" 

— 

5 

5 

Lexan,  commercial  sheet 

26.1 

0.062"  X 1" 

X 4" 

5 

i 

Kapton  Polyimide  100H 

36.5 

0.001"  X 1" 

X 4" 

— 

5 

i 

Effect  of  plasticizer  on  flammability  (100  parts  PVC,  70  parts  plasticizer. 

l 

1 

12  parts  CaCOs  or  flame  retardant) 

D.O.P.  Plasticizer 
63  Parts  D.O.P./7  Parts 

21.6 

— 

CaCOa  filler 

11 

>' 

1 

TCP 

22.4 

— 

CaCOa  filler 

11 

49  Parts  D.O.P./21  Parts 

Samicizer  140 
56  Parts  D.O.P./14  Parts 

23.9 

— 

CaCOa  filler 

11 

1 

Santicizer  148 

25.0 

8 parts  CaCOa 
filler 

4 parts  antimony 

11 

1 

oxide 

i 

Cellular  Materials 

Unmodified  Polyurethane 

Ik 

Foam 

16.S 

7 

SBR  Foam 

16.9 

7 

• i 

Polybutadyene  Foam 

17.1 

7 

Natural  Rubber  Foam 
PVC  Foam  (adhesive 

17.2 

7 

21 

1 

backing) 

22.3 

1 

Fabrics 

'i 

Cotton 

18.6 

— 

— • 

5 

• 1 

Rayon  Felt 

18.7 

_ 

— 

17 

Rayon 

18.6 

— 

— 

17 

-i 

s 

Acrylic 

19.6 

1"  X 6" 

Glass  Filament 

5 

a 

Polyester 

20.6 

1"  X 6" 

Glass  Filament 

5 

1 

Wool 

23.8 

1"  X 6" 

Glass  Filament 

5 

1 

Nomex 

26.7 

1’/a"  X 4" 

Metal  Frame 

5 

1 

Flame  Treated  Cotton, 

i 

U.S.  Army 

27.3 

2"  X 5" 

Metal  Frame 

5 

n 

Dynei 

29.8 

1"  X 6" 

Metal  Frame 

5 

J 

i 

Polybenzimidazole 

40.6 

1%"  X 4" 

Metal  Frame 

5 

i 

1 

42  • j 

I 

I' 

_il 

I 

ifl 
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CandHe-type  test  for  flammahilrty 


\ of  polymers 


By  C.  P.  Fenimcre*  and  F.  J,  Martin* 


for  diffivion  flames  at  atmospheric 
pressure  were: 

n = 0.0S4  for  bydrosen  gas, ' 

= 0.0S6  for  an  equimolar  mix- 
ture of  hydrogen  and 
carbon  monoxide, 
n = 0.071  for  monomeric  for- 
maldehyde, 

= 0.133  to  0.134  for  benzene 
and  normal  paraffins 
containing  6 to  10 
carbon  atoms. 

We  have  found  that  the  limiting 
oxygen  indices,  determined  for  ricks 
of  p<dymers  burning  in  a candle-like 
manner,  constitute  a convenient 
rating  ot  flammability  for  solid  poly- 
mers. For  materials  that  do  not 
continue  to  bum  after  i^tion  in  air, 
the  value  of  n is  greater  than  OJll; 
the  air  mutt  be  enriched  with  oxygen 
to  investigate  them.  The  indices  for 
all  polymers  we  burned  fall  within 
the  range  of  0.1S0  fat  polyoxy- 
methylene  to  0.9S  for  polytetra- 
fluoroethylene. 

Twst  procndurne  «mI  vartabtma 

Known  atmospheres  were  prepared 
by  metering  air  aad  either  nitrogen 
or  oxygen  througli  critical  flow  ori- 


Limiting  oxygen  index,  defloed  as  the  minimal  volume  fraction  of  oxygen  in  a slowly 
riong  gaseous  atmosphere  that  will  sustain  the  candle-like  burning  of  a stick  of 
polymer,  is  a convenkat,  reproducible,  numerical  measure  of  ptriymer  flammability. 
A simple  apparatus  and  technique  for  its  determinatioa  are  described.  Measured 
indices  for  commercial  plastics,  used  in  conjunction  with  a postulated  flame  model, 
psmit  some  coodusioos  about  the  mode  of  action  of  commonly  used  flame  re- 
tardants. Some  retardants  act  by  affecting  pyrcdysis  reactkms  in  the  condensed  phase 
and,  in  to  doing,  slow  the  .tit  at  generation  of  fhd  gases  necessary  to  suataiu  the 
flame;  chlorine  incorporated  into  polyotliylene  acts  in  this  way.  Other  flame  re- 
tardants poison  the  gaseous  flame  reactions,  e.g.,  antimony  in  halogen/ite^  poly- 
ethylene, aad  in  certain  other  plastics  materials.  , 


The  omywiNO  use  of  plastics  for 
structural  applicatioos  emphasizes 
I the  need  for  greater  knowledge  of  the 
[*  chcmistiy  and  physics  involved  in 
I their  buraing.  Sudi  knowledge  hope- 
I fiiUy  wiQ  lead  to  the  development  of 
new  flame  Rtariant  materials  and  to 
greater  insight  into  their  selection, 
iomuilatioo,  and  use  in  the  manufac- 
I tore  of  plastic  products.  A new  tech- 
f Bique  for  evaluating  the  flammability 
■ of  polymen  is  described  in  this  article 
and  examples  are  given  of  the  iq>- 
f piicntioo  <rf  this  technique  to  the  study 
I - of  a series  of  practical  flame  retardant 
1 systems. 

I A variety  of  techniques  to  evaluate 
' flanunability  and  flatm  qpread  has 
- been  described  in  the  literature 
(1*3).*  In  many  of  these,  a sample 
i of  quecifled  geometry  is  ignited  in  air 
I in  a spedfle  rtunoer  and  after  iSe 
iffilion  source  has  been  removed,  tbs 
time  or  burned  before  ex- 

tirsetioo  is  used  as  a measure  of  flant- 
mability.  These  tests  generally  have 
been  in  practice  to  rate  materials 
rou^ily  into  groups  sudi  as  *Vow 
I buming**  or  “self-exthiguishing,'' 
t Class  I or  n.  Neither  these  nor  other 
a tests  described  in  the  literature  seemed 
i to  meet  our  requirements  for  a simple, 
reproducible,  informative  measure  of 
^ the  relative  flammability  of  polymen. 
^ Consequently,  other  techniques  were 
tried  induding  an  adaptation  of  a test 

: *nwsa~na  aad  OaralepinaBt  Caatar,  Oan- 
; aral  Paaerto  Oa.  ....  > 

i 1— Nwabara  la  paraathaaaa  daalsnata  raf- 
: traaaaa  at  aad  ad  artiala. 


used  by  H.  G.  Wolfhard  and  co- 
worken  to  compare  flammabilities  of 
some  gaseous  and  volatile  liquid  fuels. 

WoUhard  et  aL  (4,  S)  determined 
the  limiting  mixture  of  air  .md  nitro- 
gen in  which  a given  fuel  could  just 
bum.  They  described  the  mixnires  by 
their  oxygen  indices: 

Oxypo«kx  = B= 

where  the  brackets  indicate  the 
volume  concentrations  of  the  oxygen 
and  nitrogen.  For  air,  n = OJl.  The 
smaller  the  liiBrtiag  n,  the  more  flam- 
mable the  fuel  since  the  mo:e  its 
flames  survived  cooling  by  lutrogen. 
Some  of  Wolfisanfs  limiting  indices 


FIG.  li  itchcmatic  d'agram 
of  apparatns.  A — metering 
orifice;  ^—Bourdon  test 
gate.  0-100  paJ^.;  C— Fy- 
rex  tube,  in.  ID;  D— 
tapered  ground  glass  joint; 
E-bed  of  ^ beads;  P— 
Pyfcx  tube,  7 mm.  ID;  G— 
spring  clamp;  P — polymer 
sample,  about  0.6  X OJ  X 
t centimeters. 


index  was  characteristic  of  poly- 
propylene was  shown  by  burning  a 
strip  of  higher  molecular  weight 
polymer  (Profax  6505)  which  did  not 
undergo  excessive  melting  and  gave 
n = 0.174±0.002.  We  tried  to  avoid 
excessive  melting  by  using  high*mole> 
cular-weight  polymers,  but  in  some 
c .ses  they  were  not  available  to  us 
and  hence  have  not  been  evaluated, 
e.g.,  high-molecular-weight  poly-a- 
methylstyrene. 

A less  troublesome  experiment^ 
problem  arose  in  tests  in  which  rel- 
atively small  quantities  of  residue 
occurred  at  the  burning  surface,  either 
because  of  inert  fillers  or  because  of 


char  formation.  On  these  samples  a 
cap  formed  which  led  to  extinction 
unless  the  index  was  high  enough 
to  permit  periodic  shedding  of  the 
residue.  Even  though  the  flame  could 
not  be  considered  steady  in  ^uch 
cases,  it  was  usually  possible  to  cslab!* 
Ush  a useful  extinction  lioiii|.  ^h'fhu 
ol^er  hand,  with  saropfes 
iepdad  with  inert  filiav  i 

lowin>.^  [j 


limits;  hov/sver,  longcrl^es  (arquu<l 
5 min.)  were  reqatref  to  es|j|b!l5h;%^‘ 
steady  state. 

Before  presenting  the  experimental 


Tafol®  Is  Limiting  oxygen  indices  (n)  of  various  materials  (at 
atmospheric  pressure  umess  otherwise  stated) 

Material 

n 

Polyoxymethylene 

Delrin,  Du  Pont 

0.150  ± 0.003 

Cekon,  Celanese 

0.1  cm.  thick 

0.14S  ± 0.001 

0.3  cm.  thick 

0.149 

At  14  cm.  of  Hg  pressure 

0.190 

Polyethylene  oxide. 

Polyox  WSR-35,  Union  Carbide 

0.150 

Kitchen  candle  (wick  in  parafiin) 

0.16 

Polymetbyl  methacrylate. 

Plexiglas,  Rohm  and  Haas 

0.173  ± 0.001 

Polypropylene, 

Profax  6505,  Hercules 

0.174  ± 0.002 

Asbestos-filled,  “slow-burning” 

JMDC-4400,  Union  Carbide 

0.205  ±.  0.005 

“Self-extinguishing”  JMDA-9490, 

Union  Carbide  (probably  contains  chlorine 

and  antimony  oxide) 

0.282:!;  0.003 

Polyethylene 

1220,  Allied  Chemical 

0.174  ± 0.001 

Marlex-5002,  Phillips 

0.175  ± 0.001 

Marlex  at  14  cm.  of  Hg  pressure 

0.210 

Polystyrene 

0.1  cm.  thick  from  stock 

0.181 

0.6  cm.  thick,  Westlake  high-temperature  sheet 

0.183 

Polybutadiene,  cross-linked  with  2 parts  of  dicumyi  peroxide 

0.183 

Polyvinyl  alcohol,  Elvanol  70-05,  Du  Pont 

0.225  ± 0.004 

Chlorinated  polyether,  Penton,  Hercules 

[-CH-C(CH.Cl)*-CHs-0-] 

0.232 

Polycarbonates,  various  clear  Lexan  resins.  General  Electric 

[-CoH,-C(CH,)r-CoH.-OC(0)0-] 

0.26  to  0.28 

Polyphenylene  oxide.  General  Electric 

[-C„Hs(CH,)-^0-] 

0.28  to  0.29 

Carbon 

Porous  carbon,  FC-25,  National  Carbon 

0.559  ± 0.003 

Carbon  electrode,  L 8109,  National  Carbon 

0.635 

Carbon  electrode  at  50  cm.  of  Hg  pressure 

0.80 

Carbon  electrode  at  24  cm.  of  Hg  pressure 

1.00 

Silicone  rubber.  General  Electric 

0.30  to  0.33 

Polyvinyl  chloride,  Geon-101  without  plasticizer,  Goodrich 

0.45 

Polyvinylidene  chloride,  Saran  281S905,  Dow 

0.60 

Teflon,  Du  Pont 

0,95 

data,  a comment  on  the  significance 
of  the  candle-like  flames  observed  in 
the  absence  of  combustion  residues 
seems  appropriate.  These  appear  to  be 
gaseous  diffusion  flames  standing 
above  the  polymer  surface.  Heat  from 
the  flame  is  transported  down  to  the 
iJOlymer  surface  (mostly  by  molec- 
conduction)  and  results  in 
of  the  polymer  to  yield 

S^u^fuels  which  sustain  the  flame. 
fi#'Und  surface  temperatures  and 
ijr  pyrolysis  gas  compositions  have 
Bsiieported  for  PE,  PMMA,  and 
^iq^OXymetbylene  (6)  burned  at  5 
cm.  of  Hg  in  argon/oxygen  mixtures. 
Flame  temperatures  were  in  the  range 
1200'to  1500”  C.  and  the  tempera- 
ture at  the  burning  polymer  surface 
was  around  500  to  600”  C.  These 
data  support  this  proposed  flame 
model.  In  terms  of  this  model,  flame 
retardants  might  act  by  1)  slowing 
down  pyrolysis  reactions  in  the  con- 
densed ph^e  which  generate  fuel 
gases,  2)  slowing  the  gas-phase 
flame  reactions,  and  3)  interfering 
with  the  heat  transfer  from  the  flame 
to  the  condensed  phase. 

The  use  of  the  candle-like  flame 
to  evaluate  flammability  differs  in  one 
important  respect  from  some  other 
measures  of  flammability,  namely,  the 
candle-like  flame  propagates  down 
over  a polymer  surface  not  previously 
heated  by  convection  of  hot  products 
over  it.  The  hot  products  rise  above 
the  polymer  so  that  convection  heat- 
ing is  negligible.  To  illustrate  the 
importance  of  convection,  we  held 
some  polymer  sticks  vertically  at  the 
top  end  and  ignited  them  at  the  bot- 
tom, i.e.,  the  inverse  of  the  usual 
procedure.  Under  these  conditions, 
and  even  with  minimum  ignition  of 
polymers  such  as  polyoxymethylene, 
PE,  and  PMMA,  the  flame  spread 
rapidly  and  enveloped  the  whole  stick, 
although  the  oxygen  content  of  the  at- 
mosphere was  below  that  required 
for  candle-like  burning  at  the  top. 
In  many  cases,  the  heat  from  the 
bottom  part  of  the  flame  melted  the 
polymer  above  it  and  the  whole  lower 
end  of  the  stick  dropped  off  carrying 
the  flame  with  it,  or  else  dripping 
polymer  disturbed  the  stability  (.aus- 
ing  the  flame  to  suddenly  blov/  off. 
In  only  a few  instances  was  it  pos- 
sible to  obtain  meaningful  oxygen 
indices  under  these  conditions. 

More  success  was  obtained,  how- 
ever, with  Plexiglas  G.  The  polymer 
softened  but  did  not  lose  its  shape 
rapidly.  The  flame  enveloped  the 
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ABSTRACT:  Historically,  the  qualification  of  mate- 
rials for  liquid  os^q^gen  service  has  included  a drop 
weight  impact  test  to  measure  ignition  susceptibility. 
However,  recent  incidents  have  focused  attention  upon 
the  por>sibility  that  the  currently  used  impact  test 
methods  occasionally  fail  to  identify  potentially  haz- 
ardous materials,  and  such  an  error  can  have  extremely 
grave  consequences.  In  this  context,  the  development 
of  the  current  ASTM  impact  sensitivity  test  is  tra^^d, 
and  it  is  shown  biat  the  extremely  poor  precision 
exhibited  by  this  method  is  due  largely  to  the  use  of 
inappropriate  statistical  procedures.  Next,  the  devel- 
opment of  a new  impact  reaction  intensity  test  method 
presently  being  considered  by  ASTM  is  outlined. 
Finally,  fundamental  aspects  of  liquid  oj^rgen  impact 
testing  are  discussed,  including  the  generally  accepted 
ignition  mechanism,  the  system-specific  nature  of  the 
test,  the  sequence  of  events  during  impact  ignition, 
and  the  meaning  of  these  aspects  in  measuring  hazard. 

KEY  WORDS:  liquid  oxygen,  impact,  impact  tests, 
impact  sensitivity,  ignition,  combustion,  statistics, 
chemical  reactions 

It  is  common  knowledge  that  many  mate- 
rials can  bum  or  explode  if  subjected  to 
external  stimuli  in  the  presence  of  oxygen. 
The  aerospace  industry  in  particular,  with 
its  widespread  use  of  both  liquid  and  gas- 
eous oxygen,  is  concerned  with  this  prob- 
lem, and  much  effort  has  been  expended 
in  attempting  to  define  the  degree  of  haz- 

‘Portions  of  this  paper  were  excerpted  from  “Develop- 
ment of  an  Improved  GaseousOxygen  Impact  Test  System" 
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ard  associated  with  various  materials  under 
various  types  of  external  stimuli.  Impact 
in  an  oxygen  enviroa-nent  is  one  mode  of 
stimulus  receiving  considerable  attention. 

One  of  the  first  problem  areas  to  be 
recognized  was  that  of  the  severe  me- 
chanical or  hydraulic  impact  conditions  or 
both  in  liquid  oxygen  (lox)  systems.  Conse- 
quently, much  research  has  gone  iato  the 
development  of  lox  impact  test  methods 
to  aid  in  the  selection  of  materials  for  these 
systems,  and  from  this  a more  or  less 
standardized  lox  impact  test  technique  has 
evolved.  Three  similar  versions  of  this 
technique— NASA  MSFC-SPEC-106B,  AF 
Specification  Bulletin  527,  and  ASTM  Test 
for  Compatibility  of  Materials  with  Liquid 
Oxygen  (Impact  Sensitivity  Threshold 
Technique)  (D  2512-69) — are  the  most 
widely  used.  They  all  rate  a material  in 
terms  of  its  “lox  impact  sensitivity,”  the 
level  of  impact  ener^  required  to  initiate 
a reaction  between  the  test  material  and 
the  liquid  oxygen. 

Until  recently,  the  idea  of  measuring 
reaction  propagation  rates  in  lox  largely 
was  ignored  and  materials  were  rated 
solely  on  the  basis  of  the  s'  ndard  lox 
impact  test.  In  1969,  however,  ASTM 
published  for  information  a new  method 
for  rating  materials  on  the  basis  of  reaction 
intensity  {Annual  Book  of  ASTM  Stand- 
ards, Part  18,  October  1970),  which  still 
is  imder  ballot  for  adoption  as  an  ASTM 
standard.  The  test  uses  impact  as  the  igni- 
tion stimulus  but  does  not  attempt  to 
measure  minimum  ignition  levels;  rather, 
the  material  is  impacted  from  a hei^t 
known  to  be  sufficient  to  produce  ignition, 
and  a meeisurement  is  made  of  the  explo- 
sive shock  pressure  produced. 


Thus,  it  appears  that  designers  will  soon 
have  a choice  between  two  different 
ASTM  impact  test  methods  for  use  in  se- 
lecting “safe”  materials  for  lox  systems. 
Considering  the  potentially  gra’"'?  conse- 
quences of  using  an  “unsafe”  material,  it 
is  probable  that  both  tests  will  be  applied. 
For  most  materials,  the  use  of  both  tests 
will  present  no  particular  problems,  for  the 
two  tests  will  produce  similar  overall  safety 
ratings.  For  example,  both  tests  will  dem- 
onstrate the  reactivity  of  most  petroleum 
based  greases  or  the  relative  inertness  of 
compounds  such  as  chlorofluorocarbon  oils 
and  greases.  Even  here,  however,  it  is  clear 
that  something  is  amiss.  In  the  impact 
sensitivity  method  a petroleum  based 
grease  usually  will  react  on  less  than  half 
of  the  test  ^ops  at  an  energy  input  of 
about  357  ft*lb/in.®.  In  the  reaction  in- 
tensity test,  the  same  material  usually  will 
react  on  all  of  the  test  drops  at  an  energy 
input  of  about  122  ft  • Ib/in.^. 

There  are  a significant  number  of  situa- 
tions in  which  the  use  of  some  material 
other  than  the  chlorofluorocarbons  is  at- 
tractive from  an  economic  or  performance 
standpoint.  It  is  in  the  testing  of  such 
materials  that  the  designer  will  be  faced 
with  just  what  one  might  expect  from  the 
above:  contradictory  material  ratings  from 
two  tests.  Consider  his  dilemma  at  this 
point:  one  test  rates  the  material  as  hi^ly 
explosive  while  the  other  yields  a safe 
rating.  Which  test  does  he  believe?  He  can 
accept  the  material  only  if  there  is  some 
assurance  that  the  conditions  leading  to 
the  explosions  in  one  of  the  tests  will  not 
occur  in  the  intended  application  (Who- 
ever has  such  assurance?).  If  he  rejects  the 
material,  the  lack  of  other  material  that 
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Fig.  t— Comparison  of  design  parameters. 


would  be  functional  in  the  intended  appli- 
cation may  force  a costly  and  time  con- 
suming redesign  of  the  system  to  eliminate 
the  need  for  such  a material. 

In  the  following  sections,  the  develop- 
ment of  the  impact  sensitivity  and  reaction 
intensity  test  methods  will  he  reviewed 
briefly,  followed  by  discussions  of  such 
fundamental  aspects  as  statistical  proce- 
dures appropriate  to  quantal  response 
testing,  the  system-specific  nature  of  such 
testing,  and  the  meaning  of  these  aspects 
in  measuring  hazard. 


Current  Technology 

The  Impact  Sensitivity  Test/  According 
to  Africano  [I],*  representatives  of  the 
Army  Ballistic  Missile  Agency  (ABMA),* 
the  Air  Force,  and  various  contractors  met 
several  times  during  1957  for  the  purpose 
of  standardizing  the  various  lox  impact 
tests  in  use  at  that  time.  The  version 
agreed  upon  was  based  generally  on  the 
machine  in  use  at  ABMA,  with  the  follow- 
ing principal  test  parameters: 

Total  dropped  weight,  20  lb 

Drop  distance,  42  in. 

Specimen  thickness,  0.05  in. 

Striker  pin-specimen  contact  area,  0.196 
in.^ 

Specimen  cup  material,  1100  aluminum 
alloy 

The  agreed  criterion  for  an  acceptably 
insensitive  material  was  that  it  survive  a 
minimum  of  20  consecutive  tests  with  “no 
detonation,  or  other  positive  reaction,  as 
indicated  by  an  audible  report,  a visible 
flash  in  a darkened  room,  discoloration,  or 
other  evidence  of  burning . . .”  Ahricano 
also  mentions  that  the  above  parameters 
and  criterion  were  recognized  as  a tenta- 
tive solution  which  might  be  changed  if 
warranted  by  subsequently  accumulated 
data. 

Two  comments  are  in  order  at  this  point 
concerning  this  last  qualification.  First,  the 
criterion  for  acceptability  was  of  necessity 
a tentative  and  arbitrary  requirement 
based  upon  the  fact  that  a certain  lubri- 
cant, considered  at  the  time  to  be  the  only 
safe  available  lubricant,  would  “pass” 
these  test  conditions.  Interestingly,  that 
same  lubricant  “failed”  in  subsequent 
testing  by  essentially  the  same  test  method 
and  is  no  longer  considered  acceptable;  the 
criterion,  however,  remains  the  same.  Sec- 
ond. upon  evaluation  of  the  accumulated 
data,  a number  of  investigators  have  sug- 
gested that  the  principal  test  parameters 


* Italic  numbers  In  brackets  refer  to  the  list  of  references 
at  the  end  of  this  paper. 
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were  in  need  of  reevaluation.  However,  the 
very  fact  that  such  accumulated  data  exist 
was  and  is  used  to  deter  such  reevaluation, 
for  it  is  argued  that  changes  in  the  param- 
eters would  obviate  the  accumulated  data! 
As  a result,  the  original  criterion  and  basic 
parameters  survive  today  e.ssentially  un- 
changed as  standard  impact  sensitivity  test 
methods  in  the  forms  of  USAF  Specifica- 
tion BuUeMn  527  [2]  and  NASA  Specifica- 
tion M :-SPEC-106B  [3].  More  recently, 
the  sin.  r characteristics  of  these  two 
methods  have  been  combined  in  ASTM 
Test  Method  D 2512-69. 

All  of  these  test  methods  utilize  the  same 
basic  drop  wei^t  type  of  tester  with  only 
minor  variations  in  test  procedures  and 
handling  the  test  materials.  The  test  mate- 
rial is  placed  in  an  aluminum  specimen 
cup  in  the  presence  of  liquid  oxygen,  and 
a *^-in.-diameter  stainless  steel  striker  pin 
is  placed  upon  the  test  material.  A 20-lb 
plummet  released  from  a known  height 
falls  on  the  striker  pin,  rebounds,  and 
strikes  agair.  several  times.  After  each  test 
drop  the  spe.imen  remains  are  discarded, 
and  a new  specimen  is  positioned  for  the 
next  drop.  In  all  three  methods,  the  basic 
concept  is  that  of  attempting  to  measure 
the  “threshold  value”  of  a material  by 
finding  the  greatest  height  at  which  the 
material  will  withstand  20  consecutive  test 
drops  without  reaction.  This  value  be- 
comes the  relative  sensitivity  rating  for  the 
material. 

As  mentioned  previously,  in  the  Air 
Force  and  NASA  methods  a variation  of 
the  threshold  value  technique  is  used 
widely  to  qualify  materials  for  service; 
here,  20  or  more  drops  are  made  from  a 
fixed  height  of  42  in.  (or  43.3  in.),  and  the 
materials  are  accepted  or  rejected  on  a 
go-no  go  basis.  Clearly,  for  a material  that 
yields  no  reactions  in  this  test,  its  threshold 
value  is,  by  definition,  42  in.  (or  43.3  in.) 
or  more. 

At  this  point,  even  the  lay  reader  already 
will  sense  intuitively  that  there  is  some- 
thing wrong  in  allowing  the  plummet  to 
rebound  and  strike  again,  for  one  must 
then  decide  how  to  differentiate  between 


reactions  occurring  on  the  initial  impact 
(where  the  drop  height  and  specimen  con- 
dition, and  hence  the  energy  input,  are 
known)  and  those  occurring  on  subsequent 
impacts  (where  neither  drop  height  nor 
specimen  condition  is  known).  As  a matter 
of  fact,  no  differentiation  is  made,  and  all 
reactions  are  given  the  same  value.  Thus, 
from  this  alone  (and  there  are  other  con- 
tributing factors),  it  is  not  surprising  that 
these  methods  have  been  plagued  from 
their  inception  with  poor  repeatability  and 
reproducibility,  as  is  brought  out  in  the 
precision  statement  published  in  ASTM 
Method  D 2512: 


Threshold 

Value 

Drop  Height,  In. 

Repeatability,  one 
Operator/ 
Apparatus,  In. 

Reproducibility, 
different 
Operator/ 
Apparatus,  In. 

24 

17.0 

40.8 

15 

10.6 

25.2 

6 

4.3 

10.1 

To  illustrate  the  meaning  of  the  above 
values,  let  us  assume  that  we  have  a mate- 
rial on  which  we  have  conducted  many 
hundreds  of  threshold  value  determinations 
and  that  the  average  of  all  these  is  24  in. 
Assume  that  we  then  send  out  specimens 
of  this  material  to  two  other  laboratories 
and  ask  each  to  conduct  one  threshold 
value  determination.  According  to  the 
stated  test  reproducibility  (and  this  was 
derived  from  the  best  available  Air  Force 
and  NASA  test  data),  the  two  determi- 
nations must  differ  by  more  than  40  in. 
before  we  can  consider  them  suspect.  As 
a matter  of  fact,  the  highest  available  drop 
height  on  the  tester  is  48  in.,  and  test  drops 
are  not  made  at  less  than  6 in.  because 
of  timing  problems.  True,  the  table  says 
that  the  precision  gets  better  for  the  lower 
threshold  values,  but  “qualification”  test- 
ing is  done  at  the  other  end  of  the  scale, 
where  the  progression  of  values  suggests 
that  the  precision  may  be  even  worse. 

Clearly,  such  figures  by  themselves  show 
that  this  test  method  does  not  yield  results 
sufficiently  precise  for  reliable  compati- 
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bility  evaluations.  In  spite  of  its  record, 
however,  this  test  method  is  still  the  pri- 
mary method  by  which  materials  are 
chosen  for  lox  systems. 

The  Reaction  Intensity  Test/  The  test 
facility  at  Southwest  Research  Institute 
was  installed  originally  in  the  late  1950’s, 
and  for  some  years  was  operated  in  ac- 
cordance with  the  standard  procedure 
described  above.  Generally,  the  research 
program  followed  during  this  period  was 
similar  to  those  of  other  organizations  in 
the  held:  a systematic  investigation  of  the 
effects  of  various  equipment  adjustments 
in  an  attempt  to  determine  the  cause  or 
causes  of  the  poor  precision  of  the  thresh- 
old value  method.  In  the  mid  1960  s,  how- 
ever, it  became  clear  that  the  prime  source 
of  trouble  lay  not  in  tlie  equipment  but 
in  the  procedure  itself.  This  conclusion 
came  as  a result  of  reviewing  impact  sen- 
sitivity research  in  the  field  of  condensed 
phase  explosives  and  liquid  monopropel- 
lants. It  was  learned  that  workers  in  this 
field  had  at  first  followed  the  threshold 
value  approach  but  had  long  since  aban- 
doned Ais  as  unworkable  from  the  stand- 
point of  the  statistical  theory  involved.  The 
much  more  efficient  replacement  involved 
measurement  of  the  50-50  go-no  go  point, 
with  fundamental  principles  of  probability 
mathematics  being  applied  in  determining 
the  S curve  from  which  to  establish  this 
point.  Apparently,  lox  impact  sensitivity 
testing  had  run  afoul  of  the  same  problem 
and  possibly  could  benefit  from  the  same 
solution.  In  order  to  use  the  new  tech- 
nique, however,  it  was  necessary  to  make 
three  significant  equipment  changes: 

1.  The  specimen  cup  material  was 
changed  from  aluminum  to  17-4  PH  stain- 
less steel. 

2.  A “rebound  catcher”  was  installed. 

3.  The  striker  pin-specimen  contact  area 
was  increased  from  0.196  in.®  to  0.575  in.®. 

The  specimen  cup  material  was  changed 
because  aluminum  specimen  cups  undergo 
considerable  plastic  deformation  under 
impact.  The  amount  of  deformation  is 
highly  variable  from  test  to  test  and  this 
introduces  an  undesirable  variation  in  the 
energy  absorbed  by  the  specimen.  The 
deformation  of  the  cup  also  affects  the 
energy  transfer  on  initial  impact  to  the 
extent  that  few  reactions  occur  on  initial 
impact  in  liquids  and  greases  in  the  stand- 
ard impact  sensitivity  test  even  when  the 
material  is  loiown  to  be  sensitive.  Such  a 
change  was  necessary  if  the  reaction  nor- 
mally occurring  on  the  second  or  third 
reboimd  (under  unknown  energy  input 
conditions)  were  to  occur  instead  on  the 
initial  impact.  With  this  accomplished,  the 
rebound  catcher  was  installed  to  eliminate 
the  secondary  impacts.  These  two  steps  did 
not,  however,  reduce  test  variation  to  an 


acceptable  level.  In  fact,  this  goal  was  not 
accomplished  until  it  was  discovered  quite 
by  accident  that  it  also  was  necessary  to 
increase  the  striker  pin-specimen  contact 
area  to  the  value  in^cated  above. 

Figure  i shows  the  new  test  design  pa- 
rameters resulting  from  the  above  steps 
compared  with  those  of  the  standard  im- 
pact sensitivity  test.  It  also  will  be  noted 
that  the  bottom  thickness  of  the  specimen 
cup  was  increased  greatly;  this  was  done 
to  retard  the  onset  of  violent  boiling  of  the 
lox  and  the  attendant  specimen  ^sturb- 
ance  during  the  test.  Another  change  in- 
volved a decrease  of  specimen  thickness 
from  0.05  in.  to  0.02  in.  This  change  was 
made  to  compensate  for  the  impact  energy 
dilution  caused  by  the  large  increase  in 
striker  pin-specimen  contact  area. 

To  illustrate  the  effects  of  the  several 
changes  in  the  area  of  the  specimen,  we 
ca.!  compare  the  reaction  frequencies  ob- 
tained with  the  energy  inputs.  For  this 
purpose  it  is  both  convenient  and  inform- 
active  to  use  Africano’s  [2]  maximum  rate 
theory  of  impact  sensitivity.  This  theory 
holds  that  the  maximum  energy  transfer 
rate  per  unit  area  is  the  condition  accom- 
panying the  highest  locally  induced  tem- 
perature and,  therefore,  is  the  most  likely 
measure  of  the  probability  of  ignition.  For 
drop  weight  impact,  the  maximum  energy 
rate  function  X is 


where 

h = drop  hei^t,  ft, 
g = acceleration  of  gravity,  in./s®. 

Eg  = bulk  modulus  of  elasticity,  Ib/in.®, 
W = drop  weight,  lb, 

A = striker  pin-specimen  contact  area, 
in.®,  and 

b = specimen  thickness,  in. 

For  a silicone  oil  initially  at  — 297F,  we 
can  assume  a bulk  modulus  of  10^  Ib/in.®. 
It  does  not  matter  if  this  assumption  is  in 
error,  since  the  following  results  were  all 
obtained  with  large  numbers  of  test  drops 
on  this  same  specimen  material. 

For  the  standard  impact  sensitivity  test 


configuration,  and  considering  only  initial 
impacts,  we  obtained 


X 


C(386)(10«)(20)-|»/® 
^ ’ L (0.196)(0.05)  . 


= 3.11  X 106fflb/in.®-s 


and  an  expected  reaction  frequency  of  3.4 
percent. 

For  the  standard  impact  sensitivity  test 
configuration,  and  considering  only  re- 
bound impacts. 


X = unknowm 

Reaction  frequency  = 34.0  percent 

Changing  the  specimen  cup  from  alumi- 
num to  stainless  steel  and  reducing  the 
specimen  thickness. 


= 2.34  X 10®  ft  • lb/in.®-s 


1/2 


Reaction  frequency  = 49.0  percent 


Taking  the  additional  step  of  increasing  the 
striker  pin  diameter, 


X 


(386)(10®)(20) 
(0.575)(0.02)  J 


= 1.296  X 10®ft*lb/in.2-s 


Reaction  frequency  80  percent  (pro- 
jected from  up- 
and-down  test 
results) 


Going  one  step  further  and  reducing  the 
plummet  weight,  we  obtain 


X 


(386)(10®)(7.75) 

(0.575)(0.02) 


= 0.807  X 10®ft*lb/in.®-s 


Reaction  frequency  80  percent  (pro- 
jected from  up- 
and-down  test 
results) 

While  it  is  not  evident  in  the  manner 
in  which  the  above  data  are  presented,  all 
of  the  steps  except  the  last  were  necessary 
to  the  previously  stated  goal  of  reducing 
test  variation  to  an  acceptable  level.  In 
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Fig.  2— Fifty  percent  point  of  liquids. 


Fig.  3— Fifty  percent  point  of  greases. 
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Table  1—Test  Materials 


doing  this,  however,  we  noted  the  signifi- 
cant trend  which  the  last  step  emphasizes; 
namt  y,  the  fact  that  we  were  reducing 
total  energy  input  rates  but  obtaining 
higher  reaction  frequencies.  The  meaning 
of  this  will  be  discussed  in  a later  section. 
Once  operational,  the  new  test  technique, 
which  is  known  as  the  "up-and-down”  or 
Bruceton  [4],  method,  proved  to  I c efii- 
cient  and  repeatable.  Figures  2 and  3 pre- 
sent some  typical  results  for  various  liquids 
and  greases,  ranging  from  common  hydro- 
carbons to  fluorochemicals,^  which  dem- 
onstrated that  the  precision  with  which 
sensitivity  could  be  rated  by  the  up-and- 
down  test  was  much  improved  over  that 
of  the  current  test  methods.  However,  with 
improved  precision,  it  also  can  be  seen  that 
the  sensitivities  of  most  of  these  materials 
are  so  close  together  as  to  make  significant 
distinction  between  them  difficult.  More- 
over, just  as  one  would  suspect  intuitively 
(from  the  types  of  materials  tested),  some 
of  these  were  violent  reactors  while  others 
yielded  at  worst  only  small  char  marks — no 
flash,  no  sound.  Clearly,  in  a lox  system 
the  violent  reactors  would  be  more  haz- 
ardous than  the  mild  reactors;  yet,  this 
intuitively  obvious  difference  was  not 
being  defined  quantitatively  by  sensitivity 
measurements  alone.  This  in  turn  made  it 
clear  that  the  degree,  or  intensity,  of  reac- 
tion not  only  is  a fundamental  part  of  the 
full  definition  of  hazard  per  se  but  further 
in  some  cases  is  the  only  property  which 
can  distinguish  unambiguously  between 
“good”  and  “bad”  materials.  Significantly, 
Brown  et  al  [5]  independently  and  simulta- 
neously arrived  at  the  same  conclusion 
with  regard  to  the  impact  sensitivity  test- 
ing of  condensed  phase  explosives. 

After  considering  the  above,  the  next 
logical  step  seemed  to  be  the  development 
of  some  means  for  making  quantitative 
measurements  of  reaction  intensity  during 
impact  tests.  The  equipment  subsequently 
developed  for  this  purpose  proved  satis- 
factory, and  the  results  of  an  extensive  test 
program  utilizing  this  apparatus  were 
published  in  July  1968  [6].  The  method  also 
appears  for  i^ormation  only  in  the  Annual 
BookofASTM Standards,  Part  18,  October 
1970  and  currently  is  under  ballot  as  an 
ASTM  standard  method  by  Committee  F-7 
on  Aerospace  Industry  Methods. 

Briefly,  the  reaction  intensity  measuring 
system  consists  of  a probe  device  which 
makes  a relative  measurement  of  the  peak 
air  shock  pressure  generated  by  a reaction. 
For  test  drops,  two  such  devices  are 
lucated  near  the  specimen  cup  at  points 
180  deg  apart.  The  standard  test  procedure 
calls  for  20  test  drops  from  43.3  in.,  which 
yields  a total  of  40  peak  pressiu-e  readings. 


^Specimen  materlats  are  identified  in  Table  1. 


Gpeclmen  Code 

Specimen  Type 

Description 

D-1071 

Liquid 

Heptacosafluorotributylamine 

D-1093 

Silicone 

E-1005 

Fluorosilicone 

E-1009 

Ch!oriur.ted  biphenyl 

E-lOlO 

Fluornated  polymers  of  chlorotrifiuoro- 

F-1040 

A duorochemical,  composition  unknown 

G-1074 

Silicone 

J-1050 

Mineral  i.  MIL-L-6032,  grade  1100 

J-1052 

A fimTuihi  m'cal,  composition  unknown 

J-1080 

Polyp^' 

K-lOSl 

T)if5urent  lot  of  J-IOSO 

K-10S2 

Different  lot  of  E-lOlO 

F-1018 

Grease 

M0S2  and  petroleum>base  oil 

G-1051 

Unknown 

G-1052 

Unknown 

G-1071 

Unknown 

G-1077 

Graphite  in  fluorocarbon  oil 

H-1012 

M0S2  in  fluorocarbon  oil 

H-1013 

Tetr^uoroethylene  in  fluorocarbon  oil 

H-1027 

Unknown 

H-1032 

Chlorinated  polymer  of  chlorotrifluoro- 
ethylene 

H-1040 

Graphite  in  chlorinated  biphenyl 

H-1081 

Fluorosilicone 

H-1085 

Different  lot  of  H-1032 

J-1012 

Graphite  and  chlorinated  biphenyl 

J-1022 

Silicone 

J-1053 

Hydrocarbon 

J-1074 

Different  lot  of  H-1032 

J-1120 

Unknown 

K-lOOl 

Fluorosilicone 

K-1002 

Different  lot  of  H-1032 

K-1015 

Polymeric  fluorinated  oil  with  PTFE 
thickener 

K-1022 

Perfluorotrialkylamine  with  PTFE 
thickener 

The  highest  individual  peak  pressure 
reading  of  the  40  thus  obtained  is  defined 
as  the  maximum  peak  pressure  and  is  taken 
as  th  e reaction  intensity  rating  of  the  ma- 
terial under  test. 

Figure  4 presents  typical  reaction  in- 
tensity test  results  on  23  liquids  and 
greases.  For  each  material,  the  two  circles 
connected  by  a line  show  the  range  of 
maximum  peak  pressures  (the  maximum 
peak  pressiure  is  the  highest  individual 
peak  pressure  reading  of  the  40  such  read- 
ings taken  in  a 20-drop  test)  obtained  in 
all  tests  on  that  material.  For  example,  one 
20-drop  test  on  H-1081  yielded  a maximum 
peak  pressure  of  50  psi,  another  test  gave 
32  psi,  while  the  remaining  eight  tests 
yielded  maximum  peak  pressures  some- 
where between  th^isp  two  values. 

At  this  point  som.  physical  frames  of 
reference  for  the  various  levels  of  peak 
pressure  would  be  helpful.  First,  the  maxi- 
miun  peak  pressure  readings  obtained  in 
two  20-drop  tests  on  “blanks”  (specimen 
cup  with  liquid  o^q^gen  but  wnthout  any 
specimen  material)  are  included  in  Fig.  4. 
These  readings  (0.2  to  0.3  psi)  amount  to 
background  noise — the  soimd  pressure 
geneiated  by  the  steel-on-steel  impact. 
Second,  the  readings  from  about  0.4  to 
about  2 psi  are  those  of  soimds  only  slightly 
above  the  background  noise.  Toward  the 
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Fig.  4— Maximum  peak  pressures  of  liquids 
and  greases. 


lower  part  of  this  range,  these  sounds  are 
practically  indistinguishable  from  the 
background  noise.  Toward  the  upper  part, 
the  sounds  are  distinct  but  still  low  and 
usually  are  not  accompanied  by  any  visible 
flash.  Third,  readings  in  the  neighborhood 
of  5 to  9 psi  are  ffie  same  as  those  pro- 
duced by  Chinese  firecrackers  (approxi- 
mately %g  in.  in  diameter  by  1.5  ir.  long) 
exploded  individually  in  the  specimen 
cup.  Finally,  readings  of  50  to  70  psi  are 
the  same  as  those  produced  by  cherry 
bombs  (spherical  firecrackers  of  about 


u.  IE  1971 
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1,0-in.  diameter)  exploded  in  the  speci- 
men cup. 

With  this  background,  the  significance 
of  the  maximum  peak  pressure  readings 
produced  by  the  various  materials  can  be 
evaluated.  Most  noteworthy  is  the  separa- 
tion of  the  23  materials  into  two  distinct 
groups:  one  with  high  maximum  peak 
pressmes  and  the  other  with  low  maximum 
peak  pressures.  Judging  from  the  physical 
references  discussed,  it  is  not  unreasonable 
to  assume  that  the  30  to  160-psi  reactions 
are  dangerous  explosions,  and  it  appears 
that  this  group  of  materials  can  be  classi- 
fied as  extreme;.y  hazardous.  On  the  other 
hand,  the  reactions  of  the  other  group  of 
materials  in  Fig.  4 in  no  instance  yielded 
peak  p>'::.ssures  exceeding  1.2  psi;  reactions 
of  this  order  are  so  mild  that  this  group 
can  be  classified  as  relatively  inert. 

Also  notable  is  the  fact  that  no  less  than 
five  of  the  materials  shown  to  be  capable 
of  powerful  explosions  in  Fig.  4 have  pre- 
viously passed  the  standard  impact  sen- 
sitivity test.  These  are  J-1012,  H-1081, 
H-1027,  H-1040,  and  K-lOOl.  Considering 
the  fact  that  for  the  past  several  years  this 
test  method  has  handled  nearly  all  the 
acceptance  testing  in  this  area,  it  is  a 
logical  assumption  that  some  potentially 
hazardous  materials  may  be  in  service  at 
present. 

In  contrast  to  liquids  and  greases,  the 
sensitivity  of  various  solid  materials  (plas- 
tics, elastomers,  etc.)  was  found  to  vary 
over  a significant  range  with  different  en- 
ergy inputs.  Thus,  sensitivity  as  well  as 
reaction  intensity  appears  to  be  a signifi- 
cant parameter  in  the  evaluation  of  such 
materials. 


Discussion 

It  mi^t  seem  at  first  glance  that  lox  im- 
pact testing  should  be  a simple  and 
straightforward  procedure.  As  seen  in  the 
foregoing  sections,  however,  the  impact- 
ignition-explosion  event  is  complex  and 
there  are  a number  of  well  hidden  pitfalls 
in  the  path  of  one  seeking  a safe  material 
for  some  application.  To  avoid  these  one 
must  take  into  accoimt  certain  funda- 
mental aspects  of  impact  sensitivity  testing 
in  general  and  of  the  lox  impact  test  in 
particular.  Foremost  among  these  are  the 
system-specific  nature  of  the  test,  the  sta- 
tistical problems  peculiar  to  quantal  re- 
sponse testing,  and  the  inherent  inability 
of  a quantal  response  test  to  characterize 
safety  quantitatively.  These  aspects  will  be 
reviewed  briefly  in  the  following  para- 
graphs. 

System  Dependence/  It  generally  is 
accepted  that  impact  produces  ignition 
through  concentration  of  energy  into  hot 
spots;  not  through  general  compression  of 
the  bulk  material.  Since  much  of  the  total 


impact  energy  delivered  does,  however,  go 
into  deformation  of  the  specimen,  speci- 
men cup,  etc.,  it  follows  that  only  a portion 
shows  up  at  a hot  spot  site  as  an  igidtion 
stimulus.  From  this,  it  can  be  seen  that 
the  amount  of  actual  ignition  stimulus 
delivered  depends  not  only  upon  the  gross 
impact  stimulus  applied  but  also  on  how 
efi3ciently  that  stimulus  is  locaUzed  into 
hot  spots.  This,  in  turn,  is  a function  of 
test  method,  specimen  cup,  striker  pin, 
compression,  state  of  the  substance  tested, 
and  so  on.  Clearly,  then,  it  can  be  danger- 
ous to  conclude  from  an  impact  test  diat 
a certain  material  is  safe  at  a given  level 
of  energy  input;  in  the  service  system,  a 
much  smaller  energy  input  mi^t  cause 
ignition  through  better  localization.  Im- 
pact sensitivity,  in  other  words,  is  a highly 
system-dependent  phenomenon. 

It  was  seen  previously  that  an  increase 
in  striker  pin-specimen  contact  area 
brought  about  a significant  increase  in 
reaction  frequency  in  spite  of  the  attend- 
ant reduction  in  total  energy  input.  A 
possible  explanation  of  this  is  that  a liquid 
or  grease  specimen  tends  to  have  a low 
density  of  potential  hot  spot  sites  per  unit 
area.  Thus  in  a given  test  drop,  the  larger 
contact  area  raises  the  probability  that  a 
potential  hot  spot  site  will  be  under  the 
striker  pin. 

Quantal  Response  Testing/  A particu- 
larly glaring  weakness  of  tlie  standard  im- 
pact sensitivity  tests  is  evident  from  the 
probability  distributions  one  is  obliged  to 
work  with  in  any  type  of  sensitivity  exper- 
iment. One  cannot  measure  the  precise 
energy  input  level  (threshold  value)  that 
barely  would  initiate  a reaction  but  can 
observe  only  whether  an  applied  drop 
hei^t  does,  or  does  not,  initiate  a reaction 
in  a given  specimen.  The  specimen  used 
is  consumed  or  changed  as  a result  of  the 
trial;  therefore,  a new  specimen  must  be 
prepared  for  the  next  trial.  It  is  highly 
improbable  that  the  original  specimen  can 
be  duplicated  exactly;  3ius,  the  new  spec- 
imen will  have  most  probably  a threshold 
value  different  from  that  of  the  original. 
Consequently,  in  a whole  population  of 
specimens,  there  is  a probability  distribu- 
tion of  threshold  values  with  the  result 
that,  in  a test  of  a munber  of  specimens 
impacted  ,'-om  a given  height,  some  will 
react  and  others  will  not.  A plot  of  the 


frequency  of  reactions  over  a range  of  drop 
height  yields  a cumulative  probability  dis- 
tribution. Any  of  several  reliable  methods 
[7]  may  be  used  to  estimate  the  mean  of 
such  a distribution  with  a small  number 
of  te.sts  such  as  ordinarily  required  in  a 
practical  test  method.  To  measure  a point 
in  either  tail  of  the  probability  curve, 
however,  one  must  make  large  numbers  of 
tests  to  achieve  reasonable  accuracy.  It  so 
happens  that  the  standard  lox  impact  sen- 
sitivity test  attempts  measurements  in  this 
area  of  the  curve  with  relatively  small 
numbers  of  tests.  The  result,  of  course,  is 
poor  precision. 

As  an  illustration  of  the  consequences 
of  failing  to  recognize  these  statistical 
parameters,  consider  the  fact  that  some 
materials  presently  are  categorized  in  the 
current  standard  impact  tests  as  having 
“batch-to-batch  variation”  in  sensitivity. 
For  one  grease  it  has  been  reported  that, 
on  the  average,  about  40  percent  of  the 
specimens  of  this  material  are  rated  as 
“acceptable”  for  lox  service.  The  remain- 
der tre  rejected  as  “unacceptable.”  How- 
ever, the  overall  reaction  frequency  of  this 
material,  counting  satisfactory  and  un- 
acceptable results  together,  is  about  5 
percent.  With  a table  of  the  cumulative 
binomial  probabilities,  we  find  that,  for  a 
probability  of  reaction  in  & single  trial  of 
0.05,  the  probability  of  obtaining  zero 
reactions  in  20  trials  (the  familiar  pass 
criterion)  is  0.3585,  or  about  36  percent. 
Thus,  there  is  apparently  no  justification 
for  concluding  ^at  some  of  the  batches 
are  acceptable  while  others  are  not,  for  the 
results  are  close  to  what  one  would  expect 
to  obtain  in  repeated  tests  on  a single  batch 
of  material  with  a reaction  frequency  of 
5 percentl 

From  the  above,  it  should  be  clear  that 
tht  current  standard  method  for  measuring 
sensitivity  is  in  need  of  drastic  overhaul. 
One  alternative  would  be  to  increase 
greatly  the  number  of  trials  the  candidate 
material  must  endure  without  reaction; 
this,  however,  seems  impractical.  A better 
solution  would  be  to  adopt  one  of  the 
previously  referenced  methods  for  meas- 
uring the  mean;  one  of  these,  the  up- 
and-down  method,  has  given  good  results 
on  condensed  phase  explosives  and  liquid 
monopropellants  for  many  years  now. 

The  Sequence  of  Events/  In  the  litera- 
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ture  on  this  test,  the  words  “compatibil- 
ity,” “reactivity,”  and  “sensitivity”  seem 
to  be  used  a"  though  they  were  inter- 
changeable. As  a matter  of  fact,  they  are 
not  equivalent  terms,  and,  further,  the  type 
of  impact  test  utilized  to  measure  one  of 
these  qualities  is  not  necessarily  appro- 
priate to  the  others. 

As  a starting  point,  we  can  define  a 
compatible  material  reasonably  as  one  that 
will  not  produce  unacceptable  damage  or 
malfunction  in  the  lox  system  in  which  it 
will  be  used.  Further,  we  shall  disregard 
for  the  moment  differences  between  the 
test  and  service  systems.  Then  the  se- 
quence of  events  in  the  test  can  be  dia- 
grammed as  shown  on  page  34. 


Here  we  see  that  the  first  step  involves  the 
conversion  of  mechanical  energy  into  heat 
and  that  the  question  of  whether  ignition 
occurs  is  decided  primarily  by  wheAer  we 
impart  enough  energy  to  effect  ignition  at 
some  localized  site  in  the  test  material.  It 
is  important  to  note  that  we  cannot  apply 
directly  a known  amount  of  energy;  rather, 
we  must  apply  a deliberately  excessive 
amount  in  order  to  have  a small  portion 
show  up  as  a hot  spot  in  the  material. 
Further,  the  only  way  we  can  determine 
whether  a hot  spot  has  occurred  is  by 
observing  a fire  dining  the  test  or  by  noting 
small  char  marks  on  the  specimen  after- 
ward. If  either  response  is  observed,  we 
have  answered  one  question.  Will  this 


amoimt  of  energy  input  result  in  ignition? 
Such  a test  is  of  course  a quantal  response 
test,  and  we  have  therefore  defined  the 
sensitivity  of  the  material. 

The  second  step  in  the  sequence  involves 
the  question  of  whether  an  ignition  will 
propagate  or  die  out.  In  a test  involving 
dynamic  energy  inputs,  the  heat  source 
will  be  applied  and  then  removed  quickly. 
Therefore,  the  propagation  will  depend  to 
a large  extent  on  the  exothermicity  of  the 
reaction  started  phis  the  heat  transfer 
characteristics  of  the  test  system  (From 
this,  it  can  be  surmised  that  the  degree 
of  propagation  after  ignition  does  not 
depend  a great  deal  on  the  original  energy 
(continued  on  page  52) 
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ABSTRACT:  The  test  techniques  developed  at  the 
NASA  White  Sands  Test  Facility,  New  Mexico,  for 
determining  the  Sash  and  Sre  points  of  materials,  as 
well  as  the  sensitivity  of  materials  to  gaseous  oxygen 
pneumatic  and  mechanical  impact,  are  discussed.  Test 
pressures  up  to  2000  psia  have  been  used  in  the  Sash 
and  Sre  testing  and  test  pressures  up  to  5000  psia  in 
the  impact  sensitivity  tests.  Data  obtained  from  the 
Sash  and  Sre  ^stem  and  the  impact  sensitivity  test 
apparatus  are  included.  Each  test  system  provides  a 
rapid  means  for  evaluating  materials  for  possible  use 
in  oxygen  environments  and  a method  for  material 
screening.  The  ^sterns  described  can  be  used  with 
various  gas  mixtures  as  well  as  with  100  percent  oxygen. 
The  data  itom  the  test  techniques  described  presently 
are  being  used  for  determining  the  compatibility  of 
materials  with  the  high  pressure  o:q'gen  systems  in  the 
Apollo  spacecraft. 

KEY  WORDS:  impact  strength.  Hash  point,  fire  point, 
mechanical  shock,  oxygen,  spark  ignition,  pneumatic 
equipment,  electrical  sparks,  oscilloscopes,  photoelec- 
tric cells,  compatibility,  spacecraft 

Manned  space  flight  has  brought  about 
new  techniques  for  testing  materials  for 
use  in  inhabited  areas  of  a spacecraft  as 
well  as  for  determining  compatibility  of 
materials  with  various  pressurized  ojq'gen 
environments.  Liquid  ojqrgen  (lox)  impact 
testing,  which  has  been  performed  t;nc- 
cessfully  for  several  years,  has  over- 
shadowed most  impact  tests  involving 
gaseous  ojqrgen  (gox).  However,  because  lox 
test  data  do  not  correlate  necessarily  with 
gox  test  data  and  because  most  oxygen 

•Lucas,  W.  R.  and  Riehl.  W.  A.,  ASTM  Bulletin,  ASTBA. 
No.  244.  Feb.  1960,  pp.  29-34. 

••"Liquid  Oxygen  Compatibility  Impact  Sensitivity  Test 
Method,”  USAF  Specincatlon  Bulletin  627,  U.S.  Air  Force, 
1 May  1961. 

D.  L.  Hppen,  acb’'3  chief.  Laboratories  Branch,  National  Aero- 
nautics and  Spact.  Administration  White  Sands  Test  Facility,  Las 
Cruces,  N.  Mex. 

S.  Stradling,  test  operations  director,  Laboratories  Branch, 
National  Aeronautics  and  Space  Administration  \^ite  Sands  Test 
Facility,  Las  Cruces,  N.  Mex. 


systems  use  o,xygen  in  both  its  liquid  and 
gaseous  phases,  gox  testing  should  be  given 
equal  consideration. 

Recent  attention  also  has  been  given  to 
tests  that  permit  the  evaIup“-'on  of  a mate- 
rial in  proximity  to  an  electrical  discharge 
in  the  form  of  a spark.  Such  tests  effec- 
tively determine  the  combustibility  of  the 
offgassed  products  of  a material  as  a func- 
tion of  temperature.  Thus,  flash  and  fire 
point  testing  at  the  application  pressure 
of  a material  can  provide  meaningful  data 
in  all  areas  in  which  electrical  conductors 
are  routed  as  well  as  in  areas  in  which 
static  electrical  discharges  may  occur.  This 
paper  presents  the  test  techniques  pres- 
ently being  used  at  the  NASA  Manned 
Spacecraft  Center  White  Sands  Test  Fa- 
cility (WSTF)  to  evaluate  the  reactivity  of 
materials  to  gox  impact  and  also  describes 
a technique  for  determining  the  flash  and 
fire  points  of  materials  under  various  oxy- 
gen pressures. 

Gaseous  Oxygen  Impact  Testing 

Materials  used  in  high  pressure  systems 
may  be  subjected  to  a mechanical  impact 
or  a pneumatic  impact.  The  mechanical 
impact  is  imparted  when  a material  speci- 
men is  struck  with  a steel  striker  pin,  the 


pneumatic  impact  when  a material  is 
subjected  to  a rapid  pressure  increase  (step 
function). 

Mechanical  Impact  Test  Equipment/ 
The  WSTF  gox  mechanical  impact  test- 
ing apparatus  uses  a drop  weight  impact 
tester  devised  by  the  Army  Ballistic  Missile 
Agency  (ABM A),  :.urrently  the  NASA 
George  C.  Marshall  Space  Flight  Center. 
The  basic  ABMA  tester  was  modified  by 
replacing  the  20-lb  plummet  with  a 7*/4-lb 
plummet  and  by  replacing  the  anvil  with 
a high  pressure  test  chamber  designed  by 
the  WSTF.  This  tester,  hereafter  referred 
to  as  the  WSTF  mechanical  impact  tester, 
is  shown  in  Fig.  I.  Figure  2 is  a photograph 
of  the  completed  system  installation. 

A complete  description  of  the  basic 
ABMA  impact  tester  may  be  found  in 
several  references*'®;  thus,  no  further  de- 
scription is  given  here.  The  modification 
required  to  convert  the  ABMA  impact 
tester  to  the  WSTF  mechanical  impact 
tester  is  given  in  the  following  paragraphs. 

The  anvil  region  assembly  (Fig.  1)  con- 
sists of  the  gox  mechanical  impact  test 
chamber  shown  in  Fig.  3.  As  are  all  of  the 
parts  except  the  seals  and  diaphragm,  the 
chamber  ftame  (i)  is  constructed  of  300 
series  stainless  steel.  The  equalizer  pin  (2) 
is  used  to  assure  that  equal  force  is  im- 
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Table  3— EHect  of  Pressure  on  Impact  Sensitivity  in  Gaseous  Oxygen 


Material 

Thickness, 

cm 

% Reaclion  al 
Presaure,  N/cnfi 

6.8  X lO'’ 

3.4  X lO" 

68  X 10^ 

34  X 10* 

Fluorinated  hydrocarbon 

0.188 

66.6 

50 

20 

0 

Fluorinated  silicone 

0.328 

100 

100 

50 

50 

Silicone 

0.152 

100 

100 

50 

Table  4— Impact  Sensitivity  of  Selected  Materials  In  Liquid  and  Gaseous  Oxygen  at 

10  kg'm 


Material 

Thickness, 

cm 

Pressure, 

N/m“ 

% Reaction  In 

lex 

gox 

Nylon 

0.008 

3.4  X 10“ 

20 

50 

Silicone 

0.152 

68  X 10* 

100 

100 

Polytelrafluoroethylene 

0.165 

3.4  X 10“ 

0 

10 

Cblorotriiluorocarbon  plastic 

0.317 

6.8  X 10“ 

0 

0 

2.  The  impact  sensitivity  of  materials  in 
gaseous  oxygen  varies  directly  with  pres- 
sure. 

3.  The  relative  rating  of  the  materials 
tested  in  lox  at  pressures  up  to  6.8  X 
10®N/m^  is  the  same  as  lox  at  9.5  X 
10^  N/m2. 

4.  This  tester  provides  flexibility  of  test 
conditions  for  evaluation  of  a wide  variety 


Assessment  of  Impact  Test  Techniques 
{continued  from  page  35) 

input.).  By  our  previous  definition  of  com- 
patibility, it  follows  that  there  are  two 
categories  of  compatible  materials:  those 
that  are  insensitive  and  those  that  are 
sensitive  but  do  not  propagate.  Incom- 
patible materials,  of  course,  are  those  that 
exhibit  both  sensitivity  and  a tendency  to 
propagate. 

Clearly,  if  we  are  to  define  the  compati- 
bility of  a material  by  test,  we  must  meas- 
ure both  sensitivity  and  the  tendency  to 
propagate,  that  is,  the  potential  reaction 
intensity. 

Conclusions 

We  have  attempted  herein  to  review  Uie 
development  of  the  two  lox  impact  test 
methods  appearing  in  Part  18  of  the  ASTM 
Standards  and  to  present  some  of  the 
aspects  involved  in  using  such  tests  to 
choose  materials  for  lox  ^tems.  Hope- 
fully, we  have  presented  a conclusive  case 
to  the  effect  that  both  sensitivity  and  reac- 
tion intensity  measurements  are  necessary 
for  credible  choices  between  materials. 

Noting  that  one  of  the  above  methods 
purports  to  measure  sensitivity  and  the 
other  yields  reaction  intensity,  it  would 
seem  that  the  use  of  both  would  solve  the 
problem.  We  have  attempted  to  show, 
however,  that  the  sensitivity  test  violates 
so  many  fundamental  aspects  that  its  in- 
ability to  yield  acceptable  precision  is  not 


of  materials  in  fuels  and  oxidizers. 

5.  The  above  data  are  tentative  and,  as 
such,  constitute  preliminary  test  results  for 
the  conditions  noted.  A much  more  com- 
prehensive test  program,  structured  to 
yield  statistically  meaningful  cardinal  data 
over  a wide  variety  of  materials  of  interest 
currently  is  in  progress  at  the  Marshall 
Space  Flight  Center.  BBS 


surprising.  The  reaction  intensity  test  ap- 
pears to  yield  meaningful  results,  but  the 
method  is  so  new  that  it  has  not  been  used 
outside  the  laboratory  where  it  was  de- 
veloped, and  we  know  nothing  about  its 
reproducibility.  Moreover,  even  if  the 
reaction  intensity  test  does  prove  to  be  re- 
producible through  interlaboratory  testing, 
it  will  not  constitute  a complete  measure 
of  compatibility;  precise  sensitivity  infor- 
mation also  is  needed.  Therefore,  we  must 
conclude  that  a new  test  for  sensitivity 
with  better  precision  than  now  available 
is  needed  urgently. 
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Detennination  of  Flash  and  Fire  Points 
and  Impact  Sensitivity 
{continued  from  page  43) 

spark  propagation;  thus,  arcing  at  the 
points  occurs  during  the  spark  ^scharge. 
Because  this  arcing  causes  a higher  tem- 
perature spark,  it  is  expected  that  the  flash 
and  fire  points  occur  at  lower  tempera- 
tures. 

Another  interesting  observation  is  that, 
whereas  numerous  flashes  but  few  fires 
occur  with  the  low  pressure  system,  flash 
and  fire  points  generally  occur  simulta- 
neously when  the  high  pressure  system  is 
used.  This  variance  is  attributed  to  the 
difference  in  spark  generators  or  perhaps 
the  greater  possibility  of  autoignition 
under  high  pressure  conditions.  WSTF  is 
performing  studies  to  determine  the  rela- 
tionship of  flash  and  fire  points  to  spark 
characteristics  as  well  as  autoignition 
properties  under  high  pressure  ojq^gen  en- 
vironments. 

It  should  be  pointed  out  that  a difiiculty 
arose  when  we  attempted  to  specify  spark 
energy  as  a control  parameter.  Energy 
measurement  in  the  low  pressure  system 
is  straightforward  and  can  be  accomplished 
by  measuring  the  spark  current  and  voltage 
compared  to  time,  plotting  a power  enve- 
lope, and  then  obtaining  the  area  under 
the  curve.  This  measurement  can  be  per- 
formed readily  because,  at  the  low  pres- 
sures involved,  the  spark  is  in  the  form  of 
a “normal  glow  discharge”  as  described  by 
Cobine®;  thus,  the  voltage  wave  form  is 
fairly  smooth  and  easy  to  define.  At  hi^er 
pressures,  however,  the  required  Increase 
in  spark  voltage  causes  an  erratic,  frequent 
transition  from  normal  glow  to  arcing  dur- 
ing the  spark  period.  Because  different 
energies  exist  for  the  two  conditions,  even 
an  approximate  measurement  of  energy  is 
difiScult.  Nonetheless,  a quantity  that  is 
measured  easily  is  spark  gap  current  as  a 
function  of  time,  which  can  be  displayed 
on  a storage  oscilloscope  by  using  a current 
probe  or  a current  sampling  resistor.  Al- 
though this  current  measurement  does  not 
describe  directly  the  spark  energy  deliv- 
ered (as  is  desired),  it  does  give  a means 
for  calibrating  individual  spark  generators 
to  ensure  that  the  same  energy  profile  is 
used  for  different  test  setups. 

General  conclusions 

Gaseous  Oxygen  Impact  Testing/  Test- 
ing to  date  using  the  WSTF  mechanical 
and  pneumatic  impact  systems  has  pro- 
vided reproducible,  repeatable  data  for 
test  pressures  up  to  5000  psia  in  a 100 


^Cobine.  J.  O..  Gaseous  Conductors,  Theory  and  Engi- 
neering AppTicatlons.  Dover  Publications,  New  York.  1958, 
p.  250. 
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SPECIFICATION 

TESTING  COMPATIBILITY  OF  MATERIALS 

FOR  LIQUID  OXYGEN  SYSTEMS 

\ ■ 

This  specification,  dated  September  16,  1966,  has  been  approved  by 
the  George  C.  Marshall  Space  Flight  Center  (MSFC)  and  is  available  for 
use  by  MSFC  and  associated  contractors. 

1.  SCOPE 

1.1  This  specification  establishes  acceptance  criteria  of  materials 
for  use  in  liquid  oxygen  and  gaseous  oxygen- systems  and  provides  a method 
to  be  used  in  determining  the  impact  sensitivity  of  such  materials. 

2.  APPLICABLE  DOCUMENTS 

2.1  The  following  documents  form  a part  of  this  specification  to  the 
extent  specified  herein.  Unless  otherwise  indicated,  the  issue  in  effect 
on  date  of  invitation  for  bids  or  request  for  proposals  shall  apply. 

SPECIFICATIONS  . V' “ ’ 

Federal  i 

BB-N-4il  Nitrogen,  Technical. 

Military 

MIL-P-25508  Propellant,  Oxygen. 

MIL-P“27401  Propellant  Pressurising  Agent, 

Nitrogen.  . 

George  C.  l-Iarshall  Space  Flight  Center 

MSFG-SPEG-217  Trichloroethylene,  Technical, 

^ ' Specification  for, 

I . < » I . I I • I • I ; t ' < . I ■ ■ ■ 1 ( 
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(Caples  of  specification,  standards,  drawings,  and  publications  required 
by  contractors  in  connection  with  ■ specific  procurernent  fiinctlons  should 
be  obtained  fi-om  the  procuring  activity  or  as  directed  by  the  contracting 

officer.) 

« 

2.2  Other  publications.  - The  following  documents  form  a part  of 
this  specification  to  the  extent  specified  herein.  Unless  otherv'ise 
indicated,  the  issue  in  effect  on  date  of  invitation  for  bids  or  request 
for  proposals  shall  apply.  , 

George  C.  Marshall  Space  Flight  Center 

NASA  Technical  Memorandums  Compatlbllty  of 

Materials  with 
‘ Liquid  Oxygen. 

(Application%  for  copies  should  be  addressed  to  Propulsion  and  Vehicle 
Engineering  Laboratory,  Materials  Division,  George  G.  Marshall  Space  Flight 
Center,  Huntsville,  Alabama  35812.) 

3.  REQUIREMENTS 

3.1  Qualification.  - The  material  shall  pass  all  tests  described 
herein  and  in  the  applicable  detailed  documents  prior  to  use  in  liquid 
OKygen  (IX)X)  and  gaseous  oxygen  (GOX)  systems.  This  specification  also 
shall  apply  to  the  materials  of  systems  supplying  other  gases  (air,  helium, 
nitrogen,  etc.)  intended  for  use  in  purging  or  pressurizing  IGX  systems. 
Unless  otherwise  specified,  new  materials  considered  for  use  shall  be 
batch-tested  until  the  capability  of  the  new  material  to  meet  the 
requirements  of  this  specification  is  established. 

3.1.1  Approved  materials  list.  - National  Aeronautics  and  Space 
Administration  (NASA)  Technical  Memorandums  entitled,  ''Compatiblity  of 
Material  with  Liquid  Oxygen,"  contain  a listing  of  approved  materials 
and  should  be  consulted  before  a new  material  is  tested.  These 
memorandums  are  available  to  all  contractors  who  specify  a "need  to  Imow" 
in  writing. 

3.2  Seirviceability.  - When  subjected  to  simulated  service ‘conditions, 
the  material  shall  not  crack,  spall,  nor  undergo  any  other  adverse 
physical  change  that  will  preclude  its  .use  at,  the  .temperature  of  IGX.- 
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3.3  Impact  sensitivity.  The  material  shall  be  subjected  to  20 
successive  tests  at  72  foot-pounds  (10  kilogram-meters)  using  the  test 
equipment  described  in  4.3.1,  and  test  procedure  described  in  4.6.  The. 
material. shall  show  none  of  the  following  reactions: 

(a)  An  audible  explosion. 

(b)  A visible  flash  in  a darkened  room. 

(c)  Discolorations. 

(d)  Evidence  of  burning  (charring) . 

If  no  reactions  occur  during  the  20  tests,  the  material  shall  be  accepted. 
If  more  than  one  reaction  occurs  in  20  tests,  the  material  shall  be 
rejected.  If  one  reaction  occurs  during  the  20  tests,  the  material  shall 
be  subjected  to  an  additional  40  tests.  If  any  reaction  occurs  during 
the  40  tests,  the  material  shall  be  rejectee^. 

NOTE 

■ » — — 

A burnt  odor  alone  is  not  considered  a 
reaction.  If  any  reaction  occurs  due  to 
rebound  of  plummet,  it  shall  be  reported 
as  evidence  of  sensitivity. 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  Responsibility  for  inspection.  - Unless -otherwise  specified  in 
the  contract  or  the  purchase  order,  the  supplier  is  responsible  for  the 
performance  of  all  inspection  requirements  as  specified  herein.  The 
supplier  may  utilize  his  own  facility  or  any  commercial  laboratory  if 
acceptable  to  MSFC.  The  f^rocuring  activity,  or  its  designated 
representative,  reserves  the  right  to  perform  any  or  all  of  the 
inspections  set  forth  in  the  specification  where  such  inspections  are 
deemed  necessary  to  ensure  that  supplies  and  services  conform  to 
prescribed  requirements „ 

4.2  Sampling.  - Sufficient  material  shall  be  available  .to  permit 
preparation  and  testing  of  at  least  60  separate  11/16-inch  diameter  disc 
samples.  Sheet  materials  up  to  1/4  inch  in  thickness  shall  be  tested  as 
11/16-inch  diameter  discs  in  the  thickness  intended  for  actual  use. 
Materials  normally  used  in  thicknesses  greater  than  1/4  inch  shall  be 
sized  and  tested  as  11/16-inch  diameter  discs  of  two  thicknesses,  C ..050 
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jlp.0Q5  inch  and  0.250  +0.025  inch.  Failure  of  samples  of  either  thickness 
to  meet  requirements  of  this  specification  shall  be  cause  for  rejection 
of  the  material.  Greases,  fluids,  and  other  materials,  whose  thicknesses 
are  not  dictated  by  conditions  of  use,  shall  be  tested  as  0.050  4<). 005-inch 
layers  in  test  cups.  Materials  not  readily  available  in  sheet  form  shall 
be  tested  in  the  available  configuration.  The  0-rings  shall  be  tested  in 
the  configuration  intended  for  use  unless  it  can  be  demonstrated  that  . 
test  results  on  both  sheet  material  and  the  0-rings  are  comparable  when 
tested  as  specified  in  3.3. 


NOTE 

When  testing  hard-  samples  that  are  sometimes 
capable  of  initiating  false  reactions  with  the 
aluminum  cup  material,  expendable  type  347 
stainless  steel  discs,  11/16  inch  in  diameter 
by^l/16  inch  in  thickness,  shall  be  placed  in 
the  bottom  of  the  cup.  Stainless  steel  discs 
shall  be  used  for. all  tests  whenever  different' 
thicknesses  of  the  same  material  are  tested. 

4.3  Test  equipment.  - The  tester  described  in  this  specification 
is  the  ABMA  impact  tester.  Drawings  contained  herein  are  for  general 
information  only.  Materials  and  configuration  of  the  tester  shall  conform 
to  the  applicable  detail  drawings  that  may  be  obtained  from  Propulsion  and 
Vehicle  Engineering  Laboratory,  Materials  Division,  (R-P&VE-MCA)  George  G.  Marshall 
Space  Flight  Center,  Huntsville,  Alabama  35812.  ' 

4.3.1  ABMA  impact  tester  (see  figure  1) . - The  impact  tester  shall 
have  a rugged  structural  frame  with  three  vertical  guides  capable  of 
maintaining  accurate  vertical  alignment  under  repeated  shock  conditions, 
a solenoid-operated  mechanism  for  dropping  a plummet  which  weighs 
20  +0.05  pounds  through  a distance  of  43.3  +0.2  inches  (this  will  transmit 
to  the  test  sample  on  approximate  impact  energy  of  72  foot-pounds  (10  i 

kilogram-meters)),  a striker  pin  (see  figure  2)  1/2  inch  in  diameter  and 
2 inches  long,  and  ' test  .cup.  (see  figure  3)  approximately  7/8-inch  inside 
diameter  by  approximately  7 /8-inch  inside  depth  made  of  1/16-inch  thick 
aluminum  alloy.  The  initial  alignment  and  subsequent  operation  of  the 
impact  tester  shall  be  such  that  the  plummet  falls  uniformly  under 
essentially  friction-free  conditions.  This  shall  be  verified  by  determining 
the  drop  interval  across  a measured  distance.  The  observed  plumment 
' acceleration  shall  not  deviate  more  thah  3 percent  from  the  prevailihg 
' gravitational  'acceleration.  : y--;., 
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Figure  2.  Details  of  str^.ker,  sample  cup,  and  sample 
(impact  sensitivity  system). 
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NOTE 


The  weight  x drop-height  product  specified  is  not 
duplicated  for  the  purposes  of  this  test  by 
combinations  other  than  20  jjO.05  pounds  and 

43.3  jnO.2  inches.  For  example,  doubling  the 
weight  and  halving  the  drop  height  would  hot 
duplicate  the  specified  requirement.  . . 

4. 3. 1.1  Details  of  drop  tester  components. 


4.3. 1.1.1  Electromagnet.  - The  electromagnet  shall  be  designed  with 
a sufficient  safety  factor  to  hold  over  20  pounds  of  weight  with  a minimum 
energizing  wattage. 


4.3. 1.1.2  Safety  catch.  - The  solenoid-operated  safety  catch  shall 
be  designed  to  hold  the  plummet  near  the  base  of  the  magnet  in  the  event 
of  a power  «failure. 


4. 3. 1.1. 3  Base  plate.  - The  base  plate  shall  be  constructed  from 

1- inch  thick  stainless  steel-  plate  and  shall  rest  solidly  and  level  on  a 

2- foot  cube  base  of  reinforced  concrete.  Four  stainless  steel  foundation 
bolts  shall  be  used  to  anchor  the  plate  to  the  concrete.’ 


4. 3.1. 1.4  Anvil  plate  and  specimen  cup  holder.  - A stainless  steel, 
type  440B  heat  treated  anvil  plate,  5 by  5 by  2 inches  thick,  shall  be 
bolted  to  the  base  plate  in  the  center  of  the  machine.  This  plate  shall 
center  the  specimen  cup  holder  and  provide  the  base  plate  with  protection 
from  denting  upon  impact.  A 5-by-5-inch  stainless  steel  specimen  cup 
holder,  1 inch-thick,  shall  be  bolted  on  top  of  the  anvil  plate.  The 
specimen  cup  holder  shall  have  a slightly  tapered  hole  into  which  the  test 
cup  can  be  -placed. 


4.3. 1.1.3  Specimen  cups  (see  figure  3).  - One-piece  specimen  cups 
shall  be  made  of  5052-H32  aluminum  alloy.  A special  insert  cup  (see  • 
figure  4)  with  an  inside  depth  of  0.050  jjO.005  inch  shall  also  be  used 
when  testing  semisolid  materials.  These  special  insert  cups  shall  be 
placed  inside  the  one-piece  specimen  cups. 

4.3. 1.1.6  Striker  pins.  - The  striker  pins  shall  be  made  from  17-4. 
PH  stainless  steel  with  hardness  in  accordance  with  the  applicable  detail 
drawings.  A sufficient  number  of  pins  shall  be  provided  for  testing  and 
discard. 
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4.3.2  Auxiliary  equipment:.  - The  auxiliary  equipment  shall  consist 
of  stainless  steel  forceps  for  handling  the  specimen  cups  and  striker 
pins,  stainless  steel  spatulas,  and  lAX  handling  equipment  (e.g.,  stainless 
steel  Dewar  flasks,  fireproof  lintless  laboratory  coats,  safety  goggles, 
gloves , and  LOX  storage  containers) . Additional  handling  equipment  shall 
include  a grease  insert  cup  holder  (see  figure  4) , sanq>le  freezing  box 
(see  figure  5),  striker  pin  baskets,  specimen  cup  trays,  microburettes, 
syringes,  a test  cell  for  the  Impact  tester  with  a protective  windot;  for 
observation  of  test  drops,  a control  panel  for  the  operator  to  activate 
the  safety  catch  and  electromagnet,  and  timing  instrumentation  to  neasure 
the  drop  time  of  the  plummet. 

4. 3. 2.1  Timer . - A Berkely  Universal  counter  and  timer,  Model  5500, 
or  approved  equal,  shall  be  used  to  measure  drop  time.  The  overall  drop 
time  shall  be  measured  and  recorded  for  each  test  drop  for  any  given 
height.  cThe  timer  shall  be  calibrated  periodically  to  ensure  that  the 
rated  accuracy  of  the  eq*i'ipment  is  maintained.  A typical  timing  circuit 
is  shown  on  figure  6. 

4.3.3  Test  cell.  - The  impact  tester  shall  be  housed  in  a test  cell 
with  a concrete  floor.  Walls  shall  be  constructed  of  reinforced 
concrete  or  metal  to  provide  protection  from  explosion  or  fire  hazards. 

The  cell  shall  contain  a shatterproof-glass  observation  window.  It  shall 
be  darkened  sufficiently  for  observation  of  flashes.  Continuous  ventila- 
tion shall  provide  fresh  air  to  the  test  cell.  Construction  of  the  test 
cell  shall  be  directed  at  providing  a facility  that  can  be  economically 
maintained  at  a high  level  of  good  housekeeping. 

4.4  Materials. 

4.4.1  Liquid  oxygen.  - LOX,  used  in  the  performance  of  this  test, 
shall  conform  to  the  requirements  of  Specification  MIL-F-25508. 

4.4.2  Liquid  nitrogen*.  - Liquid  nitrogen,  used  in  the  performance 
of  this  test,  shall  conform  to  the  requirements  of  Specification  BB-N-411 

or  MIL-P-27401.  ' . . ..v':-:  '■■■  ' ■. 
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4.4.3  Trichloroethylene.  » Trichloroethylene,  used  in  the  perform- 
ance of  this  test,  shall  conform  to  the  requirements  of  Specification 
MSFC-SPEC-217. 

4.4.4.  Alkaline  cleaner.  - A nonetch-type  alkaline  cleaner  shall  be 

used. 


4.5  Preparation  of  equipment  for  testing. 

4.5.1  Impact  tester.  - The  guide  tracks,  plummet,  anvil  plate, 
striker  pin  guide,  sample  cup  holder,  and  base  plate  of  the  impact  tester 
shall  be  cleaned  thoroughly  at  the  start  of  each  test  and  between  tests 
of  different  materials,  and  shall  be  rinsed  with  clean  extraction  grads 
trichloroethylene  at  least  after  impact  test  of  every  tenth  sample. 

After  completion  of  testing  for  the  day,  tl^e  impact  tester  shall  be 
thoroughly  cleaned.  Cleanliness  shall  be  nlaintained  throughout  any 
series^ of  impact  tests  to  minimize  erroneous  results. 

4.5. 1.1  Striker  Pins.  - Striker  pins  shall  be  used  only  once  and 
then  cleaned.  Before  each  test  the  striker  pins  shall  be  checked  for 
dimensional  conformance  to  the  applicable  drawing  and  then  examined  to 
endure  freedom  from  scratches,  nicks,  metallic  slivers,  and  other 
imperfections.  When  required,  the  pins  .shall  be  remachined  (see 

4.5. 1.1.1)  to  ensure  freedom  from  scratches  and  pits.  Prior  to  use,  all 
striker  pins  shall  be  vapor  degreased  for  at  least  30  minutes.  After 
use,  they  shall  be  thoroughly  cleaned  by  soaking  in  trichloroethylene 
and  scrubbed  with  a detergent  solution.  Following  this  treatment,  the 
striker  pins  shall  be  soaked  in  an  alkaline  cleaner,  rinsed  with  water, 
dried;,  and  stored  in  a suitable  container  to  ensure  cleanliness. 

4. 5. 1.1.1  Remachined  striker  pins.  - The  length  of  remachined 
striker  pins  shall  be  2.000  (plus  0.010  or  minus  0.100)  inches.  Striker 
pins  shall  be  remachined  if  the  striking  area  exhibits  scratches  or  pits 
or  both.  It  may  be  necessary  to  remachlne  pins  that  are  bent  or  flattened 
during  impact  tests.  Badly  bent  and  remachined  pins,  in  which  the 
diameter  near  the  striking  area  is  greater  than  0.505  inch  or  is  less 
than  0.495  inch,  shall  be  discarded. 

4. 5. 1.2  Type  347  stainless  steel  inserts.  - Type  347  stainless  steel 
Inserts  shall  be  cleaned  in  accordance  with  the  method  specified  for 
striker  pins  in  4. 5.1.1.  • 
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4»5.1.3  Specimen  cups»  - A teflt  cup  shall  be  used ‘only  once  and 
discarded.  Prior  to  use,  specimen  cups  should  be  cleaned  as  follows: 

t 

(a)  Vapor  degrease  in  perch loroe thy lene  or  extraction  grade 

trichloroethylene  for  15  minutes  (cups  should  be  in  an 
inverted  position) . 

(b)  Rinse  with  deionized  water. 

(c)  Soak  in  nonetch>type  alkaline  cleaner  (82  to  93  degrees 

Celsius  (*^C))  for  20  minutes. 

(d)  Rinse  thoroughly  with  deionized  water. 

(e)  Immerse  in  water  solution  contaihing  0.5  percent  of  hydrofluoric 

acid  (48  percent)  by  volume  and  5.0  percent  of  nitric  acid 

••  (70  percent)  by  volume  for  2 to  5 minutes  at  room 

temperature . 

(f)  Rinse  with  deionized  water. 

(g)  Desmut  by  immersing  at  room  temperature  in  a 50-percent 

(by  volume)  .solution  of  nitric  acid  (70  percent)  for 
5 minutes  or  until  smut  is  removed. 

(h)  Rinse  thoroughly  with  deionized  water. 

(i)  Dry  in  a moderately  hot  oven  (121  to  149  °C)  to  avoid 

staining. 

(j)  Store  in  a clean  container  until  ready  for  use. 

The  cups  shall  not  be  used  for  at  least  72  hours  after  cleaning. 

4.5. 1.4  Blank  test.  - The  effectiveness  of  the  cleaning  procedure 
shall  be  checked  by  testing  a series  of  twenty  blank  cups  (filled  with 
LOX)  and  striker  pins  from  each  batch  of  clean  cups  and  striker  pins  at  • 
the  72-foot-pound  (10 -kilogram-meter)  level.  In  addition  to  these  blank  • , 
tests,  four  blank  tests  shall  be  made  at  random  during  the  testing  of 
any  materials.  Additional  blank  teste  may  be  made  at  the  discretion  of 
the  operator.  The  striker  pins  and  sample  cups  shall  be  handled  by  ' 
forceps  or  tongs  and  kept  out  of  contact  with  the  operator' 'a  hands  or 
other  sources  of  contamination^  ^ 
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4.5.2  Auxiliary  equipment. 

4. 5. 2.1  Test  cell.  - The  ceiling,  walls,  and  any  fixture  In  the  teat 
cell  shall  be  rinsed  with  water  at  the  end  of  the  working  day.  The 
concrete  floor  shall  be  scrubbed  dally  with  a detergent. 

4. 5. 2. 2 Stainless  steel  ware.  - Stainless  steel  ware,  such  as 
striker  pin  baskets,  forceps,  tongs,  spatulas,  and  Inserts,  shall  be 
cleaned  In  the  same  manner  as  the  striker  pins  (see  4.. '3. 1.1).  Once 
Integrated  Into  the  handling  procedure,  a thorough  rinse  of  the  stainless 
steel  ware  with  clean,  extraction  grade  trichloroethylene  should  be  the 
only  cleaning  necessary. 

4. 5.. 2. 3 Glassware  check.  - Any  glassware,  such- as  mlcroburettes , 
beakers,  and  syringes,  shall  be  cleaned  by  soaking  in  an  alkaline  cleaner, 
rinsed  with  water,  and  dried.  Immediately  prior  to  use*.,  they  shall  be 
vapor  degreased  with  trichloroethylene  for  a^  least  30  minutes. 

4. ^.2. 4 Cleanliness  check.  - The  effectiveness  of  the  cleaning 
procedure  shall  be  checked  as  outlined  in  4.5. 1.4. 

4.6  Test  procedure. 

4.6.1  Preparation  of  test  samples. 

4. 6. 1.1  Number  of  samples.  - At  least  20  samples  shall  be  used  for 
each  series  of  test  drops.  It  may  be  desirable  to  prepare  more  than  20 
samples  because  of  rejection  due  to  ^^^nples  floating  or  breaking  up  during 
precobling. 

4.6. 1.2  Liquid  samples.  > Liquid  samples  shall  be  applied  to  form  a 
layer  in  the  bottom  of  the  specimen  cups  0.050  j^.OlO  Inch  thick. 

4.6. 1.3  Greases  and  semlsollds.  •>  Grease  samples  shall  be  prepared 
as  follows: 

(a)  Special  specimen  cups  with  Inside  depths  of  0.050  jp.005  Inch 

shall  be  provided  (see  Jlgure  4a) . 

(b)  The  special  specimen  cups  shall  be  cleaned  as  specified 

in  4.5.,  1.3. 

(c)  Place  special  cups  into  the  cup  holder  (see  figure  4). 

• Press  sufficient  sample  material  Into  the  special  cups 

with  a clean,  stainless  steel  spatula  to  form  a sample 
that  is  free  of  air  bubbles  and  void  spots. 
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(d)  Scrape  off  the  excess  sample  with  the  spatula  until  a 

smooth  surface,  level  vith  the  edge  of  the  cup,  is 
achieved. 

« 

(e)  Remove  the  special  cup  from  the  holder  and  place  it  inside 

the  regular  specimen  cups. 

4.6. 1.4  Solid  samples.  - Solid  samples,  prepared  as  specified  in 
4.2,  shall  be  cleaned,  rinsed,  dried  as  specified  below,  and  placed  in 
the  bottom  of  the  specimen  cups. 

4.6. 1.4.1  Metallic  and  solvent-resistant  samples.  - Metallic  and 
solvent-resistant  samples  shall  be  scrubbed  in  detergent  water,  rinsed, 
dried,  and  vapor  degreased  with  tricholoroethylerte  before  placing  in  the 
specimen  cups. 

4. 6. 1.4. 2 Nonmetallic  samples.  - Nonmetallic  samples  shall  be 
cleaned  with  a detergent  solution  followed  by  water  rinsing  and  oven 
drying  at  100  + 10®C  for  I hour  or  until  dry.  The  pactlculatr  detergent 
used  shall  be  impact  insensitive  In  accordance  with  the  requirements  of 
this  specification  in  the  concentration  used  when  tested  as  outlined  in 
4.6. 1.6. 


4. 6. 1.5  Coatings.  - Coating  samples,  such  as  paints  and  dry  film 
lubricants,  shall  be  prepared  as  follows: 

(a)  Apply  the  coating  to  11/16-inch  diameter  stainless -steel 

inserts  in  the  same  manner  and  to  the  same  thickness 
that  is  Intended  for  hardware  application. 

(b)  After  the  samples  have  dried,  place  them  in  the  regular 

specimen  cups  and  test. 

4.6. 1.6  Leak  check  compounds,  dyes,  and  dye  penetrate  systems.  - 
Clean,  unsealed,  sulfuric-acid-anodized,  6061-T6  discs  ll/l6-inch  in 
diameter  by  0.063  inch  thick  shall  be  used  as  a carrier.  Prior  to  use, 
the  discs  shall  be  vapor  degreased  in  extraction  grade  trichloroethylene. 
To  check  the  effectiveness  of  the  cleaning  procedure,  a minimum  of  20 
blank  discs  shall  be  tested  as  specified  in  3.3.  The  discs  shall  then  . 
be  soaked  in  the  leak  check  compound,  dye,  dye  penetrate,  emulsifier, 

or  developer  for  15  minutes;- drained  for  15  minutes  at  an  angle  of  iu 
degrees  in  the  fixture  shown  on  figure  7;  and  tested  by  placing  the 
specimen  discs  on  s'^alnless  steel  inserts  in  the  bottom  of  the  test  cups*. 
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4.6. 1,7  Solders.  - Solders  shall  be  tested  as  flat  sheets.  The 
sheets  shall  be  prepared  by  melting  and  casting  the  solders  to  form  ingcts 
and  by  rolling  the  ingots  into  sheets  of  0.020  4p.00S  inch  in  thickness. 
Discs  11/16  inch  in  diameter  shall  be  punched  from  the.  sheets*  cleaned  ns 
outlined  in  4. 6. 1.4.1,  and  tested  by  placing  the  discs  on  stainless  steel 
inserts  in  the  bottom  of  the  test  cups.  If  rosin  core  solder  is  used* 
care  should  be  taken  to  ensure  that  the  rosin  is  burned  off  or  completely 
removed  prior  to  test. 

4.6.2  Precool  inti.  - Precooling  shall  be  accomplished  by  lowering 
the  temperature  of  the  material  to  the  boiling  point  of  LDX  at  one 
atmospheric  pressure  (minus  183°C) . 

4. 6. 2.1  Dewar  flasks.  - Stainless  -steel  Dewar  flasks  shall  be  pre- 
cooled by  slowly  pouring  lOX  into  the  flask  until  the  LOX  ceases  to  boil. 
When  cooled,  the  flask  shall  be  filled  with  IDX  and  covered  with  clean 
aluminum  foil  or  a staipless  steel  cover.  Since  glass  Dewar  flasks  are 
easily  broken*  they  should  not  be  used. 

4. 6. 2. 2 Specimen  cups.  ■*  . 

4. 6. 2. 2.1  Blank  specimen  cups.  - The  cleaned*  blank  specimen  cups 
shall  be  precooled  by  slowly  pouring  LOX  into  a san^^le  tray  until  the  LOX 
covers  and  fills  the  cups. 

4. 6. 2. 2. 2 Specimen  cups  containing  sample  material.  - To  minimize 
cracking  of  the  samples  during  freezing*  the  cups  containing  the  samples 
shall  be  precooled  slowly  by  using  the  freezing  box  shown  on  figure  5. 

The  box  should  be  leveled  prior  to  use.  The  procedure  shall  be  as 
follows: 

(a)  Place  approximately  40  specimen  cups  over  the  holes  in 

the  retainer  plate. 

(b)  Using  an  automatic  delivery  tube  with  a 25-liter  Dewar 

flask*  pressurize  the  Dewar  flask  to  approximately 
2.5  pounds  per  square  inch  gage  (psig)  with  oil-free 
oxygen. 

(c)  While  maintaining  the  pressure  at  approximately  2.5  psig* 

open  the  discharge  valve  approxl^tely  halfway  and 
start  to  fill  the  freezing  box. 
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The  time  required  to  fill  the  cups  and  the  freezing  box  1/8  inch  from  the 
top  shall  be  35  to  40  minutes.  After  this  step*  a careful  Inspection 
shall  be  made.  Any  sample  that  separates  from  the  bottom  of  the  cup  and 
floats  or  shatters  due  to  thermal  shock  shall  be  discarded.  The  thickness 
of  at  least  five  frozen  samples  shall  be  measured  and  recorded.  The 
samples  shall  be  transferred  to  a suitable  (pr&coojled)  container  for 
storage  until  tested.  Additions  of  LOX  shall  be  made*  as  necessary* 
while  tests  are  in  progress  to  ensure  that  each  sample  cup  is  completely 
filled  at  time  of  testing. 

4. 6. 2. 3 Striker  pins.  - Cleaned  striker  pins  shall  be  precooled  by 
placing  pins  in  a Dewar  flask  and  adding  liquid  nitrogen  to  the  flask 
until  the  pins  are  covered  with  liquid  nitrogen.  * 

^ 4. 6. 2.4  Specimen  cup  holder  and  base  plate.  - The  specimen  cup 
holder  and  anvil  plate  shall  be  precooled  by  adding  liquid  nitrogen  c«> 
the  stainless  steel  moat  surrounding  the  specimen  cup  holder  and  base 
plate.  The  moat  should  be  filled  with  liquid  nitrogen  to  approximately 
1/2  inch  below  the.  top  of  the  specimen  cup  holder. 

4.6.3  Impact  test.  - Critical  test  parameters  shall  be  as  follows: 

(a)  Plummet  weight.  - Plummet  weight  shall  be  20  ^.05  pounds. 

ib)  Drop  height.  - Drop  height  shall  not  deviate  more  than 
+0.2  Inch  from  the  specified  height. 

(c)  Striker  pin  diameter.  - Striker  pin  diameter  near  the 

striking  area  shall  be  0.300  +0.005  inch. 

(d)  Energy  loss.  - The  energy  loss  due  to  friction  shall  be 

controlled  by  measuring  and  recording  the  drop  time  of 
each  drop  of  any  given  height.  The  observed  plummet 
acceleration  shall  not  deviate  more  than  3 percent 
from  the  prevailing  gravitational  acceleration. 

4. 6. 3.1  Blank  drop.  - The  effectiveness  of  the  cleaning  procedure 
shall  be  checked  by  testing  blank  cups  as  outlined  in  4. 5. 1.4. 

4. 6. 3.2  Test  drop.  - The  following  steps  Shall  be  accomplished 
with  sufficient  care  and.  speed  so  that  the  specimen  cup  will  be  full  of 
LOX  at  tall  times  prior  to  and  during  imi)act: 
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(a)  The  luagneC  shall  be  adjusted  to  proper  drop  height  (A3.3 

. inches  for  72  foot-pounds). 

(b)  Clean  tongs  shall  be  used  to  set  the  precooled  specimen 

cups  into  the  specimen  cup  holder. 

<c)  A visual  check  shall  be  made  to  assure  that  the  frozen 

sample  has  not  separated  from  the  bottom  of  the  cup. 

Samples  that  have  separated  shall  be  discarded. 

(d)  Place  the  striker  pin  in  the  cup  and  hold  it  in  place  by 

the  striker  pin  guide. 

(e)  Add  LOX  at  the  specimen  cup  to  ensure  that  the  specimen 

cup  is  full. 

■ \ 

(f)  Cover  the  exposed  container  of  LOX. 

(g)  Close  Che  test  cell  door,  turn  off 'the  cell  lights,  and 

set  the  timer. 

(h)  Release  the  safety  catch  and  pluusise't  by  means  of  the 

control  panel  located  outside  the  test  cell  near  the 

observation  window. 

(i)  Observe  and  record  the  results  of  the  impact  reaction  as 

defined  in  3.3. 

(j)  Record  the  drop  time  of  the  plunmiet  for  each  drop. 

A, 6. 3.?  Interpretation  of  results.  - A material  proposed  for  use 
in  LOX  systems  or  subject  to  direct  contact  with  LOX  shall  conform  to 
the  requirements  of  3.3, 

4. 6, 3, A Threshold  levels.  - For  materials  sensitive  at  72  foot- 
pounds (10  kilogram-meters),  it  may  be  desirable  to  determine  threshold 
values.  The  approximate  threshold  value  shall  be  obtained  by  testing  20 
sati-.ples  at  each  of  the  drop  heights  listed  in  table  I.  The  first  height 
at  which  no  reactions  are  obtained  in  20  drops  shall  be  the  approximate 
threshold  value.  The  definitive  threshold  value  shall  be  determined  by 
20  tests  at  drop -height  Incranents  of  3 inches  starting  at  a height  of 
6 inches  above  the  approxinate  threshold  value.*  The  definitive  threshold 
value  shall  be  the  higher  of  the  two  adjacent  heights  at  which  no 
reaction  was  obtained. 
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rable  I.  Drop  height  schedule  for  approximate  threshold 
value  determination. 


Measurement 

First  Height  ...  ^ s.  • • 
Second  Height  ..  .> 

Third  Height 
Fourth  Height 
Fifth  Height 


Inches 

A3, 3 (10  kilogram-meter) 

33 

2A 

15  • 


4.7  Reie^’tion.  and  retest.  - Failure  of  any  sample  to  meet  the 
requirements  of  this  specification  shall  be  cause  for  rejection  of  the 
lot  represented.  Rejected  materials  shall  net  be  resubmitted  for 
approval  without. full  details  being  furnished  concerning  the  previous 
rejection  and  measures  taken  to  correct  the  defects.  If  not  more  than 
one  test  unit  of  the  original  test  sample  fails  to  meet  the  test 
requirements  specified  herein,  the  manufacturer  may  request  a retest. 

If  all  test  units  of  the  retest  meet  the  requirements  specified  herein, 
the  material  shall  be  considered  compatible  .for  use  in  LOX  systems. 

5.  PREPARATION  FOR  DELIVERY 

5.1  When  it  is  necessary  to  ship  samples  of  materials  for  testing, 
the  preservation,  packaging,  and  packing  shall  be  such  that  contamination 
of  samples  and  materials  will  be  prevented.  Initial  wraps  shall  be  of 
the  same  cleanliness  as  the  sample  materials. 

6.  NOTES 

6.1  Intended  use.  - .This  specification  is  intended  for  use  with 
the  ABMA  impact  tester  In  determining  t7ie  compatibility  of  materials 
with  1X)X. 

6.2  Ordering  data.  - Procurement  documents  should  specify  the 
following: 

(a)  Title,  number,  and  date  of  this  specification. 


fr 


if 
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(b) 


Where  tests  are  to  be  conducted. 


(c)  Whether  certified  test  data  is  required. 

6.3  Changes,  deviations,  or  waivers.  - No  technical  changes, 
deviations,  or  waivers  will  be  made  to  the  requirements  of  this  document 
without  the  approval  of  the  cognizant  design  engineering  activity  of 
MSFC.  All  changes,  deviations,  or  waivers  will  be  submitted  to  the 
Engineering  Specifications  and  Standards  Section  of  the  Propulsion  and 
Vehicle  Engineering  Laboratory  (R«^P&VS^NK)  for  coordination  with  the 
cognizant  design  activity. 


Notice.  • When  Goverr^nent  drawings,  specifications,  or  other  data 
are  used  for  any  purpose  other  than  in  connection  with  a definitely 
related  Government  procurement  operation,  the  United  States  Government 
thereby  Incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the 
fact  that  the  Government  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other  data  is  not  to  be 
regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the 
holder  or  any  other  person  or  corporation,  or  conveying  any  rights  or 
permission  to  manufacture,  use,  or  sell  any  patented  inventia^j  that  may 
in  any  way  be  related  thereto.  . 

Custodian:  * Preparing  activity: 

NilSA  » George  C.  Marshall  Space  George  C.  Marshall  Space 

Flight  Center  Flight  Center 


; 


I 
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GEORGE  C.  MARSHALL  SPACE  FLIGHT  CENTER 
MATIOMAL  AERONAUTICS  AND  SPAGE^  ADMUilSTRATIOH 
SPECIFICATION 

TESTING  COMPATIBILITY  OF  MATERIALS 
FOR  LIQUID  0KY6EN  SYSTEMS 


This  amendment  forms  a part  of  George  C.  Marshall  Space  Flight  Center 
(MSFC)  Specification  MSFC-SPEC«106B , September  16,  1966,  and  has  been 
approved  by  MSFC  and  is  available  for  use  by  MSFC  and  associated 
contractors. 

(1)  Page  4,  paragraph  4.2:  Delete  the  last  sentence  of  paragraph 
4.2  and  substitute  the  following: 

"Stainless  steel  inserts  shall  be  used  as  a false  bottom  in  the 
aluminum  specimens  cups  when  testing  all  materials  with  the  exception  of 
greases,  oils,  other  liquids,  dye  penetrants,  coatings,  and  solders.  The 
latter  materials  shall  be  tested  as  specified  in  other  sections  of  this 
specification." 

(2)  Page  4,  paragraph  4.2:  Add  the  following  paragraphs: 

"4.2.1  0-rings.  - Each -^ize  from  each  batch  1)f  O-rings  and/or 
0-ring  materials  shall  be  sampled  and  tested  as  follows  unless  it  can  be 
demonstrated  that  test  results  on  different  sisies  and  batches  are  , 

comparable  when  tested  as  specified  in  3.3. 


* 

S'.  ■' 

\ j 

r" 

f 0 • ' 


I 


f 


"4.2.J  1 Extruded  O-rings.  - At  least  60  discs  (11/16-inch 
diameter  by  thickness  of  0 -rings)  shall  be  cut  from  a strip  after  the 
chopping  operation.  The  discs  shall  be  processed  and  def lashed  with  thtf 
same  equipment  used  for  the  0 •rings*  The  discs  shall  be  cleaned  as 
spec:l£ied  in  4.6 *1*4*2  and  tested  after  precopling  as  specified  in  ^ 
4*6.2*2*2r  ..  , ^ i..  i'.  >1  ' *■, 


..  H.'.'J 


^ f 


f 
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! ”4. 2. I, 2 Molded  0»rlng8«  - At  least  60  discs  (ll/16«inch 

^iameter  by  thickness  of  0 Tings)  shall  be  fuirnlshed  that  have  been 
processed  and  def lashed  in  the  same  equipment  used  for  the  O-ringa.  The 
discs  shell  be  cleaned  as  specified  in  4. 6. 1.4. 2 and  tested  after 
precooXing  as  specified  in  4. 6. 2. 2. 2. 

“4. 2. 1.3  pTings  from  standard  stock  or  where  above  procedures 
are  Imptactlcal.  - 0-rings  1/2-lnch  outside  diameter  or  less  shall  be 
sampled  and  tested  as  a complete  0-ring.  0-rings  larger  than  1 /2-inch 
outside  diameter  shall  be  tested  as  one  segment  (approximately  3/4-lnch 
long)  on  a stainless  steel  insert.  The  sample^  shall  be  cleaned  and 
precooled  as  specified  above.  If  a sample  is  not  impacted  during  testing « 
it  shall  be  placed  in  a new  cup  with  a stainless  steel  Insert  and  precooled 
prior  to  testing.  As  an  alternative,  sufficient  samples  may  be  prepared  . 
to  account  for  the  normal  misses.  If  additional  cleaning  procedures  are  ^ 
used,  they  must  be  specified  on  the  test  data  sheets." 

*• 

(3)  Page  16;^  paragraph  4. 6.1. St  Delete  and  substitute  the 
following:  ’ • 

"4»6»1.5  Coatings . 

"4*6*1. 5*1  Paints  and  dry  film  lubricants.  - Coating  samples, 
such  as  paints  and  dry  film  lubricants,  shall  be  prepared  as  follows: 

/ "(a)  Apply  the  coating  to  11/16-lnch  diameter  stainlese 

steel  inserts  in  the  same  manner  and  to  the  same 
' thickness  that  is  intended  for  hardware  application* 

"(b)  After  the  samples  have  dried,  place  them  in  the 
regular  specimen  cups  and  test. 

"4*6*1. 5. 2 Elastomerics * - Elastomeric  coating  samples  shall 
be  prepared  as  follows: 

/'*(«)  Ihin  with  reagent  grade  methyl  Isobutyl  ketone  or 

’Other  compatible  solvent  to  10  percent  of  total  weight 
of  solids*  or  to  manufacturer's  reconnendatioos* 
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'*<b)  Apply  the  coating  to  ll/16-lnch  diameter  atainleee 
•tael  Inserts  as  follows  t 

/ ‘ "(Iji  METHOD  I (SINGLE  DIP  COAT).  « Dip  coat 

. (approximately  0.0005  inch)  and  place  on  clean 
aluminum  foil  to  air  dry.  The  coated  in  rts 
'*  shall  be  removed  from  the  foil  and  turnei^  over 
after  30  minutes  to  allow  both  sides  to  dry 
completely.  The  specimens  shall  Le  air  dried 
' for  a minimum  of  24  hours  prior  to  testing. 

. The  coating  thickness  shall  be  checked  on  at 

. : least  four  samples  and  recorded. 

“(2)  METHOD  2 (BRUSH  GOAT).  - Apply  22  coats  (10 
. ' • ‘ percent  solids)  using  a single  brush  stroke  with 

. a soft  nonshedding  brush.  Allow  a minimum  of 
30-minutes  drying  time  between  coats.  If  the 
■:  thickness  of  the  coating  is  greater  than  0.015 
/I  inch*  the  specimen  shall  be  rejected;  if  less 
■*  . than  0.015  inch,  additional  coats  shall  be 

. • , applied  as  required  to  achieve  the  specified 

*,  thickness.  Each  specimen  shall  be  visually 

examined  for  contamination  following  application 
J-'  of  each  coat  (especially  bristles  from  the  brush). 
The  coated  specimens  shall  be  air  dried  for  a 
. minimum  of  24  hours  following  application  of  the 
final  coat  before  testing." 

Custodian: 

NASA  - George  C.  Marshall  Space  George  C.  Marshall  Space 

Flight  Center  . 


END  OF  REFERENCE 
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APOLLO  SPACECRAR,  NONHRALLIC  MATERIALS  REQUIREMENTS. 
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ABSTRACT 


Combustibility  studies  of  materials  of  construction  employed  in  space 
flight  vehicle  cabins  have  been  carried  out  as  a function  of  various  simulated 
cabin  atmospheric  environments.  The  program  was  conducted  under  three 
distinct  phases.  Phase  I efforts  were  directed  at  defining  the  spontaneous 
ignition  temperature,  of  the  individual  materials,  under  dynamic  atmospheric 
conditions  for  the  various  atmospheres  employed.  Phase  II  centered  about 
the  burning  characteristics  of  the  respective  materials  as  a function  of 
atmospheric  and  gravitational  environments.  These  studies  also  involve  the 
effects  of  /arious  extlngulshants  upon  the  burning  characteristics  under  the 
influence  of  several  atmospheric  environments  and  gravitational  variations. 

Phase  ITT  focused  upon  the  flame  spread  behavior  of  the  material,  under  the 
Influence  of  various  atmospheric  environments  and  in  the  presence  of  Haion  1301 
flame  extinguishant.  Detailed  analyses  of  the  work  clearly  show  the  dependency 
of  the  combustion  behavior  of  the  materials  upon  the  atmospheric  environment 
utilized. 
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II . EXPERIMENTAL  PROGRAM 


A.  PHASE  I.  DETERMINATION  OF  THE  SPONTANEOUS  IGNITION 
TEMPERATURE  OF  SELECTED  MATERIALS 

1 . Introduction 

The  rapid  evolution  of  spacecraft  has  rendered  it  Increasingly  difficult 
to  design  flight  vehicle  cabins  with  regard  to  fire  and  explosion  prevention. 
Utilization  of  oxygen  enriched,  low  pressure  atmospheres  within  a sealed 
cabin  makes  it  imperative  to  determine  the  flammable  characteristics  of  the 
materials  employed  therein.  Of  prime  importance,  in  this  regard,  are  the 
ignition  characteristics  of  materials.  Therefore,  the  first  phase  of  this  study 
is  devoted  to  the  determination  of  the  ignition  behavior  of  relevant  materials 
as  a function  of  oxygen  concentration  and  total  environmental  pressures. 

The  overall  atmospheric  environment  within  the  sealed  flight  cabin  is 
generally  subject  to  a recirculating  or  recycling  process.  It  was,  therefore,  felt 
that  the  most  pertinent  ignition  data  is  that  obtained  under  similar  conditions, 
i.e.,  a dynamic  environment.  However,  under  the  influence  of  a dynamic 
atmospheric  environment,  the  observed  minimum  ignition  temperatures  will 
differ  from  those  generally  associated  with  the  ASTM  Aucogeneous  Ignition 
Temperature  designation.  Therefore,  the  minimum  ignition  temperatures 
reported  here  are  designated  as  Spontaneous  Ignition  Temperatures  and  are 
defined  as  being  the  lowest  temperature  of  the  test  specimen  at  vt^hich  the 
material  will  ignite,  under  the  particular  test  condition  and  apparatus  employed, 
without  the  application  of  an  igniting  source,  i.e.,  flame  o.  spark. 

In  general,  the  Spontaneous  Ignition  Temperatures,  (S.I.T.)  reported 
he^e  will  be  higher  than  those  attained  by  application  of  the  static  A. S.T.M. 
methods  This  follows  from  the  fact  that  the  sequence  of  oxidative  chemical 
reactions,  which  liberate  heat  and  lead  to  combustion,  is  disturbed  by  the 
removal  of  heat  and  chemical  intermediates  from  the  vicinity  of  the  test 
specimen  by  the  circulating  flow  imposed  on  the  system.  Thus,  additional 
heat  must  be  supplied  to  the  test  specimen,  (raising  its  temperature)  In  order 
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to  make  up  and  exceed  this  loss  and  thus  so  permit  ignition  :o  take  place. 

2,  Apparatus 

Determination  of  the  Spontaneous  Ignition  Temperature  of  each  test 
specimen  was  carried  out  employing  a Combustion  Monitor,  designed  and 
constructed  by  Dynamic  Science  for  the  Air  Force  under  an  earlier  contract 
(AF  3 3 (6  57) -11 07  5) . This  unit  was  specifically  designed  to  investigate  the 
ignition  and  burning  characteristics  of  combustible  materials . Temperature , 
pressure,  and  fluid  flow  are  controlled  from  a console,  located  immediately 
in  front  of  two  furnace  reaction  chambers,  identified  as  Furnace  No.  1 and 
Furnace  No.  2.  Figure  i lllustr^--  ; <;he  overall  facility.  A complete  description 
of  this  system,  together  with  operating  procedures,  may  be  found  in  Reference  1 . 

For  the  present  study.  Furnace  No.  2 was  utilized.  The  furnace  reaction 
chamber  is  12  Inches  in  diameter  and  approximately  18  Inches  high.  Access  to 
the  chamber  is  through  a flanged  cover  sealed  with  an  asbestos  gasket  which 
is  double-jacketed  with  304  stainless  steel  and  tightened  with  1/2  inch  bolts. 

A 3-inch  diameter  \iewing  port  permits  observation  of  the  experiment’s 
performance  within  the  chaxuber.  Figure  2 illustrates  the  No.  2 Furnace 
Reaction  Chamber.  Fluid  Inlets,  cxha"'^t  ports,  electrical  leads,  and  thermo- 
couples enter  the  chamber  from  3 tubes  in  the  bottom  of  the  chamber,  as  shown. 
The  enclosing  furnace  is  28  inches  square  (viewed  from  the  top)  and  32  inches 
high.  The  solid  samples,  employed  for  this  work,  were  placed  upon  a tray 
located  Just  above  the  inlet  side  of  the  incoming  fluid  mixer  unit.  This  stain- 
less steel  tray  is  equipped  with  a self  contained  heating  unit,  allowing  the 
tray  temperature  to  be  controlled  independently  or  slaved  to  that  of  the  main 
reaction  chamber. 

In  practice,  the  reaction  chamber  may  be  operated  under  conditions  of  static 
atmosphere  environments  or  dynamic  atmosphere  environments . Both  modes  of 
operation  may  be  carried  out  at  constant  pressure  or  variable  pressures , The 
spontaneous  ignition  temperature  determinations  reported  below  were  carried 
out  under  dynamic  atmospheric  environments  at  constant  pressure.  To 
accomplish  this , the  main  reaction  chamber  is  equipped  with  a differential 
pressure  regulator,  (a  Sterer  Valve) , manufactured  by  the  Sterer  Engineering 
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FIGURE  2.  No.  2 Furnace  Chamber. 
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Company  of  Los  Angeles  ♦ 

Additional  equipment  employed  for  these  tests  were  a Vacuum  Manifold 
System,  a Gas  Chromatograph,  and  a Beckman  Oxygen  Analyzer.  The  vacuum 
manifold  system  was  connected  to  the  No.  2 Furnace  Reaction  Chamber,  This 
system  was  employed  to  obtain  samples  of  prelgnition  and  post-ignition 
atmospheres  from  the  reaction  chamber.  Gaseous  samples,  so  taken,  are 
analyzed  by  the  Gas  Ch.-omatograph.  The  chromatograph  utilized  was  a Micro 
Tech  2500R,  and  was  directly  connected  to  the  vacuum  manifold  system.  It 
was  fitted  with  molecular  sieve  and  silica  gel  columns,  both  10  feet  long  by 
1/4  inch  in  diameter.  The  columns  were  operated  at  150‘^C  with  helium 
carrier  gas  at  a flow  rate  of  fO  rc/min.  The  Beckman  Oxygen  Analyzer  was 
employed  to  monitor  the  oxygen  content  of  the  incoming  envixonraental  gases. 

Suitable  thermocouples  were  used  to  control  and/or  Indlvcate  temperature 
at  critical  areas  within  the  reaction  chamber.  One  such  unit  monitored  the 
overall  environmental  temperature.  A second  unit  monitored  the  tray  temperature, 
while  a ti'lrd  unit  monitored  the  test  specimen  temperature.  Total  pressure 
within  the  chamber  was  continuously  monitored  by  means  of  a Stathara  Pressure 
Transducer  of  0-30  psia  range. 

3.  Procedure 

The  lest  sample  is  placed  upon  the  surface  of  the  tray  heater,  located 
in  the  No.  2 Furnace  Reaction  Chamber.  The  specimen  thermocouple  is 
placed  in  contact  with  the  uppe»“  (exposed)  surface  of  the  sample.  At  this 
point,  the  reaction  chamber  is  sealed,  evacuated,  and  leak  checked.  With 
the  chamber  isolated  <^rom  the  vacuum,  the  desired  atmosphere  is  Introduced 
and  the  chamber  pressure  is  then  set  by  adjusting  the  reference  pressure  on 
the  Sterer  Value  to  the  desired  operating  level. 

When  the  operating  pressure  level  is  reached,  the  gas  flow  rate  is 
adjusted  such  that  the  chamber  atmosphere  is  changed  at  a constant  rate , 
independent  of  the  operating  pressure.  The  S.T.P,  flow  rates  used  at  various 
chamber  pressures  are  shown  in  Table  I. 
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The  furnace  heater  is  now  activated  and  tii'r*  power  level  adjusted  as 
required.  The  tray  heater  is  then  activated  and  its  power  level  adjusted. 
Recorders  monitoring  chamber  pressure  and  temperatures  are  activated.  The 
test  run  has  started. 


TABLE  I 

GAS  FLOW  RATES  THROUGH  REACTION  CHAMBER 
AT  STP  AT  VARIOUS  CHAMBER  PRESSURES 

Operating  Pressure,  mm  Hg*  Flow  Rate,  Liters/Minute 


760 

/V.- 

4 

569 

't! 

3.2 

362 

1 ■■ 

1.87 

259 

6 ‘ 

1.33 

4.  Experimental  Results 

Eleven  materials  were  selected  for  study  under  this  phase  of  the  program. 
They  were  selected  on  the  basis  that  each  represented  a basic  material  present 
within  the  flight  vehicle  cabin.  The  Spontaneous  Ignitioi^ Temperature  (SIT)  of  each 
material  xvas  determined  primarily  as  a function  of  oxygen  concentration  and 
total  environmental  pressures . Eight  were  subjected  to  Intensive  study,  three 
were  spot  checked  only.  Data  for  only  three  of  the  materials  have  been 
previously  reported  (2) . 

(a)  Polyethylene 

The  polyethylene  S.I.T.  study  was  the  first  to  be  carried  out.  Table  II 
presents  a . the  data  obtained  in  the  course  of  the  polyethylene  experimental 
test  program.  In  these  Initial  experiments  an  effort  was  made  to  ascertain 
the  relative  importance  of  such  variables  as  sample  size,  heating  rate,  flow 
rate,  pressure,  and  oxygen  concentration  upon  observed  S.I.T,  values.  This 
data  had  been  reported  in  Summary  Report  No,  SN~640l(2).  As  presented  in 
Table  II,  the  data  have  been  rearranged  for  purposes  of  clarity  and  evaluation. 
Several  variables  previously  considered  (2)  have  been  omitted  here  since 
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TPBlE  II.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  POLYETHYLENE 


Run.  No. 

Atm,  Composition  {%) 

Pressure 
(rnm  Hg) 

Flow  Rate 
1 'Min. 

Size 

(Inches) 

S.I.T. 

OC 

Go 

N2 

He 

118 

100 

r ^ 

760 

0 

lxlx3/8 

r- 

0 

248 

119 

100 

- 

- 

760 

0 

4x4x3/8 

5.5 

250 

104 

100 

- 

- 

760 

2.3 

lxlx3/8 

3 

250 

115 

100 

- 

- 

760 

4.2 

lxlx3/8 

7.5 

223 

120 

100 

- 

- 

760 

6.5 

lxlx3/8 

10.0 

254 

131 

100 

- 

- 

760 

0 

lx 1x3/8 

3.5 

230 

106 

50 

50 

- 

760  ' 

4.8 

lx 1x3/8 

3.5 

262 

112 

75 

- 

25 

760 

4.1 

lxlx3/8 

- 

242 

114 

25 

- 

75 

760 

1.0 

lxix3/8 

7.5  Nc 

) ignition 

125 

100 

569 

0 

3x3x3/8 

9.8 

300 

103 

100 

- 

- 

569  ^ 

1.9 

lxlx3/8 

2.0 

250 

113 

75 

25 

- 

569 

4.4 

lxlx3/8 

12.0 

244 

108 

50 

50 

- 

569  ' 

5.3 

lxlx3/8 

- 

282 

110 

20 

80 

- 

569 

5.2 

lx 1x3/8 

Nc 

' ignition 

111 

20 

80 

- 

569 

5.6 

lx 1x3/6 

- 

102 

100 

— 

- 

362  ' 

1.4 

lx 1x3/8 

5.4 

300 

116 

75 

25 

- 

362 

4.2 

lx 1x3/8 

14,0 

291 

107 

50 

50 

- 

362, 

3.0 

lx 1x3/8 

Nc 

ignition 

121 

100 

— 

259 

0 

lxlx3/8 

10 

319 

12  8 A 

100 

- 

- 

259 

1.4 

lxlx3/8 

4 

310 

129 

100 

- 

- 

259 

1.4 

lxlx3/8 

4 No  ignition  1 

130 

100 

- 

- 

259  ‘ " 

1.4 

lx lx 1/8 

6 

311 

iOl 

100' 

- 

- 

259 

1.1 

lxlx3/8 

4.4 

305 

105 

100 

259 

2.9 

lxIx3/8 

4 

* 

302 

Remarks 


Increase  of  flow  rate 
increases  S.I.T. 
Compare  runs  104  and 
120,  131. 

Sample  surface  area 
does  not  affect  S.I.T. 
Compare  runs  118  and 
119. 


S.I.T.  function  of 
oxygen  concentration. 
Compare  mns  113,  i08 
and  110. 


Run  102  appears 
out  of  line.  Compare 
102  v/ith  125. 

Within  narrow  limits 
sample  thickness  will 
aftect  S.I.T. 

Runs  128A,  101  and 
121  definitely  discount 
affect  of  flow  on  S.I.T. 
as  a parameter  in  these 
experiments . 


TABLE  III.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  POLWINYLCHLORIDE 
DIMENSIONS;  4 PIECES,  EACH  1 x 1 x 1/16 


Run  No. 

! Atm.  Composition  (%) 

Pressure 

Flow  Rate 

Heating 

S.I.T. 

Remarks 

02 

^2 

He 

(mm  Hg) 

(l/min) 

o Rate 
C /m  in 

OC 

201 

100 

. » 

760 

4 

5 

480 

204 

100 

__ 

— 

760 

4 

3.5 

452 

205 

100 

— 

— 

760 

4 

3.5 

462 

Sample  in  0->  Atm.  30  days 

206 

100 

— 

— 

569 

3.2 

4 

452 

20  6A 

100 

— 

— 

569 

3.2 

5 

452 

209 

100 

— 

— 

569 

5.2 

7.5 

502 

Inc.  of  Flowrate,  Inc.  S.I.T, 

220 

100 

— 

— 

569  V- 

3.2 

6.5 

510 

212 

100 

__ 

— 

362 

1.9 

8 

539 

215 

.00 

— 

— 

259 

1.3 

5 

552 

202 

60 

40 

760  .6 

4 

5 

537 

207 

i 60 

40 

— 

569  ,4'  - 

3.2 

5 

562 

213 

1 60 

40 

— 

362 

1.9 

5 

535 

Value  low. 

218 

60 

40 

— 

362 

1.9 

5 

572 

216 

60 

40 

— 

259  n 

1.3 

5 

600 

203 

20 

80 

760  - 

4 

5 

No  Ignition 

Runs  below  760  mmHg  of 

20  3A 

20 

80 

— 

760 

4 

5 

II 

this  series  were  not  needed . 

208 

20 

80 

— 

569 

3.2 

5 

II 

208A 

20 

80 

569 

5.2 

5 

It 

211 

20 

80 

— 

569 

5.2 

5 

II 

217 

20 

80 

— 

259 

1.3 

5 

It 

219 

20 

80 

— 

259 

1.3 

5 

11 

214 

20 

80 

— 

362 

1.9 

5 

II 

210 

60 

1 

1 

1 

i 

40 

1 

569 

5.2 

' i 

5 

568 

i 

Helium,  as  diluent,  does 
not  have  great  effect  upon 
S.I.T. 

00 


TABLE  IV.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  SILICONE  RUBBER 
DIMENSIONS:  2 PIECES,  EACH  1 x 1 x 1/8  INCHES 


Run  No. 

Atm.  Compositi 

ion  (%) 

Pressure 
(mm  Hg) 

Flow  Rate 
{ 1/ min) 

Heating 
Rate  °C/mli 

Bl 

Remarks 

O2 

■y» 

Hs 

30  lA 

100 

760 

4 

3.5 

496 

30  IB 

100 

-- 

— 

760 

4 

3.3 

498 

310 

100 

— 

— 

760  / 

4 

4 

488 

Sample  aged  in  O2  tor 

ill 

100 

— 

— 

760 

4 

4 

492 

30  days 

318 

100 

— 

— 

760 

4 

— 

485 

302 

100 

— 

— 

569 

3.2 

5 

498 

302A 

100 

— 

— 

569 

3 2 

3.3 

495 

313 

100 

— 

— 

569 

3.2 

4 

505 

303 

100 

— 

— 

362 

1.9 

3.3 

No  Ignition 

Faulty  run 

30  3A 

100 

— 

-- 

362 

1.9 

3.3 

51C 

303B 

100 

— 

1.9 

3.5 

500 

304 

100 

— 

— 

259. 

1.3 

3 

500 

305 

60 

40 

760 

4 

3.3 

495 

306 

60 

40 

•— 

569 

3 2 

4 

498 

307 

60 

40 

— ■“ 

362 

1.9 

2 ,5 

498 

308 

60 

40 

— 

259 

1 .3 

3.3 

498 

30  8A 

60 

40 

— 

259 

1.3 

3.4 

505 

309 

20 

8C 

760 

4 

3 3 

510 

319 

20 

80 

— 

760 

4 

— 

515 

312 

20 

80 

-- 

569 

3.2 

3.5 

512 

315 

20 

80 

- - 

569 

3.2 

— 

528 

316 

20 

80 

— 

362 

1.9 

No  Ignition 

317 

20 

80 

— 

259 

1.3 

— 

No  ignition 

320 

20 

80 

569 

1.9 

— 

502 

314 

60 

i 

[ 

\ 

! 

40 

I 

j 

569 

3.2 

4.3 

[ 

508 

i 

TABLE  vrn.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  VITON  A— ELASTOMER 
DIMENSIONS— 2 PIECES  OF  1 x 1 x 1/16  INCH  MATERIAL 


Run  No. 

Atm.  Composition  (%)  | 

Pressure 
(mm  Hg) 

Flow  Rate 
(l/min) 

Heating 

S.I.T. 

<^C 

Remarks 

02 

1^2 

He 

401 

100 

... 

760 

4 

4.1 

460 

416  i 

100 

— 

— 

760 

4 

— 

458 

Sample  crusty  at  end;  No  change  in  shap< 

421 

100 

— 

— 

760 

4 

— . 

455 

Sample  "soaked"  in  100%  oxygen  gas 

422  j 

1 

100 

“ “■ 

760  / 

4 

462 

for  30  days. 

1 

404 

100 

569- 

3.2 

4 

463 

407 

100 

— 

— 

569 

3.2 

4 

472 

410 

100 

— 

1 

362  ' 

1.9 

4 

480„ 

Glow,  no  flame 

413 

100 

259 

1.3 

4 

540 

423 

100 

— 

— - 

259 

1.3 

— 

470- 

402 

60 

40 

— 

760^,'^ 

4.0 

4.1 

462 

405 

60 

40 

569  X 

3.2 

4 

480 

418 

60 

40 

— 

569^ 

3.2 

4 

470 

411 

60 

40 

— 

362, 

1.9 

5 

540. 

Glow,  no  flame 

403 

20 

80 

— 

760 

4 

5 

545 

Glow,  no  flame 

417 

20 

80 

— 

760* 

4 

— 

535 

Glow,  no  flame 

406 

20 

80 

— 

569 

3.2 

4 

No  ignition 

412 

20 

80 

— 

362 

1.9 

No  ignition 

Slight  exothermic  reaction 

420 

20 

80 

— 

362 

1.9 

— 

No  ignition 

414 

60 

40 

— 

259 

1.3 

— 

No  ignition 

415 

20 

80 

— 

259 

1.3 

— 

No  ignition 

408 

60 

40 

569, 

3.2 

5 

475 

419 

60 

— 

40 

569 

3.2 

— 

485 

409 

20 

80 

569 

3,2 

3.5 

552 

Glow,  .no  flame 

TABLE  X.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  MIL-C-7219  TYPE  III  NYLON  FABRIC 
DIMENSlONSt  14  PIECES  OF  1“  SQUARES 


Run  No. 

Atm.  5 

/omposition  (%) 

Pressure 
(mm  Hg) 

Flow  Rate 
(1/m  in) 

Heating 

Rate 

1 

S.I.T. 

oc 

i 

Remarks 

O2 

^2 

He 

501 

100 

760 

4 

7.5 

1 392 

519 

100 

— 

— 

760  , 

4 

7.0 

1 414 

Aged  30  days  in  100%  Oo 

520 

100 

— 

— 

760 

4 

7.5 

1 420 

Aged  30  days  in  100%  O2 

5C4 

100 

— ^ 

569 

3.2 

5.0 

Second  ignition  at  430 

507 

100 

— 

— 

569 

3.2 

10.0 

402 

510 

100 

— 

362," 

1.9 

— 

No  ignition 

502 

60 

40 

— 

760,^' 

4 

8 

412 

Had  second  flame  at  448  ^C 

505 

60 

40 

«... 

569 

3.2 

5 

502 

517 

60 

40 

— 

569 

3.2 

4 

508 

Had  double  glow,  second  at  500 

511 

60 

40 

— 

362 

1.9 

3.5 

502 

Had  no  flame,  only  "glow" 

510A 

100 

— 

— 

362 

1.9 

11 

430 

515 

100 

i — 

— 

259 

1.3 

— 

No  ignition 

514 

60 

40 

— 

259 

1.3 

— 

No  ignition 

503 

20 

80 

— 

760 

4 

— 

No  ignition 

Sample  reduced  to  carbon 

516 

20 

80 

— 

760  ' 

4 

— 

No  ignition 

518 

20 

80 

— 

569 

3.2 

— 

No  ignition 

Black  film  on  tray 

506 

20 

80 

— 

569 

3.2 

— 

No  ignition 

All  sam.ples  consumed,  carbon  trace 

512 

20 

80 

— 

36? 

1.9 

No  ignition 

Black  residue  in  system 

508 

60 

— 

40 

569 

3.2 

5 

495 

Glow,  no  flame 

509 

20 

1 

80 

569 

3.2 

No  ignition 

i 

1 

1 

1 

1 

Sample  consumed,  carbon  trace  remains 

TABLE  Xn.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  7400  DACRON  FABRIC 
DIMENSIONS:  19  PIECES,  EACH  1"  x 1"  SQUARES 


Run  No . 

Atm.  Composition  (%) 

Pressure 

Flow  Rate 

Heating 

S.I.T. 

Remarks 

^2 

N2 

He 

(mm  Hg) 

(1/min) 

o_Rate 

C/min 

°C 

601 

100 

760 

4 

8 

448 

604 

100 

— 

— 

569 

3.2 

5.5 

488 

604A 

100 

— 

569 

3.2 

7.5 

468 

Second  ignition  at  492°C 

607 

100 

— 

569 

3.2 

5 

500 

610 

100 

— 

— 

362 

1.9 

6 

610 

613 

100 

__ 

— 

259 

13 

— 

No  ignition 

617 

100 

760 

4 

432 

O2  soaked  30  days 

616 

100 

— 

— 

760 

4 

— 

438 

O2  soaked  30  days 

602 

60 

40 

760 

4 

6.5 

468 

605 

60 

40 

569 

3.2 

6.5 

508 

Also  51?.  and  515.  This  is 
due  to  ’ stacking"  of  sample 

603 

20 

80 

-- 

760 

4 

— _ 

No  ignition 

606 

20 

80 

— 

569 

3.2 

-- 

No  ignition 

608 

60 

1 

1 

40 

569 

3.2 

No  ignition 

1 

1 

TABLE  XIV.  SPONTANEOUS  IGNITION  TEMPERATURE  OF  ORLON  FABRIC 
DIMENSIONS:  9 PIECES  OF  1"  SQUARES 


Run  No. 

Atm.  ' 

Composition  (%) 

Pressure 

Flow  Rate 

Heating 

S.I.T. 

Remarks 

©2 

i ^2 

He 

(mm  Hg) 

( 1/min) 

oc 

701 

100 

_ _ 

760 

4 

5 

518 

Quite  a spread  in  values. 

701A 

100 

760 

4 

6.5 

560 

Most  likely  due  to  degree 
of  compaction . 

704 

iOO 

— 

— 

569 

3.2 

5 

590 

710 

100 

— 

362 

1.9 

3 

660 

Glow  only,  no  flame 

713 

100 

— 

— 

259 

1.33 

— 

No  ignition 

716 

100 

— 

— 

760 

4 

3.5 

515 

Soaked  in  O2  - 30  days. 

717 

100 

— 

— 

760 

4 

5 

500 

No  apparent  effect  on  S.I.T. 

702 

60 

40 

-.o 

760 

4 

5 

600 

705 

60 

40 

— 

569 

3*. 2 

5 

568 

Glow 

703 

20 

80 

760 

4 

No  ignition 

715 

20 

80 



259 

1.4 

— 

No  Ignition 

708 

60 

40 

569 

3.2 

2 

580 

Red  glow  only 

VI 

o 


TABLE  XX.  BURNING  RATE  OF  POLYETHYLENE  IN  VARIOUS  AMBIENT  ATMOSPHERES 
AND  AT  VARIOUS  PRESSURES  IN  ABSENCE  OF  EXTINGUISHANTS 


Run  No. 

Atm.  Composition  (%) 

Pressure 
(mm  Hg) 

Time  to 
Ignition 

Variac 

Setting 

Watt  “Sec . 

% of 
Standard 

Time  to  1" 
Line  From 
Ignitor  on 
- Sec. 

Time  to  6" 
Line  (From 
1"  Line) 

- Sec. 

Burning 

Rate- 

In/Sec 

Remarks 

m 

^2 

He 

SN-64-1 

80 

20 

745 

35 

80 

1120 

100 

... 

Standard  run 

SN-64-2 

80 

20 

— 

745 

30 

80 

960 

100 

i — 

— 

— 

Standard  run 

Sts 

mdard  is  32.5  sec 

:.  @ 1040  ^ 

vatt-sec. 

SN-64-3 

100 

— 

259 

11.5 

80 

368 

35.38 

12.4 

37.9 

0.132 

SN-64-4 

— 

100 

— 

259 

— 

80 

— 

__ 

— 

— 

— 

* 

SN-64-5 

— 

100 

— 

.i^/259 

8.5 

80 

272 

26.15 

19.2 

31.0 

0.161 

Flame  dripped 

SN-64-6 

— 

100 

— 

259 

— 

Faulty  Ignitor 

— 

— 

— 

SN-64-7 

100 

— 

259 

11.9 

80 

380.8 

36.62 

23.5 

39.6 

0.126 

Flame  dripped 

Average  ignition  time* 

10.6  sec. 

Average  bui.'ing  rate: 

0.139 

Average  % standard: 

32.71 

% 

1 

SN-64-8 

— 

100 

■aA 

45^517 

13.2 

80 

42.2 

40.58 

21.5 

23.7 

0.211 

SN-64-9 

— 

100 

— 

760 

12.3 

80 

393.6 

37.85 

17. 1 

18.6 

0.269 

Sparks 

SN-64-10 

40 

60 

29.7 

80 

950.4 

91.38 

44.9 

54.8 

0.091 

Flame  dripped 

SN-64-11 

40 

60 

— 

a'i^5i7 

16.9 

80 

540.8 

52.00 

29.2 

48.  1 

0.104 

SN-64-12 

40 

60 

— 

0 760 

11.9 

80 

380.8 

36.62 

21.5 

38.1 

0.  131 

SN-64-13 

60 

40 

259 

37.8 

80 

1209.6 

116.3 

46.8 

50.5 

0.099 

SN-64-14 

— 

60 

40 

♦ ^«f517 

20.8 

80 

665.6 

64.0 

25.1 

39.1 

0.128 

SN-64-15 

— 

60 

40 

760 

14.1 

80 

451.2 

43.38 

21.5 

23.9 

0.209 

* No  ignit; 

Lon,  fau 

ilty  ignxuQ 

ir. 

1 

i 

1 

TABLE  XXI.  BURNING  RATE  OF  7400  DACRON  FABRIC  IN  VARIOUS 
AMBIENT  ATMOSPHERES  AND  AT  VARIOUS  PRESSURES 
IN  ABSENCE  OF  EXTINGUISHANT 


Run  No. 

Atm.  Composition  (%) 

Pressure 

Time  to 

V\^atts 

1 

Watt-Sec . 

% of 

Time  to  1" 

Time  to  6“ 

Burning 

r 

Remarks 

02 

N2 

He 

(mm  Hg) 

Ignition 

Standard 

Line  From 

Line  (Prom 

Rate- 

Sec. 

Igniter  on 

r*  Lins) 

In/ Sec. 

AT/-? 

- Sec. 

- Sec. 

SN-64-16 

20 

80 

,/<»/  740 

10.2 

44 

448.8 

6.9 

11.8 

0.423 

Standard  run 

SN-64-17 

20 

80 

— 

740 

10.6 

44 

475.2 

— 

6.3 

11.9 

0.420 

Standard  nun 

Averse 

je  watt 

( 

sec  = 462 

1 

, taken  a! 

3 Standard  ] 

;or  this  seri€ 

• kJl  * 

SN-64-18 

100 

. 57  252 

8.5 

44 

3/•^ 

80.91 

1 1.2 

3.8 

1.31 

Dripped  flame 

SN-64-19 

100 



— 

259 

9.0 

44 

396 

85.71 

1.2 

3.5 

1.42 

SN-64-20 

100 

— 

— 

517 

8.5 

44 

374 

60  91 

0.72 

3.3 

1.51 

SN-64-21 

100 

— 

— 

760 

7.5 

44 

330 

71.43 

2.3 

2.2 

2.27 

3N-64-26 

60 

40 

A^259 

4.6 

72 

331.2 

71.68 

1.5 

5.8 

0.862 

SN-64-24 

60 

— 

40 

4.0 

72 

288 

62.33 

1.5 

3.? 

1.56 

SN-64-25 

60 

— 

40 

760 

4.7 

72 

338 

73. 15 

0.66 

4.2 

1 19 

SN-64-27 

60 

40 

259 

9,6 

44 

422.4 

91.42 

1.3 

6.3 

0.79 

SN-64-28 

60 

40 

— 

517 

10.2 

44 

448.8 

97.14 

1.2 

4.4 

1.14 

SN-64-29 

60 

40 

— 

760 

9.3 

44 

409.2 

88.57 

1.1 

3.7 

1.35 

Dripped  flame 

SN-64-30 

20 

80 

— 

740 

10.6 

44 

466.4 

— 

5.1 

10.5 

0.476 

Treat  as 
standard 

SN-64-31 

20 

80 

— 

A-iV  517 

14.2 

44 

624.8 

135.2 

6.7 

12.0 

0.416 

SN-64-32 

20 

80 

259 

18.3 

44 

805.2 

174.3 

9.7 

16.4 

0.305 

Very  smokey 

•nJ 

Oi 

TABLE  XXII.  BURNING  RATE  OF  MIL-C-72 19  , TYPE  III  NYLON 

FABRIC  IN  VARIOUS  ATMOSPHERES  AND  AT  VARIOUS 
PRESSURES  IN  ABSENCE  OF  EXTINGUISHANT 


Run  No. 

Atm.  Composi 

Ltion  (%) 

Pressure 
(mm  Hg) 

Time  to 
Ignition 
Sec. 

1 

Watts 

Watt-Sec. 

% of 
Standard 

Time  to  1" 
Line  From 
Ignitor  on 
- Sec. 

Time  to  6" 
Line  (From 
1"  Line) 

- Sec. 

Burning 

Rate- 

In/Sec. 

Remarks 

-V* 

mm 

m 

He 

SN-64-33 

20 

80 

7.4 

72 

532.8 

_ . 

7.4 

6.5 

0.173 

* 

SN-64-34 

20 

80 

— 

740 

6.1 

72 

444.2 

— 

11.1 

32.4 

0.154 

Flame  drippe 

SN-64-46 

20 

80 

— 

740 

7.0 

72 

504 

— 

1 5.0 

30.0 

0.156 

. f'i- 

Average 

! watt  sec . = 49  3 . ( 
' 1 

5,  take  as 

standard  va 

1 

ue. 

SN-64-35 

100 



/.«  760 

5.4 

72 

388.2 

78.65 

1.6 

4.9 

1.02 

^ 1 

SN-64-36 

100 

— 

— 

517 

5.7 

72 

410.4 

83.64 

1.7 

5.6 

0.89 

SN-64-37 

100 

— 

. — 

iC  ^ 155 

8.0 

72 

576 

116.5 

3.4 

10.7 

0.47 

' '■  'i 

SN-64-38 

100 

— 

— 

259 

7.4 

72 

532.8 

100.0 

2.1 

6.7 

0.75/^ 

Drip  flame 

SN-64-39 

60 

40 

760 

7.0 

72 

504 

102.1 

2.3 

7.8 

0 . 64  ' 

Drip  flame 

SN-64-40 

40 

60 

17 

8.0 

72 

576 

116.5 

2.9 

13.9 

0 . 36a  4 

Drip  flame 

SN-64-41 

60 

40 



V.*j517 

6.1 

72 

444.2 

90.0 

2.8 

9.7 

0.51 

SN-64-42 

60 

40 

259 

7.6 

72 

547.2 

110.9 

2.5 

11.2 

0 . 45  /■ , J 

Drip  flame 

SN-e4-43 

60 

40 

760 

7.0 

72 

504 

102.1 

• • 

6.0 

1.00 

i 

SN-64-44 

60 



40 

517 

8.0 

72 

576 

116.5 

8.0 

0.75  Aa 

SN-64-45 

60 

— 

40 

259 

8.0 

72 

576 

116.5 

— 

10.0 

0.60  /. 

% ■ i 

SN-64-47 

20 

80 

... 

517 

8.0 

72 

576 

116.5 

7.0 

40.0 

0.125 

f ' (■ 

SN-64-49 

20 

80 

— 

259 

— 

-- 

-- 

— 

-- 

— 

No  ignition 

* Flame  oi 

t 1-1/1 

J"  over 

base. 

i 
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A STUDY  OF  IGNITION  POINT  VALUES  OF  NONMETALLIC  MATERIALS 
IN  SIMULATED  SPACECRAFT  ENVIRONMENT 

by 

H.  F.  Kline 

Structures  and  Mechanics  Division 
National  Aeronautics  and  Space  Administration 
Manned  Spacecraft  Center 
Houston,  Texas 


ABSTRACT 

A thermogravimetric  analyzer  combined  with  a photoelectric  cell  has  been  employed  to  study  the  ther- 
mal stability  of  elastomeric  materials  and  to  determine  their  ignition  points  in  a pure  oxygen  environ- 
ment at  5 psia  pressure.  Results  show  that  elastomer  ignition  points  can  be  determined  reproducibly 
within  4°  C,  In  addition,  the  loss  of  volatile  materials  by  elastomers  during  heating  can  be  monitored 
up  to  Lie  ignition  point.  The  method  appears  to  be  suitable  for  the  characterization  of  elastomeric 
materials  in  oxygen  atmospheres;  this  is  illustrated  by  tests  with  a fluoro  elastomer,  a polyvinyl  chlo- 
ride, and  a polyisoprene.  It  is  proposed  that  this  method  be  adopted  as  a standard  for  the  elimination 
of  conflicting  results  from  laboratory  to  laboratory. 

1.  INTRODUCTION 

The  evaluation  of  the  thermal  stability  of  nonmetallic  materials  is  of  major  concern  in  the  construction 
of  spacecraft.  This  concern  deepens  as  the  lengths  of  flight  times  increase.  Relatively  little  data  are 
available  on  ignition  points  of  nonmetallic  materials,  and  there  is  poor  correlation  of  av*>ilable  data. 

The  poor  sensitivity  and  the  lack  of  reproducibility  in  previously  employed  methods  for  determining 
ignition  points  have  been  largely  responsible  for  the  lack  of  information  on  nonmetallic  materials  used 
in  simulated  spacecraft  environments.  To  date,  the  life  environment  condition  has  been  based  on 
aviators  breathing  oxygen  at  5 osia. 

It  might  be  ’'included  that  an  absolute  value  does  not  exist  in  regard  to  the  ignition  point  of  a material. 
Most  so  e'  gnition -point  values  give  only  the  relative  numerical  rankings  of  materials  considered 
under  a s*  .boratory  conditions:  comparison  of  values  on  a material  is  exceedingly  difficult  in 
passing  fro  a one  laboratory  to  another.  The  inescapable  conclusion  is  that  certain  procedures  have 
inherent  errors  which  malie  reproducibility  almost  impossible  in  ignition-point  testing. 

2.  EVALUATION  OF  COMMON  IGNITION -POINT  DETERP4INATION  METHODS 

In  considering  some  of  the  usual  methods  used  in  determining  these  ignition  values,  first,  figure  1 
shows  one  of  the  common  types  of  test  fixtures.  This  type  of  equipment  is  usually  placed  in  a bell  jar, 
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or  other  type  of  chamber,  containing  the  requii  ed  enviror.ment.  Electric  power  is  applied  to  the  nich- 
rome  heater  wire  to  supply  heat  to  the  specimen  surface.  The  ignition  value  is  determined  by  using 
thermocouples  embedded  in  the  specimen  surface. 

Ihe  errors  observed  in  the  *.>oeratioa  of  tl.is  type  of  equipment  are  varied.  As  an  example,  the  coils 
must  be  evenly  spaced  and  the  material  must  he  locate,d  at  the  same  position  relative  to  the  coil  on 
r^adt  test;  otherwise,  the  values  obtained  do  not  correlate  from  test  to  test. 

Fui  ther.  tlie  temperature  rise  of  the  thermocouple,  caujed  by  the  heat  from  the  heater  ceil,  is  greater 
than  the  temperature  increase  of  the  material  surface  be'-tause  of  different  thermal  properties.  There- 
fore. utdess  tile  coil  temperature  is  raised  very  slowly  tc  allow  for  thermocouple -sample  temperature 
equilibration,  the  temperature  shown  bv  the  thermocouple  is  greater  than  the  actual  surface  value.  If 
the  thermocouples  are  embedded  in  the  in-'erior  of  the  matiTial,  they  are  insulated  trom  the  source  of 
heat,  and  the  values  obtained  are  not  representative  of  the  actual  temperature  ot  tJie  material  surface. 
Another  necessary  precaution  to  insure  very  accurate  results  is  tliat  the  size  and  shape  of  the  samples 
must  be  tlie  same  for  tlie  duplication  of  test  results. 

A more  sophisticated  approach  requires  equipment  of  the  type  shown  in  figure  2.  ^ The  heat  source  of 
this  item  is  a dc  arc  behveen  tu»o  carbon  electrodes.  This  heat  energy  is  focused  on  the  specimen  by 
reflections  from  mirrors  A and  B.  A weight  is  attached  to  the  specimen,  tlie  burning  through  of  its 
suspension  mat  .-rial  » eleases  the  weight  allowing  it  to  strike  on  a microswilch.  accurately  marking  'he 
burn-through  time.  A multiple-filter  system  controls  the  heat  incident  upon  the  specimen. 

This  system  lends  itself  to  testing  in  air.  In  pure  oxygen  environments  it  has  obvious  disadvantages. 
The  system  must  be  placed  in  a well -insulated  chamber  to  maintain  the  thermal  emuronmert.  When 
this  is  done  the  controls  become  cumbersome.  Further,  the  operation  of  a carbon  arc  wlthm  a pure 
ojQfgen  atmosphere  is  a hazardous  operation. 

An  even  more  complicated  device  is  shown  in  figure  3.  ^ The  osygen  gas  used  in  t!us  testing  device  is 
preheated.  Hea\»y  metal  is  usually  requic'ed  for  the  construction  of  this  appar  atus.  Again,  the  main 
objection  to  this  type  of  apparatus  is  the  use  of  thermocouples  in  contact  with  tire  specimen.  Results 
with  this  type  of  apparatus  have  shown  that  tested  samples  act  as  heat  sinks  for  thermocouples,  giving 
misleading  results.  Assuming  that  it  is  possible  to  counteract  the  heat-sink  effect  by  the  use  of  ex- 
tremely fine  thermocouple  i,  ttie  use  of  a surface-contact  thermocouple  is  objectionable  becaus*.  it 
senses  only  a limited  ar'.*  of  a material  that  frequently  is  relatively  nonhomogeneous.  Further,  the 
obsei  vation  of  results  is  visual  and  leads  to  the  possibility  of  human  error. 

Anyone  who  has  worked  in  this  field  may  recall  other  schemes  or  systems  which  have  been  used  to 
determine  ignition  points.  Only  a few  of  the  more  common  ones  are  presented  for  the  purpose  of 
illustration. 


3.  THERMOGRA\TMETRIC  ANALYSIS  METHOD 

Considerable  time  has  been  spent  ia  developing  a method  for  determining  meaningful  ignition  values. 
This  tedmique  is  basically  a thermogr,ivimeti.*iC  analysis  (TGA)  method.  For  discussion  purposes, 
tliermogravimetry  is  defined  as  a continuous  measurement  of  the  weight  or  change  in  weight  of  a speci- 
men as  it  is  subjected  to  a temperature  program.  This  change  in  weight  is  continuously  recorded. 

The  determination  ox  thermal  profiles  by  TGA  of  noiimetallic  materials,  particularly  polymers,  is 
becoming  increasingly  more  common.  However,  certain  meritorious  modifications  have  been  made  in 
the  TGA  equipment. 

Figure  4 oatlires  the  equipment  in  schematic  form.  The  apparatus  is  a modified  Thermo-Grav.  ® It 
consists  of  a pi  ecise  Sr»:  ing  balance  enclosed  in  a glass  sample  chamber.  It  may  be  operated  at  pro- 
gramed temperatures  in  almost  any  noncorrosive  gaseous  environment  either  at  1 atmosphere  or  at 


®Thermo-Gi  av  is  a Trade  Mark  of  the  American  Instrument  Co. , Snc. , 
8030  Geor'^-a  Avenue,  Silver  Spring,  Maryland. 
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reduced  prefisux*es.  Spring  deflections  proportional  to  changes  in  sample  weight  are  converted  into 
electric^  signals  oy  movement  in  the  transducer  coil.  These  signals  are  presented  as  weight  changes 
on  tte  Y-axis  of  an  XY  recorder.  The  X-axis  of  the  recorder  senses  an  input  which  is  related  to  the 
sample  chamber  temperature. 

A photoelectric  cell  focused  on  the  sample  tube  has  been  added  to  the  above  standard  equipment.  This 
photoelectric  cell  senses  any  flash  or  flame  within  the  sample  chamber,  and  this  signal  is  sensed  by  a 
second  recorder.  Spark  needles  of  nichrome  wire  are  mourted  as  closely  as  possible  to  the  sample 
without  interfering  with  the  weight-loss  mechanism.  The  specimen  is  either  mounted  on  a glass  holder 
or  in  a crucible  as  shown.  The  sample  chamber  is  purged,  then  filled  with  the  gas  or  gas  mixture  re- 
quired by  the  test.  Furnace  heating  power,  sufficient  to  cause  the  internal  gas  temperature  to  rise,  is 
applied. 

Two  recorders  are  used  as  indicated  in  the  illustration.  The  first  recorder  plots  the  temperature  of 
the  sample  chamber  on  the  X-axis  and  the  corresponding  weight  loss  of  the  material  on  the  Y-axis. 

The  second  recorder  plots  the  teiuperature  of  the  sample  chamber  on  its  X-axis  exactly  as  the  temper- 
ature scan  on  the  first  X-axis.  The  Y-axis  of  the  second  recorder  plots  any  ignition  light  sensed  by 
the  photoelectric  cell. 

The  flash  point  of  a material  will  be  detected  by  a discernible  rise  from  an  established  baseline  on  the 
Y-axis  of  the  second  recorder.  The  fire  point  value  will  be  indicated  in  the  same  manner  by  a sus- 
tained, discernible  rise.  These  points  can  be  expressed  as  temperanu-e  values. 

4.  EXPERIMENTAL  RESULTS 

To  illustrate  the  operation,  data  obtained  from  specimens  subjected  to  this  method  are  shown  in  fig- 
ures 5 to  16.  Figure  5 illustrates  a test  of  a fluorocarbon  rubber  compound  which  has  been  com- 
pounded for  Name  resistance.  This  figure  relates  the  instant  of  ignition  of  this  material  to  the 
temperature  to  which  it  has  been  subjected.  Figure  6 shows  the  weight  loss  of  the  material  with  the 
abscissa  of  this  graph  synchronized  with  the  abscissa  of  figure  5.  Figure  7 shows  the  two  graphs 
combined  and  indicates  the  relationship  of  the  moment  of  ignition  to  the  weight  loss.  The  accepted 
theory  relative  to  flammability  of  nonmetallic  materials,  particularly  elastomers,  is  that  flash  points 
and  ignition  points  are  dependent  upon  loss  of  volatile  materials  and  that  the  ignition  of  tliese  volatiles 
is  the  basis  of  combustion  of  the  given  material.  As  illustrated,  this  system  pinpoints  the  temperature 
at  which  combustion  occurs  for  a given  set  of  parameters.  A more  exact  ignition  value  would  be 
difficult  to  obtain. 

In  the  same  manner  as  in  figure  5,  figure  8 shows  the  relationship  between  the  moment  of  ignition  mid 
the  temperature.  Figure  9 again  shows  the  weight  loss  of  the  material.  Figure  10  is  a combined  pres- 
entation of  the  graphs  from  the  tv;o  recorders.  Note  the  increased  height  of  the  igrution-point  rises  in 
figures  8 and  10  as  compared  with  the  rise  In  figure  5.  As  previously  indicated,  the  compound  for 
figure  5 was  flame  retarded:  the  polyvinyl  chloride  elastomers  shown  in  figures  8.  9,  and  10  were  not 
flame  retarded.  Indications  are  that  the  intensity  of  the  energy  released  can  be  rated  by  this  snethod 
based  on  the  relative  height  of  the  ignition  peaks. 

Figure  11  represents  a highly  flammable  type  of  elastomer.  Note  the  height  of  the  ignition-point 
ordinate  rise.  Figure  12  is  the  corresponding  weight  loss,  and  figure  13  is  Uie  combined  presentation. 
It  would  be  possible  to  run  tins  type  of  thermal  analysis  using  a two-pen  recorder.  The  work  pre  sented 
here  was  limited  to  the  equipment  available.  Figures  15  and  16  are  runs  of  the  same  material  under 
the  same  pai*ameters  and  are  introduced  to  illustrate  the  reproducibility  of  the  method.  Note  that  the 
difference  in  ignition  temperatures  behveen  the  two  runs  is  only  S ""  C. 

5.  PROBLEM  AREAS 

There  are  certain  conditions  that  must  be  specified  in  the  use  of  a photoelectric  cell  as  a detector  to 
record  tlie  ignition  temperature  of  material  specimens.  The  photoelectric  cell  used  was  calibrated  in 
the  middle  of  the  visual  light  spectrum  considering  range  and  sensitivity.  An  e.xamele  is  given  in 
figTire  14.  It  shows  tliat  tlie  signal  intensity  of  the  photoelectric  cell  is  somewhat  dependent  upon  the 
type  of  light  emitted  from  the  specimen  when  ignition  occurs.  The  specimens  emitting  light  in  the 
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green,  yellow,  or  red  spectrum  offer  the  easiest  detection.  The  lower  blue  spectr«im  is  difficult  to 
detect  with  the  standard  photoelectric  cell  used  in  this  work.  Visual  observation  has  shown  that  the 
use  of  two  photoelectric  cells  would  improve  the  accuracy  of  the  suggested  ignition-determination 
method.  One  could  be  used  for  the  specific  spectra  not  covered  by  the  standard  cell.  This  will  be 
evaluated  in  an  extension  of  this  work. 

Radiation  at  higher  temperatures  imposes  a problem  with  photoelectric  cells  because  of  tlie  sensitivity 
of  photoelectric  cells  to  heat  radiation.  This  is  manifested  as  noise  on  recorders,  or  as  a drifting 
baseline.  Thus,  the  photoelectric  cell  must  be  isolated  from  the  furnace  heat  to  maintain  a level 
baseline  and  prevent  signal  distortion.  The  photoelectric  cell  used  in  this  work  was  water -jacketed 
for  cooling. 


6.  CONCLUSIONS 

• 

Ignition  points  obtained  by  this  method  can  be  closely  related  to  the  loss  of  volatiles  by  a given  mate- 
rial while  this  material  is  being  s-ubjected  to  a programed  heat  input.  In  effect,  a third  point  is  estab- 
lished on  a thermo-analytical  graph  or  a diermal  profile  of  any  given  nonmetallic  material.  The 
resulting  thermal  profile  estabfishes  a very  meaningful  view  of  the  thermal  stability  of  a given  non- 
metallic material. 

Further,  tlie  thermogravimetric  an  yzer  equipment  used  is  standard  and  commercially  available. 
Parameters  can  be  closely  controlled  and  varied.  These  last  facts  should  lead  to  closer  agreement  in 
reported  ignition  values  from  laboratory  to  laboratory  if  tins  metliod  is  put  into  general  use. 
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Ignition  by  Electrical  Arc 


Background 


Since  December  1971,  WSTF  has  actively  supported  the  ignition 
by  electrical  arc  test  effort  as  defined  in  Test  Plan  WSTF- 
192.  A detailed  review  of  the  test  data  obtained  to  date  was 
conducted  on  June  26,  1973.  As  a result  of  this  review,  se- 
veral modifications  to  the  tett  matrix  and  initial  materials 
selection  were  required.  The  changes  are  hereby  included  in 
this  test  plan  revision. 

Introduction 


This  test  provides  a method  of  determining  various  metallic 
and  nonmetallic  materials'  susceptibility  to  ignition  in  a 
100  percent  oxygen  atmosphere  when  subjected  to  an  electri- 
cal arc.  This  condition  in  actual  systems  can  be  realized 
when  static  electrical  discharges,  lightning,  or  electrical 
wiring  shorts  occur.  The  tests  described  herein  are  designed 
to  simulate  various  material  thicknesses,  environmental  tem- 
peratures and  pressures,  and  arc  energies  under  controlled 
laboratory  conditions  so  that  a measure  of  the  safety  haz- 
ards involved  can  be  obtained. 

Test  Philosophy 

The  followi“g  variables  will  be  considered  in  this  study. 

a.  Temperature  - Tests  will  be  conducted  at  -250®F, 

70®F  and  500®F  (nonmetallics)  or  1000®F  (metallics) . 

b.  Pressure  - Tests  will  be  performed  initially  at 
100,  1000  and  2000  psia.  A limited  number  of  tests  will 
be  conducted  at  500  and  5000  psia. 

c.  Atmosphere  - A 100  percent  oxygen  atmosphere  will 
be  established  for  all  tests.  Mil-0-27210C  oxygen  will  be 
provided . 


d.  Arc  current  will  be  varied  from  50  milliamperes  to 
a maximum  of  500  milliamperes  in  50  milliampere  steps. 

e.  Specimen  configuration  shall  be  as  follows: 

(1)  Nonmetallics:  0.5-inch  diameter  circular 

discs,  concentrically  drilled  with  3/32-inch  diameter  drii’ . 
Test  thicknesses  of  0.010  and  0.100  inch  will  be  employe  - 
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(2)  Metallics:  0.25 -inch  diameter  circular  discs 

shall  be  mechanically  attached  to  an  electrode.  Initial 
test  thicknesses  of  0.010  and  0.100  inch  will  be  used.  An 
optional  thickness  of  0.070  inch  may  be  utilized. 

Test  Materials 


Material  types  to  be  employed  include  nonmetallics  and  metal- 
lics. The  materials  and  their  order  of  test  are  as  follows: 


a. 

Teflon 

TFE 

b. 

Viton 

c. 

Vespel 

SP-21 

Series 

304  Stainless  Steel 

e. 

Series 

6061-T6  Alumintun 

Test  Apparatus  Description 

A specially  designed  chamber  is  employed  in  this  test.  The 
chamber  has  provisions  for  installation  of  heating  or  cool- 
ing coils,  a pressure-activated  electrode  separating  mecha- 
nism, and  feedthroughs  for  thermocouples,  photoelectric  de- 
vices, arc  current  and  thermal  conditioning. 

Other  equipment  employed  in  the  test  includes  a constant- 
current  arc  generator,  a storage  oscilloscope  for  display 
of  the  photoelectric  cell  responses,  temperature  and  pres- 
sure instrumentation,  and  thermal  control  equipment. 

Sample  Preparation 

Nonmetallic  samples  will  be  prepared  in  one-half  inch  diam- 
eter circular  discs  of  the  required  thickness.  Each  sample 
will  be  concentrically  drilled  with  a 3/32-inch  diameter 
drill  to  permit  a short  circuit  condition  to  be  established 
between  the  electrodes  (see  Figure  1) . 

Metallic  samples  will  be  fabricated  in  one-quarter  inch  di- 
ameter circular  discs,  then  mechanically  attached  to  a fixed 
electrode  (see  Figure  1) . 

Each  sample  will  be  precision-cleaned  after  preparation.  The 
present  procedure  used  to  prepare  samples  for  gaseous  oxygen 
impact  tests  will  be  used.  After  preparation,  the  materials 
will  be  placed  in  hermetically  sealed  polyethylene  bags  and 
handled  with  noncontaminating  manipulators. 
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Test  Sequence 

a.  The  test  chamber  and  associated  hardware  will  be 
cleaned  prior  to  each  sample  test. 

b.  The  test  material  will  be  loaded  into  the  test 
chamber,  then  the  chamber  will  be  as;.e.;j  . ad,  purged,  leak 
checked  and  pressurized  with  gaseous  oxygen. 

c.  The  required  temperature  and  pressure  will  be  ob- 
tained by  utilizing  the  appropriate  environmental  condition- 
ing equipment. 

d.  The  electrical  arc  will  be  initiated  by  providing 
a "short  circuit"  current  between  the  electrodes  then  me- 
chanically separating  the  electrodes.  The  constant-current 
arc  generator  will  provide  a controlled  two-second  duration 
arc. 


e.  When  sample  ignition  is  observed,  all  data  and  ob- 
servations will  be  recorded.  The  test  chamber  will  be  vented 
and  any  remaining  test  sample  shall  be  removed  and  examined. 

f.  A minimum  of  four  tests  will  be  conducted  at  both 
the  ignition  and  the  nonignition  thresholds.  The  two  thresh- 
olds may  span  a range  of  several  hundred  milliamperes  for 
repeatable  ignition  and  nonignition  values. 

Reporting 

Data  and  pertinent  operational  comments  will  be  supplied  upon 
completion  of  each  material  matrix.  A final  report  will  be 
prepared  which  summarizes  the  entire  ignition  by  electrical  arc 
test  program  within  two  months  after  test  completion  as  de- 
fined by  the  included  test  matrix  (see  Table  1) . 
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Ignition  by  Electrical  Arc  Test  Matrix 


Nonmetallics 

Thickness 

(inches) 

0.100 

100 

Pressure  (psia) 

5000 

Temperature 

(®F) 

0.010 

0.070 

500 

1000 

2000 

-250 

70  500 

1000 

Teflon  TFE 

X' 

X 

X 

) 

X 

X 

* 

X 

X )(  X J 

Viton 

X 

at 

X 

X 

X 

X 

X 

Vespel  SP-2i 

X 

X 

< 

(X  ) 

X 

X 

Me tallies 

304  Stainless 

Steel 

X 

X 

X 

X 

X 

* 

X 

X 

X 

6061  Aluminum 

X 

* 

X 

X 

A 

X 

* 

X 

X 

X 

* These  tests  are  to  be  performed  only  if  required  after  review  of  data 
obtained  at  other  parameter  values. 

NOTE:  Ignition  threshold  shall  be  determined  in  50  milliamp  increments 

or  decrements  to  a maximum  arc  current  of  500  milliamps.  A mini- 
mum of  four  tests  shall  be  conducted  at  both  the  ignition  and  the 
nonignition  threshold. 


Table  1 
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FOREWORD 


This  handbook  lu  the  I’esult  ot  a progiain  which  was 
originated  »o  document  stu*e  ot  tlie  art  information  on 
aerospace  fluid  component  technology.  Tile  program  con- 
sists of  compiling,  orgun>2ing.  and  editing  basic  information 
concerning  the  design  a.id  selection  of  aerospace  fluid 
components.  The  program  was  initiated  in  June  1962,  and 
has  been  conducted  under  contract  by  TRW  Systems  Group 
(formerly  TRW  Space  Technology  Laboratories),  Science 
and  Technology  Division,  for  the  Air  Force  Rocket 
Propulsion  Laboratory,  Air  Force  Systems  Command. 
Mr.  Jack  G.  Hartley  succeeded  Captain  John  L.  Feldman 
who  succeeded  Messrs.  Roy  A.  Silver  and  James  R. 
Lawrence  as  the  Air  Force  Program  Manager. 


Mr.  Terry  M.  W'eathers  suc  ceeded  Mr.  Glen  W.  Howell  as  the 
Project  Manager  directing  the  program  at  TRW'  Systems 
Group,  ,Althoi:gh  Mr.  Howell  retained  overall  responsibility 
for  tlie  handbook  program  as  Managei  sf  tlie  Fluid  and 
Electrical  Systems  Department.  Subsequent  editions  of  tlie 
handbook  will  be  published  and  updated  in  a new  format  as 
part  of  the  Air  Force  Design  Handbook  (DH)  series.  The 
handbook,  to  be  identified  as  AFSC  DH  3-6,  Fluid  Compo- 
nents. will  be  published  and  distributed  by  the  Design 
Handbooks  Branch  |ASNPS-40(,  .Aeronautical  Systems 
Division,  Wright -Patterson  AFB.  Ohio  45433. 

A first  edition  of  this  new  handbook  will  be  available  about 
mid-1970  (see  subsection  1.7|. 


SPECIAL  NOTICE 

Subsequent  Editions  of  This  Handbook  will  Appear  in  a 
New  Format  as  Explained  in  the  Foreword  Above 
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DESIGN  AND  SELECTION 


5.11  QUICK  DISCONNECT  COUPLINGS 

5.11.1  INTRODUCTION 

5.11.2  WHET4  TO  USE  QUICK-DISCONNECT 
COUPLINGS 

5.11.3  QUICK-DISCONNECT  SELECTION  FACTORS 

5.11.3.1  Gt^neral 

5.11.3.2  Valve  Configurations 

5.11.3.3  Body  Materials  and  Seals 

5.11.3.4  Lociiing  Devices 

5.11.4  COMMOiV  TYPES  OF  QUICK-’JISCONNECT 
COUPLINGS 

5.11.4.1  Plain  Quick>Dis;onnec  t Couplings 

5.11.4.2  Single  Valve  Quick-Disconnect  Couplings 
Single  Poppet  Quick*Disconnect  Couplings 
Single  Sleeve  Quii  k*Disconnect  Coupling 

5.11.4.3  Double  Valve  Qisick-Disconnect  Cou|tIing 
Double  Rotating  Ball  Quick-Disconnert 

Coupling 

Double  Poppet  (Drilled)  Quick*Disconneet 
Coupling 

Double  Poppet  (Solid)  Quick-Disconnect 
Coisplir.g 

Tube-Sfeeve  and  Poppet  Quick-Disconnect 
Coupling 


5.11.1  Inlrcduction 

A quick-disr  onneet  coupling  consists  of  a male  plug  and  a 
female  socket  with  a locking  device  for  rapid  connecting 
and  disconnecting  of  fluid  lines.  The  coupling  or  de-coupling 
operation  normally  requires  less  than  one  second  time  and 
is  executed  by  a simple  slide  and  or  rotary  motion  of  the 
coupling  ring. 

In  this  Sub-Section  ihe  basic  types  of  guick-disconnect  cou- 
plings are  described  and  compared,  and  cross-secU  >nal 
drawings  are  presen  I to  illustrate  their  constructior,  and 
operation.  In  addition,  factors  to  consider  in  choosing  ma- 
terials. seals,  and  locking  devices  are  discussed. 

5.11.2  When  to  Use  Quick-Disconnect  Couplings 

Quick-diseonnect  couplings  are  used  in  hydraulic,  pneu- 
matic, storable  pi-opellant.  and  cryogenic  systems,  when 


one  or  more  of  the  following  conditions  prevail: 

Ease  of  installation  is  required 
Rapid  connecting  and  disconnecting  is  required 
Filling  or  draining  of  lines  is  to  be  eliminated 
The  entry  of  contamination  is  to  be  prevented 

Fluid  components  are  frequently  removed  for  repair  or 
replacement 

Breakaway  connections  are  required 
Remote  disconnecting  of  fluid  lines  is  required 

5.:ll.3  Quick-Disconnect  Selection  Factors 

5.11.3.1  GENERAL.  The  selection  of  a quick-disconnect 
coupling  involves  determining  the  valve  configuration  best 
sui  ed,  the  body  materials  and  seals  compatible  with  the 
system  characteristics,  and  the  locking  device  capable  of 
withstanding  the  required  number  of  operations,  adaptable 
to  remote  disconnection,  and  operable  in  the  required  space 
envelope. 

5.113.2  VALVE  CONFIGURATIONS.  The  ‘Quick-Discon- 
nect  Coupling  Selection  Diagram”  in  Figure  5.11.3.2a  is 
a flow  diagram  intended  to  serve  as  a guide  in  selecting 
valve  •onfigurations  for  fluid  quick-disconnect  coupling 
applt‘  ations.  Three  parameters  are  considered  in  construc- 
tion the  diagram  in  the  order  of  their  importance*  aelf- 
sealiut,  features,  air  inclusion  and  fluid  loss,  and  pi«^sure 
drop.  Each  parameter  is  discussed  below: 

Self-Sealing  Requirements.  Bused  on  system  requirements, 
self-sealing  of  both  ends  of  the  disconnected  line  may  be 
mandatory,  required  for  one  end  only,  or  may  be  unneces- 
sary for  either  disconnected  end.  When  the  requirement  is 
established,  the  field  of  coupling  configurations  is  narrowed 
to  a few  types,  differing  principally  in  the  valve  arrange- 
ment (Figure  5.11.3.2a). 

Air  Inclusion  and  Fluid  Loss  During  Connecting  and  Dis- 
connecting. The  air  inclusion  and  fluid  loss  characteristics 
apply  only  to  self-sealing,  double  valved  couplings  where  a 
discrete  volume  of  air  is  trapped  within  the  coupling  during 
connecting,  and  an  equivalent  vi  lume  of  fluid  is  lost  during 
disconnecting.  This  results  in  ais*  being  forced  into  the 
system  during  coupling  and  fluid  being  lost  during  cou- 
pling. Typical  values  for  these  characteristics  for  one-half 
inch  tube  size  quick-disconnect  couplings  are  presented  in 
the  “Fluid  Quick- Disconnect  ( haracteristic  Chart”  in  Table 
5.H.3.2.  Additional  fluid  is  lost  in  disconnecting  due  to 
leakage  past  the  valves  during  closing.  This  quantity  will 
depend  upon  such  factors  as  fluid  properties,  fluid  tempera- 
ture. fluid  pressure,  valve  closure  rate,  wear,  and  valve  seal 
design.  This  addiuonal  leakage  can  be  determined  accu- 
rately by  test,  and  must  be  added  to  the  trapped  volume 
to  determine  the  total  fluid  loss. 

Quick-Discunnect  Coupling  Pressure  Drop.  The  pressure 
drop  across  a quick-disconnect  coupling  is  determined  b'* 
the  shape  of  the  flow  path  through  the  coupling,  the  fluid 
flow*  rate,  and  the  fluid  properties.  The  flow-path  differs 
markedly  between  the  various  types  of  valve  designs  ( Fig- 
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COMPARISON  CHART 


Table  5.11.3.2.  Fluid  Quick*Disconnect  Comparison  Chart 


SELF-SULING 

TYFICAL  SIZE 
RANGES 
AVAILABLE 
TUBING  O.D.  (In.) 

QUICK-OISCONNECT 

CONFIGURATION 

FIGURE 

BOTH 

COUPLING 

HALVES 

ONE 

COUPLING 
HA(  F 

ONLY 

MINIMUM 

MAXIMUM 

Plain 

5.11.3.2b 

1/4 

6 

Single  puppet 

5.11.3.2c 

X 

1/4 

6 

Single  sleeve 

5.11.3.2d 

X 

1/4 

3/4 

Double  rotating  ball 

V 

1/4 

2 

Double  poppets  (drilled) 

6.11.3.2f 

X 

1/4 

2 

Double  poppets  (solid) 

6.11.3.2g 

X 

1/4 

6 

Tube-sleeve  and  poppet 

5.11.3.2h 

X 

1/4 

1-1/4 

Stem-sleeve  and  poppet 

5.11.3.2i 

X 

3/16 

2-1/2 

QUICKDISCONNECT 

CONFIGURATION 


ROTARY 


LOCKING  ACTION 

■rotary" 

AND 

PUSH-PULL 


PUSH-PULL 


TYPICAL  CHARACTERISTICS 
FOR  ONE-HALF  INCH  TUBE  SIZE 


PRESSURE 
DROP,  pii 
AT  6 GPM 
MIL-H- 
S606  AT 
60F 


VOLUME 
TRAPPED 
DURING 
CONNECT- 
ING OR 
DISCON- 
NECTING 
(ce) 


WEIGHT 
(STEEL, 
2000  PSI 
RATING) 
(lb) 


Plain 

X 

X 

0.6 

NA* 

0.5 

Single  poppet 

X 

X 

3.4 

NA* 

0.6 

Single  sleeve 

X 

3.6 

NA* 

0.6 

Double  rotating  ball 

X 

3.0 

3.5 

1.1 

Doable  poppets  (drilled) 

X 

3.3 

5.8 

1.7 

Double  poppets  (solid) 

X 

X 

X 

4.8 

3.3 

0.8 

Tube-sleeve  and  poppet 

X 

5.5 

0.8 

1.3 

Stem-sleeve  and  poppet 

X 

6.0 

0.03 

1.2 

•N.A:  Not  applicable 


ures  5.11.U.2b  through  -5.11.3.21),  and  also  varies  to  some 
degree  between  different  designs  of  the  same  valve  type. 
The  latter  may  be  due  to  streamlining  of  poppets  for  re- 
duced pressure  drop,  or  reduction  in  flow  area  (for  strength- 
ening internal  parts)  causing  increased  pressure  drop.  For 
lomparative  purposes,  typical  pressure  characteristics  for 
one-half  inch  tube  size  couplings  are  presented  in  Table 
3.11.3.2. 

5.11.3.3  BODY  MATERIALS  AND  SEALS.  The  selection 
of  body  materials  and  seals  is  deper  dent  upon  the  following 
factors : 

System  Fluid  and  Temperatures.  Materials  commonly  used 
for  coupling  bodies  are  steel,  stainless  steel,  aluminum. 


and  brass.  Other  body  materials  used  for  special  applica- 
tion include  plastics,  bronze  alloys,  titanium.  Monel,  and 
copper.  Seal  materials  commonly  used  in  quick-disconnect 
couplings  are  the  natural  and  synthetic  rubbers.  Teflon  and 
Teflon  products,  and  metals.  Which  of  the  above  or  other 
materials  is  chosen  is  based  on  fluid-material  compatibility, 
a subject  to  be  included  in  Seccion  12.0,  “Materials.” 

System  Pressure.  The  system  pressure  dictates  the  cou- 
pling’s strength  requirement,  which  is  a function  of  the 
yield  strength  and  thickness  of  the  stressed  materials.  The 
material  thicknesses  in  turn  affect  the  coupling  weight, 
pressure  drop,  and  size.  The  material  chosen  is  of  such 
strength  that  the  thicknesses  of  the  stressed  parts  do  not 
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result  in  excessive  weight,  restricted  flow  causing  excessive 
pressure  drop,  or  excessive  space.  This  is  significa-it  in 
that  liii  unrealistic  restricH'm  on  weight,  size,  or  pressure 
drop  will  result  in  unwarranted  compromising  of  the  other 
factors  and/or  the  body  material. 

5.11.3.4  LOCKING  DEVICES.  Locking  devices  have  two 
functions  to  perform;  to  Icrk  the  plug  and  socket  together, 
and  to  hold  the  coupling  valves  open.  The  strength  of  the 
locking  device  is  determined  by  the  type  of  locking  materials 
and  the  size  and  number  of  locking  balls,  threads,  flngsrs, 
pins,  or  other  devices  incorporated  within  the  socket  which 
mate  v/Uh  a locking  groove  or  slot  in  the  plug.  In  selecting 
a locking  device,  other  factors  which  are  to  be  considered 
are  number  of  required  operating  cycles  while  pressuri::ed 
and  depressurized;  the  mode  of  locking  and  unlocking; 
forces  required  to  connect  and  disconnect;  and  space  al- 
lowed for  actuation  of  the  locking  device.  Consideration 
■should  also  be  given  to  remote  disconnection  using  pneu- 
matics, squibs,  or  lanyards. 


5.11.4  Common  Types  of  Quick-Disconneci 
Couplings 

5.11.1.1  PLAIN  QUICK-DISCONNECT  COUPLINGS.  The 
plain,  quick -disconnect  coupling  is  an  open,  straight-through 
flow  coupling  svithout  shutoff  valves  in  the  plug  or  socket. 
A typ’cal  plain  coupling  is  shown  in  Figure  5.11.3.2b,  which 
utilize;  a cam  ring,  ball  and  groove  device  for  locking,  and 
an  0-r«ng  for  sealing.  The  coupling  is  connected  by  mating 
the  plug  and  socket  and  rotating  the  cam  ring,  forcing  the 
balls  radially  into  the  plug  groove.  This  action  draws  the 
coupling  halves  together,  compressing  the  0-ring  tc  achieve 
an  external  seal.  The  coupling  is  unlocked  and  disconnected 
by  rotating  the  cam  ring  in  the  opposite  direction  (allowing 
the  bails  to  move  from  the  plug  groove  into  the  ball  cage) 
and  pulling  the  coupling  halves  apart. 

5.11.4.2  SINGLE  VALVE  QUICK-DISCONNECT  COU- 
PLINGS. Two  types  are  described: 

Single  Poppet  Qulck-Disconnect  Coupling.  The  single  pop- 
pet, quick -disconnect  coupling  consists  of  an  open  plug  and 
a valved  socket  (Figure  5.11.3.2c).  The  mating  parts  are 
pushed  together,  first  forming  an  external  seal  between  the 
plug  and  socket.  Further  travel  of  the  plug  forces  the 
poppet  valve  open,  and  retraction  of  the  actuating  ring 
conflnes  the  balls  in  the  groove,  locking  the  coupling  halves. 
Disconnecting  is  accomplished  by  retracting  the  actuating 
ring  and  pulling  the  coupling  hai.es  apart. 

Single  Sleeve  Quick-Disconnect  Coupling.  I'he  single  sleeve, 
quick-disconnect  coupling  consists  of  a valved  socket  and 
plain  plug.  (Figure  6.11.3.2d).  Connecting  is  accomplished 
by  mating  the  plug  and  socket,  retracting  the  coupling  ring, 
and  pushing  the  coupling  halves  together.  The  outer  diam- 
eter cf  the  plug  forms  a seal  with  an  0-ring  on  the  inner 
diameter  of  the  socket  as  the  plug  slides  into  the  socket  and 
opens  the  sleeve  valve.  When  the  valve  is  fully  opened,  the 
plug  ball  groove  is  aligned  with  the  locking  halls  which 
drop  into  the  groove.  Tiie  coupling  ring  is  then  released. 


locking  the  coupling.  The  coupling  is  disconnected  by  re- 
tracting the  coupling  ring  and  pulling  the  plug  and  socket 
apart. 


Fisure  S.11.3.2b.  Plain  Quick-Dlsconnect  Coupling 

(Courtesy  of  Roylyn,  Inc..  Glename,  ColUotniaj 


5.11.4.3  DOUBLE  VALVE  QUICK-DISCONNECT  COU- 
PLINGS. Five  types  are  discussed: 

Doable  Rotating  Bait  Quick-Oisconnect  Coupling.  The 
double  rotating  ball,  quick-disconnect  coupling  consists  of 
two  coupling  halves,  each  containing  a ball  valve,  (Figure 
5.11.3.2e).  It  is  connected  by  mating  the  coupling  halves 
and  twisting  th ■ mpling  ring.  The  coupling  ring  actuates 
a pinion  gear,  which  rotates  the  ball  valves  to  the  open 
position.  Disconnecting  is  accomplished  by  rotating  the 
coupling  ring,  shutting  the  ball  valves  and  unlocking  the 
coupling. 

Double  Poppet  (Drilled)  Quick-Disconnect  Coupling.  The 
double  poppet  (drilled)  quick-disconnect  coupling  consists 
of  a plug  and  socket,  each  containing  a drilled  poppet  valve, 
(Figure  5.11.3.2f).  The  mating  parts  are  pushed  together 
forming  an  external  seal  between  the  plug  and  socket. 
Further  movement  of  the  plug  causes  the  poppet  valves  tc 
butt  against  each  other,  opening  the  valves.  When  tbs 
poppet  valves  are  in  the  full  open  position,  the  locking 
fingers  snap  into  position  forming  a lock  between  the  plug 
and  socket.  The  coupling  is  disconnected  by  retracting  the 
actuating  ring  and  pulling  the  coupling  halves  apart. 

Double  Poppet  (Solid)  Quick* Disconnect  Coupling.  The 
double  poppet  (solid!  quick-disconnect  coupling  (Figure 
5.11.3.2g)  consists  of  a plug  and  socket,  each  containing  a 
solid  poppet  valve.  The  coupling  halves  are  pushed  together, 
first  forming  an  external  seal  and  next  opening  both  poppet 
ealves.  Rett  action  of  the  coupling  ring  allows  the  balls  to 
drop  in  the  plug  locking  race.  Release  of  the  coupling  ring 
confines  the  balls,  locking  the  coupling  halves  together.  Dis- 
connecting is  accomplished  by  retracting  the  coupling  ring 
and  pulling  the  coupling  apart. 
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Rgure  F.l  1.3.2c.  Single  Poppet  Quick-Disconnect  Coupling 

(Courtesy  of  the  Hansen  Manufactu'ing  Company,  Cleyeland,  Ohio) 
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Figure  S.11.3.2g.  Double  Poppet  (Solid)  Quick-Dlsconnect  Coupling 

(Courtesy  of  Pertecling  Service  Company.  Charlotte,  North  Carolina) 
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Figure  5.11.3^.  Tube  Sleeve  and  Poppet  Quick-Oleconnect  Coupling 

(Courtesy  of  Snap-Tile,  Inc.,  Union  City,  Pennsylvania) 
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Figure  5.11.3.21.  Poppet  Sleeve  'nd  Pou^pet  Quick-Ditconnect  Coupling 

(Courtesy  ot  Seaton-Wilson  Martuiacturirtg  Corrtpany,  Ine.,  Ourbartk,  California) 


Sleeve  and  Poppet  Qnick-Diaconnect  Coupling.  The  sleeve 
and  poppet  quick-disconnect  coupling  (Figure  5.11.3.2h) 
consists  of  a plug  containing  a poppet  valve  and  a socket 
containing  a tubular  stem  and  sleeve  valve.  The  plug  and 
socket  are  pushed  together,  first  forming  an  external  seal 
between  the  plug  outside  diameter  and  the  0-ring  seal  on 
the  inside  diameter  of  the  ball  cage.  The  valve  sleeve  is 
pushed  into  the  socket  by  the  plug,  which  open  the  tubular 
stem  and  sleeve  valve.  Simultaneously,  the  tubular  stem 
butts  against  and  opens  the  poppet  valve  in  the  plug.  When 
the  valves  are  fully  opened,  the  balls  drop  into  the  locking 
groove  of  the  plug  and  the  actuating  ring  slides  over  the 
balls,  locking  the  coupling  halves  together.  The  coupling  is 
disconnected  by  retracting  the  actuating  ring  and  pulling 
the  coupling  halves  apart. 

Poppet-Hlecve  and  Poppet  Qnick-Disconnect  Coupling.  The 
poppet-sleeve  and  poppet  quick-disconnect  coupling  (Figure 
6.11.3.2i)  consists  of  a socket  containing  a combination  pop- 
pet and  sleeve  shutoff  valve,  and  a plug  containing  a poppet 
shutoff  valve.  The  coupling  halves  are  pushed  together 
forming  an  external  seal  between  the  outer  diameter  of  the 
plug  and  the  innsr  diameter  of  the  socket.  On  initial  con- 
tact, the  poppet  and  sleeve  in  the  socket  retract  until  the 
poppet  has  reached  its  full  open  position  as  determined  by 
the  stop  located  on  the  poppet  stem.  Further  travel  of  the 
plug  causes  the  socket  poppet  to  open  the  poppet  in  the 
plug.  The  plug,  in  turn,  forces  the  socket  sleeve  to  the  full 


open  position.  Retraction  of  the  actuating  ring  allows  the 
locking  balls  to  pass  over  the  locking  ridge  on  the  plug.  Re- 
lease of  the  actuating  ring  confines  the  balls  in  the  locking 
race,  forming  a positive  lock  between  the  coupling  haves. 
Disconnecting  is  accomplished  by  retracting  the  actuating 
ring  pulling  the  coupling  halves  apart. 
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5.12.1  Introduction 

Connectors,  commonly  referred  to  as  fittings,  are  devices 
used  in  fluid  systems  for  the  purpose  of  joining  lines  or  com- 
ponents and  sealing  the  joint  thus  made.  Connectors  may 
be  used  for  line-to-line,  line-to-component,  or  component- 
to-coraponent  applications.  All  connectors,  regarJiess  of 
type,  employ  three  functional  elements;  (1)  a seal,  (2)  the 
connector-to-line  joint,  and  (3)  the  load  carrying  structure. 
The  distinction  betwee.«  connectors  iuvolvec  the  manner  by 
which  these  three  functions  are  accomplished.  In  some  sepa- 
rable connectors  there  is  a direct  relation  between  the  func- 
tional elements  and  the  mechanical  parts  of  the  connector, 
while  in  permanent  connectors  all  three  functions  may  be 
coBibined,  as  in  a single  welded  joint. 

Connectors  can  be  broadly  categorized  as  separable,  perma- 
nent, and  semi-permanent.  Separable  couuecfars  have  at 
least  one  mechanical  joint  which  can  be  easily  separated  and 
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recon*^cctcd  a number  of  times.  In  addition  to  the  mechani- 
cally separable  joint,  separable  connectors  may  employ  a 
permanent  (swaged,  welded,  or  brazed)  connection  for  join- 
ing the  connector  mating  halves  to  the  tube  and/cr  com- 
ponent. The  separable  connector  category  includes  threaded 
connectors  (Sub-Topic  6.12.3)  and  bolted-flange  connectors 
(Sub-Topic  5.12  i).  Quick  disconnects,  which  are  a special 
type  of  separable  connector,  are  covered  in  Sub-Section  6.11. 
Permanent  eonneetors  employ  welded,  brazed,  soldered, 
swaged,  or  adhesive-bonded  connections  rather  than  me- 
chanical joints,  and  are  used  where  reduced  weight  and 
reliability  are  more  important  than  ease  of  separation.  Two 
most  common  types  of  permanent  connectors  are  brazed 
and  welded  connectors,  covered  respectively  in  Sub-Topics 

6.12.6  and  6.12.6.  Swaged  and  adhesive-bonded  connectors 
are  treated  in  Sub-Topics  5.12.7  and  6.12.8. 
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Semi-permaiieiit  coiiiiectoi's  are  a special  class  of  permanent 
connectors  consisting  of  permanent  joints  (welded,  brazeci, 
or  swaged)  which  can  be  used  for  a limited  number  of 
separation  and  reconnection  cycles  without  requiring  re- 
moval or  replacement  of  lines,  or  special  adapte«  s or  fittings 
in  making  reconnections.  Discussion  of  semi-permanent 
connectors  is  included  under  the  welded,  brazed,  and  swaged 
connector  types. 

The  purpose  of  this  sub-section  is  to  present  design  and 
selection  factors  for  separable,  permanent,  and  semi- 
permanent connectors,  and  to  present  data  on  specific  con- 
nector designs  within  each  category. 


5.12.2  Connsctor  Selection  Considerations 

Numerous  factors,  often  conflicting,  enter  into  the  selection 
of  a connector  for  a given  fluid  system  application.  The  fol- 
lowing paragraphs  discuss  factors  to  be  considered  in  selec- 
tion of  connectors. 

As  a general  rule,  the  number  of  connectors  in  any  system, 
regardless  of  type,  should  be  kept  to  a minimum.  Any  con- 
nector is  a potential  source  of  problems.  In  addition  it 
adds  to  system  weight  and  costs. 

5.12.2.1  PERMANENT  OR  SEPARABLE  CONNECTORS. 
The  first  decision  which  must  be  made  in  selecting  a con- 
nector is  whether  the  joint  or  Joints  under  consideration 
should  be  made  separable  or  permanent.  The  fundamental 
distinction  between  permanent  and  sejiarable  connectors 
involves  the  manner  in  which  the  connector  seal  is  effected. 
The  seal  of  a permanent  connector  is  effected  by  inter- 
molecular  cohesion  at  the  sealing  interface,  whereas  the 
separabf?  connector  seal  involves  mechanical  mating,  usu- 
ally involving  local  deformation  of  one  of  the  sealing 
surfaces.  The  intermolecular  bond  effected  in  the  permanent 
connector  has  a far  Siigher  probability  of  sealing  than  the 
mechanical  mating  of  surfaces  with  the  separable  connec- 
tor; however,  the  permanent  connector  seal  cannot  be  easily 
separated,  whereas  the  separable  connector  can  be  readily 
disconnected  with  a minimum  of  tooling  and,  in  many 
instances,  reused. 

In  addition  to  higher  probability  of  sealing  due  to  lack  of 
mechanical  parts,  permanent  connectors  also  offer  a weight 
advanJage  over  most  separable  oonnectors,  often  second  in 
importance  only  to  reliability  for  flight  systems.  Other 
attributes  of  permanent  coniiectors  are  small  env'elope  and 
resistance  to  sliovk  and  vibration. 

On  the  Other  hand,  the  distinct  advantage  of  separable  over 
permanent  connecters  is  the  ease  of  making  and  breaking 
joints,  often  a very  important  consideration  during  system 
development,  as  well  as  for  component  replacement,  repair, 
and  system  maintenance. 

The  heat  required  for  making  most  permanent  joints  must 
be  carefully  considered  regarding  any  possible  detrimental 
effects  on  the  system.  Heat  damage  to  polymeric  seals  in 
valves  and  thermal  distortion  are  common  problems  in 


welded  iiistallaticms.  Loss  '<f  strength  in  lieat-affected  areas 
must  also  be  considered.  Accessibility  of  the  connectors  to 
the  necessary  welding  or  brazing  tools  can  be  another  limi- 
tation to  the  application  of  permanent  connectors,  depend- 
ing upon  the  system  configuration.  Permanent  connectors 
which  join  dissimilar  materials  such  as  titanium-stainless 
steel,  or  aluminum-stainless  steel,  present  problems  which 
can  more  readily  be  overcome  with  mechanical-type  joints. 
Susceptibility  of  brazed  or  welded  joints  to  corrosion  is 
another  potential  problem  wliich  must  bv  considered  in 
selecting  permanent  connectors. 

5.12.2.2  PERMANENT  CONNECTOR  SELECTION.  The 
choice  of  permanent  connectors  offers  several  possible 
joining  techniques  including  welding,  brazing,  bondhig, 
soldering,  and  swaging  w ith  welding  and  brazing  tlie  most 
common.  Factors  which  influence  the  selection  between 
types  of  permanent  joints  include  permanence  of  the  joint, 
temperature  range,  fluid  compatibility,  and  suitability  of 
the  connector  and 'or  tube  materials  and  geometry  for  either 
welding  or  brazing,  .^ithougit  providing  a permanent  con- 
nection, brazing  lends  itself  more  readily  than  welding  to 
making  a joint  which  can  be  separated  and  rejoined  if  neces- 
sary,  since  a brazed  connection  can  sometimes  be  reheated, 
separated,  and  later  rebrazed.  At  the  expense  of  added 
weight,  howevei,  it  is  possible  to  provide  welded  joints  with 
limited  reusability.  Such  joints  are  commonly  referred  to  as 
semi-permanent  welded  joints.  Elevated  temperature  and 
joint  strength  are  two  of  the  major  limitations  with  brazed 
joints,  resulting  from  the  relatively  low  melting  points  of 
brazing  alloys.  A practical  upper  temperature  limit  for 
most  brazed  joints  is  approximately  1000  F,  the  actual  limit 
for  specific  applications  being  dependent  upon  the  materials 
used. 

5.12.2.3  SEPARABLE  CONNECTOR  SELECTION.  Most 
separable  connectors  fall  into  one  ot  two  categories:  (li 
threaded  connectors  and  (2)  bolted  flange  connectors  (in 
which  category  clamped  flange  connectors  are  considered 
for  the  purpose  of  this  discussion). 

A basic  difference  betu^een  threaded  connectors  and  bolted 
flange  connectors  is  the  number  of  tension  tor  tensile)  mem- 
bers in  the  separable  joint.  Threaded  connectors  utilize  a 
single  nut,  while  flanged  connectors  use  several  bolts.  The 
choice  between  threaded  and  flanged  connectors  is  deter- 
mined by  line  size  and  the  amount  of  preloading  required 
to  establish  a satisfactory  seal  over  the  entire  range  of 
connector  loads.  In  smaller  line  sizes,  threided  connectors 
have  a weight  advantage.  As  the  line  size  approaches  1 inch, 
applied  torque  limitations  reduce  the  preloading  ability  of 
the  threaded  connector  structural  members,  and  only  by 
increased  size  (and,  therefore,  increased  weight)  of  these 
structural  members  can  satisfactory  preloading  be  main- 
tained. 

In  general,  a 2000  inch-pound  torque  limitation  is  used  for  a 
threaded  connector  because  of  wren  -h  size  and  nut  strength 
limitations.  Thus,  a pi’actica!  limitation  exists  for  the 
amount  of  torque  applied  to  a single  threaded  connector 
and.  consequently,  the  use  of  threaded  connectors  is  limited 
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*>y  system  fluid  pressure  and  line  size  (Sub-Topic  6.12.3 
further  discusses  preload  limitations).  Size  and  weight  of 
the  connector  are  other  factors  which  place  a line  size 
limitation  on  the  use  of  threaded  connectors.  For  smaller 
line  sizes  (less  than  1 inch)  threaded  connectors  have  a 
weight  advantage  over  flanged  connectors.  A practical  limi- 
tation on  the  use  of  flanged  cotinectors  in  small  line  sizes  is 
the  fact  that  in  small  flange  sizes  the  bolt  becomes  too  small 
for  reliable  tort|uing.  Threaded  coiinect  >vs  are  favored  for 
Use  with  smaller  line  sizes  because  of  the;r  relative  ease  of 
itsstallation  and  the  simplicity  with  which  the  tube  may  be 
joined  to  the  connector,  especially  with  flared  connectors. 
One  disadvantage  of  threaded  connectors  is  the  danger  of 
dantage  to  the  tube  or  line  if  the  threaded  flange  is  not 
restrained  while  the  nut  is  torqued  down. 

In  addition  to  nuts  and  bolts,  clamps  otfer  a method  for 
joining  flanges.  Ring'  clamps,  such  as  the  V-baiid  clamp,  and 
snap-on  clamps  provide  advantages  with  respect  to  sim- 
plicity of  installation  and  ease  of  removal.  Snap  clamps, 
however,  have  no  capability  for  providing  variable  preload, 
while  ring  clamps  are  limited  to  relatively  low  preloads, 
thus  they  are  used  primarily  for  tow  pressure  ducting  or  in 
small  line  sizes. 

5.12.3  Threaded  Connectors 

A threaded  connector  is  a line  fitting  which  provides  a 
separable  mechanical  joint  secured  by  a single  threaded  nut, 
whereas  a bolted  flange  connector  uses  several  bolts,  a 
clamp,  or  combinations  of  these  to  secure  the  joint. 

Figures  6.12.3a  and  b illustrate  the  functional  similarities 
of  typical  connectors  with  separate  seals.  Both  connectors 
contain  three  functional  elements:  (1)  the  seal.  i2)  the  lube- 
to-eonnector  joint  (si.  The  functional  elements  are  not  nec- 
essarily restricted  to  specific  mechanical  components  of  the 
•oimectors  (Reference  44-141.  In  the  bolted-Hange  connec- 
tion shown  in  Figure  5.12.3a.  the  seal  as  a functional  ele- 
ment consists  of  the  two  flanges  and  the  seal:  in  tlie  threaded 
connector  shown  in  Figure  6.12.3b.  the  stub  end  flange,  seal, 
and  threaded  flange  constitute  the  seal.  The  functional 
similarity  between  the  bolts  in  Figure  5.12.3a  and  the  nut 
in  F'igure  5.12.3b.  (he  tension  member  of  the  load-carrying 
structure,  is  apparent.  Th*-  tube-to-connector  joints  are 
etfected  in  both  instances  by  weld  joints. 

Detailed  Topics  5.12.3.1  through  5.12.3.11  discuss  considera- 
tions which  are  equally  applicable  to  threaded  and  bolted 
flange  connectors.  l5etailed  Topics  .5.12.3.12  through  5.12.3.15 
treat  threaded  connectors  only. 

5.12.3.1  DESIG.M  AND  SELECTION  CRITERIA.  Table 

5.12.3.1  summarizes  important  factors  relevant  to  the  design 
and  selection  of  threaded  and  bolted  flange  connectors. 
Some  of  the  factors  noted  are  discussed  in  greater  detail  in 
the  following  detailed  topics.  It  should  be  noted  that  the 
design  and  selection  criteria  listed  under  each  of  the  five 
major  headings  do  not  necessarily  appear  in  their  order  of 
importance. 

ISSUED:  MARCH  1967 
SUI^ERSEDES;  OCTOBER  1965 


, fi  ANOE 


Figure  5.12.3a.  Typical  Bolted  Flange  Connector 
Components 
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Figure  S.12.3b.  Typical  Threaded  Connector  Components 


5.12.3.2  CONNECTOR  I'RELOAD.  Connector  preload  is  the 
axial  structural  load  which  is  required  to  maintain  sealing 
111  any  connector;  it  is  provided  by  tig**tening  the  tension 
member.  Preload  requirements  commonly  conti'ol  the  basic 
design  of  tlie  conneeb,>r.  The  preload  has  three  functions: 
(li  to  seat  the  sc'al.  l2l  to  prewide  force  to  resist  applied 
structural  loads  tending  to  separate  the  connector  joint,  and 
131  to  provide  stored  elastic  energy  to  maintain  sealing 
load,  in  spite  of  dimensional  changes  resulting  from  a.xial 
and  bending  loads,  stress  relaxation,  and  thermal  gradients. 

In  order  to  maintain  adequate  seal  load  it  is  necessry  to 
preload  the  coime.,ior  to  an  amount  greater  than  the  com- 
bined expected  a.xial  pressure  end  load  and  other  externally 
applied  loads,  la  addition,  sutlicient  load  must  be  provided 
for  dimensional  changes  caused  by  thermal  gradients.  A 
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Table  5.12.3.1.  Threaded  and  Bolted  TIange  Connector 
Design  and  Selection  Criteria 

Pert  vfmance  and  Environmental  Criteria 

Leakage 

Temperature  Range 
Temperatur  .*  Cycling 
Pressure  Range 
Reverse  Bending,  or  Flexure 
Intpuls:  !t<ration  Cycling 

Torque  UeJaxation 
Vacuum-Radiation  Tolerance 
Material  Degradation 

Configuration  Criteria 
Weight 
Envelope 

Cost 

Tube  Entry  Clearance 
Suitable  Materials 
Preload  Relationship 
Angularity  Tolerance 

Manufacturing  Criteria 
Tolerances  Required 
Machines  Required 
Tooling  Required 
Inspection  Required 
Tubing  Requirements 

Reliability  and  Quality  .Assurance  Criteria 
Torque  Latitude  for  Sealing 
Torque  Latitude  for  Preload 
Effect  of  Axial  Load  on  Seal 
Failure  Mode,  Etfect  on  System 
Inspectability 

Assembly  Criteria 
Torque  Required 
Cleanliness  Required 
Caie  Required 
Special  Tools  Required 
Inspectability 
Reconnectability 


balance  must  be  achieved,  ho’.vever,  between  a preload  which 
is  sufficient  to  prevent  connector  separation  or  seal  leakage, 
and  a preload  so  large  that  it  may  «.anse  eventual  failure 
of  the  tensile  members  c'f  the  connector. 

Connector  preload  can  be  classified  as  either  series  or  paral- 
lel, as  illustrated  by  the  arrangements  shown  in  Figure 
5.12.3.2a.  In  the  series  arrangement,  cl’,  ot  the  compressive 
force  of  the  preload  is  transmitted  through  the  sealing 
element,  and  any  change  in  applied  load  is  felt  by  the  seal. 
In  the  series  arrangement,  therefore,  the  tension  member 
must  have  sufficient  spring  follow-up  to  account  for  seal 
rtow  or  relaxation  without  the  h.ad  being  reduced  belo;t  the 
minimum  sealing  load.  In  the  parallel  arrangement,  the  j-  al 
carries  all  of  the  load  only  until  th  - seal  is  eoinpressed  to 
the  point  where  the  two  conueetor  tlange  halves  are  drawn 


together;  further  application  of  axial  force  preloads  the 
connector  directly  through  the  flanges  and  very  little  addi- 
tional load  is  carried  by  the  seal. 

Factors  the  designer  should  consider  in  deterniining  the 
connector  preloads  are  discussed  below  and  illustrated  with 
simplified  preload  diagrams  in  Figures  5.12.3.2b.  c.  d.  and  e. 

Minimum  Compressive  Seal  Load  Needed  to  Prevent  Leak- 
age. After  the  seal  has  I »en  subjected  to  an  initial  seal  load, 
a minimum  residual  compressive  seal  load  must  be  main- 
tained during  service  conditions  to  prevent  leakage  The 
residual  load  should  give  an  apparent  seal  stress  greater 
than  t’-e  counteracting  tei.sile  stresses  caused  by  system 
operating  conditions,  including  pressure  end  load  atid  bend 
ing,  which  tend  to  separate  the  sealing  su'-faees.  In  theory, 
ideal  sealing  surfaces  would  remain  in  contact  until  the 
apparent  seal  stress  decreased  to  zero.  In  practice,  however, 
a certain  prescribed  minimum  residual  compressive  load 
must  be  maintained  at  all  times  in  order  to  maintain  a satis- 
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Figure  S.12.3.2a.  Series  and  Parallel  Prelo.^ded  Joints 
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factory  seal  The  r<'quited  seal  load  is  the  major  factor 
alfeciitijy  connector  aesisrii  for  small  line  sizes  and  low 
system  pressures.  For  lai  fre  sizes  and  high  pressures,  pres- 
sure  end  loads  have  a more  important  influence  on  connector 
design  than  seal  seating  load. 

Maximum  Allowable  Stress  in  the  Tensile  Members.  The 
maximum  allowable  stress  i!i  a connector  is  based  on  the 
conaector  tensile  member  material  yield  stress  at  maximum 
operating  temperature,  derated  by  some  safet.v  factor.  In 
an  optimized  connector  design,  the  maximum  operational 
load  considered  as  an  upper  limit  for  connector  operation 
Would  coincide  with  the  maximum  allowable  tensile  member 
load. 

Deflect  ion  Kates  of  Compression  and  Tension  Members.  The 
deflection  rate,  wliich  is  the  reciprocal  of  the  spring  rate, 
is  a measure  of  change  in  deflection  for  a given  change  in 
load.  The  deflection  rate  for  the  compression  members  of  a 
connector  is  invariably  much  less  than  the  deflection  rate 
of  the  tensile  member  in  any  connector. 

Effects  of  Thermal  Gradients.  A thermal  gradient,  caused 
by  the  passage  of  a hot  fluid  through  a connector,  generally 
causes  the  connector  compression  members  to  become  hotter 
than  the  tension  members.  Tins  results  in  an  increase  in 
preload,  since  the  compression  metnbers  expand,  transfer- 
ring load  to  the  teiisioii  members.  If  the  tension  members 
are  overstressed,  material  yielding  may'  occur.  Such  a con- 
dition could  result  in  immediate  connector  structural  failure 
or  eventual  structural  failure  :is  a result  of  thermal  cytaing. 
Material  yielding,  or  creep,  might  also  result  in  leakage 
when  thermal  equilibrium  is  restored,  because  the  seal  load 
is  decreased  In  the  case  where  a Cold  fluid  passes  through 
the  connector,  a contraction  of  the  compression  members 
occurs,  resulting  in  a relaxation  of  load  on  the  tension 
members.  The  load  relaxation  must  not  be  so  great  that  the 
sealing  load  is  reduced  below  the  minimum  necessary  to 
prevent  leakage.  Since  the  connector  structure  is  rather 
complex  from  a thermal  analysis  standpoint,  an  experimen- 
tal determination  of  the  thermal  gradients  expected  in  a 
particular  connector  service  application  may'  be  necessary. 

Magnitude  of  Structural  Loads.  Connector  structural  loads 
are  a function  of  axial,  torsional,  and  bending  loads,  each  of 
which  is  discussed  in  greater  detail  in  subsequent  sub-topics. 
For  an  optimum  connector  design,  the  maximum  tensile  load 
anticipated  on  the  tension  members  would  coincide  with  the 
maximum  allowable  connector  load  determined  from  mate- 
rial properties.  In  addition,  the  compressive  load  on  the 
seal  interface  must  nev?r  be  reduced  below  the  minimum 
required  seal  load.  The  maximum  allowable  load  in  the 
tension  member  occurs  when  the  maximum  hot  thermal 
gradient  and  maximum  tensile  end  load  are  applied  simul- 
taneously. The  minimum  compressive  load  on  the  seal  inter- 
face exists  when  the  maximum  cold  thermal  gradient  and 
the  maximum  tensile  end  load  occur  simultaneously. 

Variations  in  Initial  Preload.  The  initial  j reioad  on  a con- 
nector is  dependent  on  many  factors,  e.g.,  thread  form, 


thread  alignment,  thread  fit.  amount  of  lubrication,  surface 
finishes  of  parts,  type  of  lubrication.,  environment,  etc.  It  is 
important  for  the  designer  to  pre  cribe  a preload  that  will 
meet  the  requirements  of  a satisfactory  connector,  one 
which  is  not  so  lar^ie  or  sniall  :is  to  cause  connector  failure 
(structural  or  leakage)  at  temperature  extremes  under  full 
load.  .An  acceptable  preload  range  can  be  built  into  a con- 
iiector  by  proper  selection  of  the  tension  member! s)  deflec- 
tion rate,  i.e.,  selection  of  tension  memberis)  with  a greater 
than  optimum  deflection  rate.  (The  ops-mum  deflection  rate 
is  defined  as  that  which  produces  coincidence  of  (a)  the 
maximum  allowable  tensile  load,  with  the  tensile  k»ad 
created  by  the  maximum  hot  tbermai  gradient,  combined 
with  the  maximum  connect’ •!•  end  load,  and  or  (b)  the  mini- 
mum compressive  seal  load,  with  the  load  created  by  the 
maximum  cold  thermal  gradient,  combined  with  the  inaxi- 
muii.  connector  end  load. 

.A  preload  diagram  provides  a ceuivenient  design  tool  for 
correlating  the  factors  described  above.  It  is  basically  a plot 
of  load  versus  deflection  for  the  tension  and  compression 
members  of  a connector,  in  the  preload  diagram  shown  in 
Figure  .^.I2.k.2b  the  line  O-T  is  a stress-strain  ty  pe  curve 
for  the  tension  member  showing  the  expected  deflection  for 
upipliej  I.  :td.  Note  that  tile  load-dellectioli  curve  foi  tension 
nienibefi  “ through  the  Mrigin,  i.  *..  zero  deflection 

at  Zero  load  » I'l  : load  defle-  *ion  curve  for  connector  com- 
pression meu'bertsl.  c-c',  has  a negative  slope,  indicating 
that  increasing  load  deflection  of  the  compression  mem- 
ber(s)  is  opposite  in  directiun  to  the  deflection  of  the 
tension  meniber(s).  Note  that  the  intersection  jf  the  load 
deflect  ion  curve  af  the  compiressive  memberis  I with  the 
deflection  axes  at  Zero  load  is  quite  arbitrary*.  That  is,  wTien 
a connector  nut  is  tightened  or  torqued  so  as  to  produce  a 
teusion  member  load  corresponding  to  O-a.  the  compression 
memberis)  of  the  connector  deflect  an  amount  When  the 
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Figure  5.12.3.2b.  Load-Deflection  Curve 
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connectoi  nut  is  further  tightened  to  0-ff,  the  eompression 
members  deflect  an  amount  and  so  on  until  the  nut  is 
tight  med  to  the  desired  prek  d value,  producing  8^  deflec- 
tion. In  ill  instances  the  slo,.e  or  deflection  rate  of  the 
compression  members  is  constant,  but  as  increasing  pre- 
load is  applieii  the  deflection  increases  as  indicated. 

To  elaborate  further  on  the  load  deflection  diagram,  consider 
Figure  6.12.3.2c.  Three  values  of  preload,  designated  1,  2, 
and  3,  are  indicated.  These  preloads  establish  the  deflection 
of  tension  and  compression  members  of  the  connector. 
When  additional  load  is  imposed  on  the  connector  in  the 
form  of  fluid  pressure,  bending,  axial  loads,  etc.,  the  con- 
nector t-  ads  to  separate.  The  tension  member  deflection 
increases,  and  the  compression  member  deflection  decreases. 
.*,t  preload  1 in  Figure  6.12.3.2c,  a load  L,  is  required  to 
reduce  the  compression  member  deflection  to  zero  (by 
stretchirg  the  tension  member  sufficiently  to  relieve  the 
preload’ . If  preload  2 or  3 is  initially  applied,  it  is  necessary 
to  apply  a load  L^.  or  L,,  respeciively.  to  cause  connector 
separation,  i.e.,  zero  deflection  of  compression  members. 


Figure  5.12.3.2c.  Preload  and  External  Loading 


The  foregoing  example  considers  only  constant  temperature 
cases.  If  an  initially  preloaded  connector  is  subjected  to 
thermal  shock,  a temperature  gradient  will  exist  betwe  n 
the  tension  and  compression  members.  Most  often  the  ther- 
mal shock  is  imposed  from  within  the  line;  as  a result,  the 
case  where  tension  members  are  suddenly  cooled  or  heated 
is  generally  of  less  consequence  than  when  the  compression 
members  of  the  connector  are  cooled  or  heated.  When  the 
compression  members  are  suddenly  heated  they  will  expand 
and  transfer  load  to  the  tension  members.  When  the  com- 
pression members  are  suddenly  cooled  they  will  contract, 
and  load  will  be  removed  from  the  tension  members.  These 
eases  are  illustrated  in  Figure  5.12.3.2d.  In  addition,  this 
figure  shows  how  an  externally  applied  load,  L,  affects  the 
connector  when  thermal  shock  is  imposed. 


Figure  5.12.3.2d.  Effect  of  Thermal  Gradients 


The  system-imposed  tensile  end  load,  L,  in  conjunction  with 
the  maximum  hot  thermal  gradient  (gradient  from  inside 
to  outside  oi  connector)  establishes  the  maximum  load  on 
the  connector,  controlled  by  structural  limitations.  The  load, 
L,  in  conjunction  with  the  maximum  cold  thermal  gradient, 
establishes  the  minimum  load  on  the  connector,  controlled 
by  sealing  requirements. 

Another  point  worth  noting  in  considering  the  preload  in 
a separable  connector  is  the  proper  selection  of  the  tensile 
member  deflection  rate.  As  previously  noted,  the  tensile 
member  deflection  rate  is  the  measure  of  change  in  length 
(deflection)  with  change  in  load.  Several  different  deflection 
rates  for  separable  connector  tensile  members  are  illus- 
trated in  Figure  5.12.3.2e. 


Figure  5.12.3.2e.  Tensile  Member  Deflection  Rates 
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As  sjen  i>oin  Figure  6.1£.3.2e,  a given  initial  load,  L,,, 
createP  differing  levels  of  deflection  D,,  D^,  Dj,  and  in  the 
tensile  members  dependent  upon  the  .lefleetion  rates  kj,  k., 
kj,  and  k,  of  each  tensile  member.  When  selecting  a tensile 
member  deflection  rate  for  a particular  application,  it  is 
always  conservative  to  use  an  actual  deflection  rate  greater 
than  the  desired  deflection  rate,  except  for  the  case  when  the 
anticipated  deflection  causes  yield  of  the  tensile  member. 

5.12.3.3  SEAL  SEATING  LOAD.  The  seal  seating  load  is  the 
initial  axial  compression  load  on  the  seal  required  to  produce 
intimate  contact  between  sealing  surfaces.  The  seal  seating 
load  should  not  be  confused  with  the  minimum  residual 
compressive  load  necefisary  to  maintain  a leak-tight  seal 
under  operating  conditions.  The  minimum  residual  compres- 
sive load  need  only  provide  an  apparent  seal  stress  slightly 
greater  than  the  total  seal  unloading  due  to  connector 
operating  loans.  The  seal  seating  load  can  be  estimated  as 

Fg  = G (Eq  5.12.3.3a) 

where 

effective  seal  diameter,  in. 

G = initial  required  seal  seating  load, 

pounds-per-inch  of  seal  length 

The  value  of  G in  pounds-oer-ineh  for  the  gasket  seating 
load  is  a function  of  the  seal  material  and  geometry. 
Tables  6.3.3.2b,c.  and  d in  Sub-Section  0.3,  “Static  Seals,” 
list  recommended  seat  stress  for  several  types  of  seals. 
Figure  6.12.3.3  is  a plot  of  the  required  seal  seating  load 
as  a function  of  tine  diameter  for  representative  values  of 
G,  assuming  equals  1.1  times  the  line  outside  diameter. 


Figure  5.12.3.3.  Required  Seal  Load  as  a Function  of  Seal 
Diameter 


where 


r - 0.2d  F (Eq  5.52.3.3b) 


T ~ required  preload  torque,  in-lb 
d = nominal  thread  diameter,  in. 


F = required  preload,  lbs 

Unless  better  information  is  available,  d may  be  approxi- 
mated as  1.30  times  the  tube  outside  diameter.  Using  the 
upper  limit  of  torque  applied  to  a threaded  connector  as 
2000  in-lb  (see  Detailed  Topic  6.12.2.3)  an  upper  limit  of 
connector  loading  due  to  preload  may  be  established  as 


F 


7690 

TT 


(Eq  5.12.3  3c) 


Figure  5.12.3.3  shows  this  upper  limit  as  a function  of  tube 
diameter.  When  is  used  in  conjunctiotj  with  the  re- 
quired seal  seating  loads  shown  on  the  same  curve,  the 
designer  is  able  to  determine  whether  a given  seal,  with  a 
specified  value  of  G,  can  be  used  in  a particular  size  tubing 
system  since  gasket  sealiug  load  is  torque  limited. 

5.12.3.4  PRESSURE  END  LOAD.  The  pressure  end  load  is  a 
result  of  system  pressure,  and  is  equal  to 


(Eq  5.12.3.4) 


where 

P ^,  = pressure  end  load,  lbs 
D,,,f  = effective  seal  diameter,  in. 

P = internal  pressure,  psi 

Assuming  that  D..,,  = 1.1  times  the  tubing  outside  diam- 
eter, because  the  effective  diameter  of  most  connector  seals 
is  about  this  much  larger  than  the  tube  OD,  Figure  6.12.3.4 
gives  values  of  the  pressure  end  load,  F,,.  for  various  com- 
binations of  tubing  diameter  and  internal  fluid  pressure. 


To  obtain  the  seal  seating  load  in  threaded  connectors,  it  is  Figure  5.12,3.4.  Connector  Pressure  End  Load  as  a Function 
necessary  to  apply  torque  to  the  connector  nut.  The  amount  of  Tube  Diameter  and  Design  Pressure 

of  torque  necessary  to  obtain  some  required  preload,  as- 
suming standard  connector  threads,  may  be  approximated 
by  the  following  -juation  (Reference  44-i4): 
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The  system  operating  pressure  is  a major  determining 
factor  in  the  design  or  selection  of  a threaded  connector. 
Ill  a grou«id-based  system,  the  pressure  end  load  is  fre- 
quently the  design  load  for  the  connector.  Although  an- 
chors, fluid  components,  and  other  restraints  absorb  a part 
of  the  pressure  end  load,  design  practice  necessitates  the 
connector  be  made  to  withstand  the  entire  pressure  end 
loading.  Pressure  impulses  must  be  considered  from  this 
same  standpoint,  i.e.,  the  connector  must  be  designed  to 
withstand  the  impulse  load.  The  system  pressure  in  con- 
junction with  the  tubing  diameter  will  also  be  a major 
selection  factor  in  choosing  between  a threaded  connector 
or  a flanged  separable  connector.  Structural  limitations  of 
the  threaded  connector  and  practical  means  of  applying 
large  torques  commonly  restrict  applications  of  threaded 
connectoi's  to  tube  sizes  of  one  inch  or  less. 

5.12.3.5  BENDING  MOMENT  LOAD.  A bending  moment,  M. 
producing  bending  loads,  F^,  may  be  present  because  of 
tubing  misalignment,  thermal  expansion  or  contraction  of 
the  tubing  system,  vibration,  displacement  of  anchors,  or 
acceleration  forces.  Bending  moments  imposed  on  a fitting 
in  a tubing  system  cannot  usually  be  determined  in  ad- 
vance, since  these  moments  depend  upon  the  specific  tubing 
system,  its  operating  conditions,  and  the  locatior  the 
threaded  connector  in  the  system.  However,  some  uts, 
even  if  arbitrary,  must  be  established  so  that  the  de,  gner 
can  gain  a feeling  for  the  bending  loads  imposed  on  a 
connector.  In  general,  the  b.nding  load  can  be  expressed, 
in  terms  of  the  maximum  stress  that  can  be  transmitted  by 
the  tubes,  as 

Fb  »Dt<T,„  (Eq  5.12.3.5a) 

where 

D = tubing  outside  diameter,  in. 
t = tube  wall  thickness,  in. 

— limiting  longitudinal  stress  of  tube  material,  psi 

In  the  previous  equation,  the  value  of  t (tube  wall  thick- 
ness) is  obtained,  if  not  already  known,  from  the  tubing 
design  considerations.  For  thin-’valled  tubing,  t may  be 
evaluated  (Reference  44-14)  from 


where 

P = internal  pressure  rating  of  system,  psi 

D = tube  outside  diameter,  in. 

a^.=  limiting  circumferential  (hoop)  stress 
of  tube  material,  psi 

The  bending  load  limit  then  becomes 

Fu  = 4 PD-  — (Eq  5.12.3.5c) 

The  problem  of  determining  the  maximum  allowable  bend- 
ing load  now  becomes  one  of  det..rmining  the  appropriate 


liiidting  values  for  and  o\_  in  Equation  (5.12.3.6c). 

T or  aeiospiice  applications  it  is  desirable  to  maintain  min- 
imum veight  throughout.  In  this  respect.  may  be  taken 
as  either  two-thirds  of  tiie  material  yield  strength  or  one- 
half  of  the  material  ultimate  strength,  whichever  is  less. 
This  is  based  on  a proof  pressure  rating  of  1.6  times 
system  operating  pressure  and  s*  burst  pressure  rating  of 
2 times  system  operating  pressure. 

The  value  of  in  a moderate  application  could  be  takt.i 
as  the  tube  material  yield  strength.  However,  the  severity 
of  an  aerospace  environment  usually  imposes  more  strin- 
gent limitations  on  values  of  v,„.  For  example,  cyclic  load- 
ing resulting  from  vibration  would  require  v,„  to  be  selected 
on  the  basis  of  tube  material  fatigue  strength.  Additionai 
factors  such  as  impact  loads,  temperature  extremes,  etc., 
would  furtiier  modify  the  value  chosen  for  <t,„.  A typical 
value  for  might  therefore  be  based  on  one-half  the  tub.' 
material  endurance  strength. 

5.12.3.6  EXTERNAL  AXIAL  AND  TORSIONAL  LOADS. 
As  with  bending  loads,  external  axial  and  torsional  loads 
imposed  upon  the  connector  assembly  by  the  line  are 
largely  a function  of  the  line  diameter.  Usually  the  axial 
loads  which  may  be  transmitted  by  small  diameter  tubing 
to  a threaded  connector  are  minor  in  comparisoji  with 
t;-reload  and  pressure  forces,  and  may  be  discounted.  Tor- 
sional loads  may  present  a problem  if  sufliciently  large 
to  cause  rotation  of  one  part  of  the  joint  with  respect  to 
the  other. 

The  larger  lines  normally  associated  with  bolted-tiange 
applications  may  transmit  forces  to  the  coimeetor  appre- 
fiabiy  in  excess  of  those  associated  with  internal  pressure 
and  seal  preload  requirements.  As  with  bending  loads,  this 
is  particularly  true  of  short,  large  diameter  lines  whose 
terminal  points  are  subjected  to  significant  displacements, 
as  shown  in  Section  VIII-B-S  of  Reference  34-10. 

5.12.3.7  VIBRATION.  The  -ibration  spectrum  for  a 
threaded  connector  is  wholly  dependent  on  the  intended 
system  application.  Some  representative  vibration  environ- 
ments aiv  presented  in  Sub-Topic  13.3.5  and  Sub-Section 
7.3.  In  any  threaded  connector  application  involving  thin 
walled  tub'ng,  experience  has  shown  th-  t a simple  vibra- 
tion loading  may  be  expected  to  induce  structural  failure 
in  the  tubing  or  piping  before  connector  structural  failure 
occurs.  However,  leakage,  the  most  common  type  cf 
threaded  connector  failure,  may  develop  prior  to  structural 
failure  of  the  tube  Reference  147-1  describes  a number  of 
vibration  tests  of  threaded  connectors  and  shows  tube 
rupture  to  be  more  prevalent  with  flared-tube  connectors, 
whereas  sleeve  se.al  connectors  tended  to  leak  under  vibra- 
tion. A low  systeni  pressure  in  the  presence  of  vibration, 
inadequate  seal  ‘■■eating  stresses  may  lead  to  separation  of 
sealing  surfaces  and  subsequent  leakage.  At  elevated  sys- 
tem pressures,  tie  vibration-induced  bending  load,  in  addi- 
tion to  the  pressure  end  load,  may  cause  fatigue  failure  of 
a connector  or  may  cause  material  yield  and  eventual 
leakage  due  to  insuflicient  preload. 
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The  precise  location  of  tubing  failure  due  to  vibration  is 
largely  a function  of  the  connector  type.  In  the  connectors 
that  incorporate  tube  flaring,  the  root  of  the  flare  becomes 
the  most  likely  point  of  failure.  This  is  due  to  the  cold 
iworking  of  the  tube  material  in  the  flaring  process.  For 
connectors  that  utilize  a swaging  process  to  hold  the  tube 
in  place,  the  point  where  the  tube  is  held  is  most  likely  to 
fail  because  of  stress  concentration  induced  in  swaging. 
For  connectors  utilizing  a weld  joint  to  the  tubing,  the 
weld  area  is  susceptible  to  failure  under  vibration  as  the 
result  of  exposure  to  extr'*me  heat  in  the  welding  process. 
For  connectors  using  brazed  joints,  the  brazing  process 
must  insure  adequate  wetting  of  surfaces  or  tube  pull-out 
may  resulv  from  insufficient  shear  strength.  Although  other 
failute  modes  exist  and  must  be  investigated,  those  men- 
tioned above  represent  the  most  commonly  encountered 
failure  modes  under  vibration. 

5.12.3.8  CONNECTOR  ASSEMBLY.  The  need  for  special 
assembly  tools  may  be  a determining  factor  in  the  design 
or  selection  of  a connector.  The  tube-to-connector  joint 
may  necessitate  special  welding,  brazing,  swaging,  hold- 
ing, or  other  tools.  The  connector-to-connector  joint  may 
also  require  some  form  or  combination  of  the  above- 
mentioned  tools.  Therefore,  before  the  type  of  connector 
is  selected,  consideration  must  be  given  to  the  method  of 
assembly.  See  SAE  ARP  083.  “Installation  Procedures  and 
Torques  for  Fluid  Connections.” 

In  addition  to  the  special  tools  requisite  in  a connector 
assembiy,  the  methods  in  which  these  tools  are  used  beat- 
consideration.  The  critical  steps  in  connoL-tor-to-tube  as- 
sembly, connector-to-connector  assembly,  and  proper  han- 
dling and  installation  of  seals  must  be  evaluated.  Details 
of  torquing  and  the  effect  of  over-  or  under-torquing  a 
connector  must  also  be  investigated.  Tube  material  prop- 
erties and  the  ability  of  the  tube  to  be  cold-worked  for 
flaring  or  swaging  as  well  a.:  weldability,  brazability,  and 
bondability  may  also  be  a consideration  in  a connector 
selection  or  design. 

5.12.3.9  CONT.4MINATION.  At  any  point  in  a tubing  or 
piping  system  where  a connector  is  installed,  there  exists 
a point  of  potential  system  contamination.  When  a con- 
nector is  disconnected.  :'dequate  protection  of  the  tubing 
or  piping  immediately  surrounding  the  fitting  must  be 
provided  in  order  to  prevent  foreign  particulate  matter 
from  entering  the  system.  In  addition  to  environmentally 
introduced  contamination,  potential  contamination  emanat- 
ing from  the  connector  must  be  considered.  Some  connec- 
tors generate  and  collect  more  contamination  than  others, 
due  to  notches,  grooves,  recesses,  or  other  cavities  where 
contamination  is  likely  to  collect.  The  threads  of  a threaded 
connector  are  prime  candidates  for  contamination  genera- 
tion, as  are  certain  weld  and  braze  joints.  In  this  regard, 
the  method  of  assembly  may  become  a critical  factor.  The 
performance  of  the  threading  operation  in  joining  the 
threaded  connector,  as  well  as  the  use  of  thread  lubricants 
and  sealants,  may  necessitate  limitations,  controls,  special 
methods,  etc.  -Aside  from  any  special  precautions,  it  is  good 


practice  to  wash  the  connector  and  the  immediately  sur- 
rounding tubing  or  piping  with  jj».  acceptable  solveist  prior 
to  making  a dlscoanect  (opening  the  system). 

5.12.3.10  TEMI’EUATUKE  AND  THERMAL  !-riOCK.  The 
temperature  environment  is  a detei-mining  factor  in  the 
selection  of  materials  of  lamstruction  for  a separable  con- 
nector. At  elevated  temperatures,  the  connector  must  be 
designed  to  withstand  the  effects  of  material  creep  at  d 
stress  relaxation.  At  low  iemperatures,  ntaterial  ductility 
must  be  sufficient  to  prevent  brittle  failure.  .As  discussed  in 
Detailed  Topic  5.12.3.2.  “Connecfoi  Preload,"  thermal 
shock  and  the  associated  thermal  gradients  must  be  i-aken 
into  account  when  determining  an  appro]niate  {.is'eload 
range  for  a separable  connector. 

5.12.3.11  ADDITIONAL  FACTORS.  Some  additional  fac- 
tors in  a threaded  or  belted  flange  coiinecto!'  design  w-orth 
consideration  are ; 

a)  The  total  number  of  parts  involved  in  a particular  con- 
nector and  the  associated  storage,  handling,  availability, 
and  logistics  p>  oblems 

b<  The  critical  dimensions  and  or  critical  surfaces,  with 
related  macltining.  handling,  and  protection 

c)  The  necessity  of  special  containers  and  or  individual 
handling  of  separate  seals,  special  connector  devices, 
etc. 

d)  The  overall  size  and  weight  of  the  connector 

e)  The  quality  control  necessary  in  the  production,  pro- 
curement. and  installation  of  a given  connector 

f ) The  ease  with  whieli  a given  connector  can  be  inspected 
wh  'U  iastalled,  and  the  associated  equipment  necessary 
to  accomplish  inspection. 

g)  Tile  necessity  for  insuring  that  assembly  and  inspection 
personnel  are  thoroughly  familiar  with  both  the  design 
and  functional  eharacteristics  of  tlie  connector.  This 
factor  is  essential  if  reliable,  leak-tight  systems  are  to 
be  consistently  achieved. 

5.12.3.12  THREADED  CONN Et  TOR  TYPES.  Major  dis- 
tinguishing features  between  various  types  of  thrtuded 
coniiei tor  designs  are  the  seals,  both  tube-to-connector  seals 
and  connector-to-connector  separable  Joint  seals.  Probably 
the  most  common  classification  of  threaded  connectors  is 
the  flared  tube  seal  connector,  a design  which  combines 
features  of  the  tube-to-connector  seal  and  separable  joint 
seal  by  using  the  flareil  tube  as  a gasket  elantped  between 
the  cc.nncctor  halves. 

A second  threaded  connector  type  is  the  sleeve  seal  con- 
nector. employing  a sleevv  which  is  attached  to  the  tube; 
instead  of  the  tube  forming  the  separable  joint  seal,  the 
sleeve  and  connector  together  form  the  seal.  Sleeve  seal 
connectors  include  those  commonly  referred  to  as  flareless 
connectors. 

A third  and  distinctive  type  of  connector  is  the  separate 
seal  connector,  employing  a separate  removable  sealing  ele- 
ment between  the  connector  halves  (flanges)  to  make  the 
separable  joint  seal.  In  this  connector  design,  a permanent 
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type  juiiit  li.e.,  .vnliled  or  brazed)  is  commonly  employed 
to  provide  the  lube-to-connector  seal.  Swayintj  is  also  em- 
ployed in  some  separate  seal  connector  designs  to  accom- 
plish the  tuhe-to-connector  seal. 

In  the  following  sub-top'  rs,  samples  ' specific  connector 
design  types  which  can  be  classiri.  .«  HtjuJer  each  of  the 
abox’e-mentioned  threaded  connector  seals  ai-e  described.  In 
these  descriptions,  reference  to  a “tube-to-tube  joint”  has 
been  adopted  for  simplicity,  and  use  of  the  term  “union”  is 
adhered  to  in  liiis  case,  although  other  types  of  joints  such 
as  tube-to-coinponent,  etc.,  exist. 

5.12.3.13  FL.4RED  TUBE  SE.4L  CONNECTOUS.  The 
flared  tube  seal  type  connector  is  probably  the  most  com- 
mon threaded  connector.  This  connector  utilizes  the  tubing 
flare  to  accomplish  both  the  connector-to-connector  seal  and 
the  tube-to-coiiiiector  seal.  This  design  has  numerous  vari- 
ations, most  of  which  employ  the  sanie  basic  geometry  but 
differ  in  the  manufacturing  and  quality  control  require- 
ments. The  .4N  (.4ir  Force  Navy  .Aeronautical).  MS  I Mili- 
tary Standard),  and  MC  (Marshall  Center)  connectors  are 
Common  flared  tube  connectors  which  can  be  procured  to 
government  or  industry  specifications.  These  connectors 
and  others  are  discussed  in  the  following  paragraphs. 

AN  Flared  Connectors.  The  AN  flared  connector,  illus- 
trated in  Figure  5.12.3.13a,  consists  of  a sleeve,  a connect- 
ing nut,  and  a union.  This  connector  is  manufactured  in 
accordance  with  military  specification  MIL-F-66(.)9B,  titled 
"Fitting,  Flared  Tube.  Fluid  Connection."  In  making  a 
tube  connection  with  this  type  of  connector,  the  following 
sequence  of  operations  is  generally  followed : ( 1 ) The  nut 
and  the  sleeve  are  placed  on  the  tubing,  (2)  the  tubing  is 
flared  by  a hand  tool  or  by  a machine,  and  (3)  the  connec- 
tion is  secured  by  olacing  the  flared  tubing  in  contact  with 
the  iwse  of  the  union,  sliding  the  sleeve  and  nut  against  the 
flared  tubing  end.  and  threading  ttie  nut  into  place  on  the 
union.  The  sleeve  is  forced  against  the  back  of  the  tube 
flare  by  the  nut  a.s  it  is  threaded  onto  the  union.  As  the  nut 
is  tightened,  the  sleeve  compresses  the  back  of  the  tube 


Figure  5.12.3.13a.  AN  Fiared  Connector 


flare  against  the  nose  of  the  union,  thus  forming  the  seal. 
.ActUJ.d  sealing  is  accomplislied  by  defornation  of  the  flared 
tube  .igamst  the  )iiating  surface  of  the  union, 

X maior  advantage  of  the  .AM  flared  cos  .i-  tor  is  its  sim- 
plicity: however,  several  di  !ntat,e..  have  given  rise  to 
modifications  and  ev  -n  .iiipletel*;  new  cox  vector  design 
concepts.  Some  of  the  outstand'ng  disadv  ..ages  include: 

a)  The  toi'que  relaxation  with  tinie  char-  teristics.  This  is 
a tendency  of  the  flared  fitting  jose  tii.*  initial  as- 
sembly torque  after  a ! d of  time,  resulting  in  a 
loose  connection. 

b)  The  inability  to  obtain  suflicient  sealing  stresses  in  la 
inch  and  large)-  connector  sizes.  To  obtain  satisfactory 
metal-to-metal  sealing  against  heliun)  leakage,  recent 
work  indicates  that  a contact  s'ress  of  1 to  3 times  the 
yield  strength  of  the  softer  material  is  required.  Using 
the  minimum  torque  requiremetits  given  in  AND  1()U(>4 
for  steel  tubing  atid  the  relation  r c.  0.2  dF  (see  tie- 
tailed  To)}ic  5.12.3.3) . values  of  available  seating  stress 
can  be  obtained  and  compared  with  those  values  of  seat- 
ing stress  required  for  specific  applications. 

c)  Inadequate  quality  control  lequirements.  The  inspec- 
tion sampling  frequency  is  generally  considered  insuf- 
ficient, and  surface  finish  requirements  on  sealisig 
surfaces  are  inadequate  for  satisf.e  tory  sealing  in  the 
presence  of  helium,  low  leakage  requirement,  liigh  pres- 
sure, or  cryogenic  temperature. 

d)  The  tendency  of  hard  steel  tubing  to  crack  when  sub- 
jected to  flaring  operations.  .Aerospace  applications  fre- 
quently demand  the  use  of  high  strength  tubing.  This 
type  of  material  is  frequently  not  capable  of  being  cold 
worked  without  having  extreniely  high  residual  stress 
levels  result,  thei'efore  requiring  stringent  material  and 
manufacturing  specifications. 

To  solve  the  problem  of  the  .AN  co)inector  a tnodification 
in  the  foi‘m  of  a separate  seal  has  been  devised.  This  seal, 
s.-own  in  Figure  5.12.3.13b,  is  a truncated  cone,  and  fit, 
over  the  end  of  the  37-degree  ' nio:i  nose,  t he  seal  is  made 
of  a soft  matei  ial,  generally  copper  or  aluminum,  offering- 
lower  required  seating  stresses.  While  presenting  a solu- 
tion to  the  required  seating  stre-s  problem,  the  separate 
seal  has  the  disadva.  iage  of  adding  another  piece  to  the 
connector  (which  could  be  omitted  if  proper  care  is  not 
taken  during  assembly),  and  it  does  not  eliminate  the  dis- 
advantages previously  identified  in  (a).  (c),or  (o). 

MS  Flared  Connector.  The  MS  flared  consiector,  often  re- 
ferred to  as  a piecision  flared  fitting,  utilizes  the  same  nut 
and  sleeve  as  the  AN  connector,  and  is  procured  to  the 
same  military  specification.  The  primary  difference  between 
tb"  MS  and  AN  connector  exists  in  the  union:  the  MS  union 
(and  other  parts  to  which  the  connector  nut  attaches)  is 
procured  to  MS  (Military  Standards) . whereas  the  AN 
union  is  procured  by  Air  Force  Navy  .Aeronautical  Stand- 
ards. Some  important  characteristics  of  the  MS  unions  are; 
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al  The  finish  of  the  conical  sealing  surface  is  limited  to  lO 
to  1-’  itii<-roinches  rms  profile  for  steel,  and  22  to  28 
mu-roinches  rms  for  aluminum. 
h!  The  sealing  surfaces  are  round.  v;-ithifi  0.0002  inch, 
and  limited  a maximum  deviation  of  O.OOOl  inch  in 
any  OU-degfve  e rc, 

•t  ",  jiicentricity  of  the  sealing  surface  v ith  the  thread 
;.-iich  diametef  is  v.ithin  0.003  inch  TIR  (total  indicator 
reading). 

Globe  .Aeruspaie  connector.  This  connector,  shown  in  Fig- 
ure 5.12.3.13c.  uses  the  standard  AN,  .MS,  or  MC  sleeve 
and  union,  but  employs  a difTereat  concept  (n  the  locking 
nut.  The  nut  is  composed  of  two  parts:  a hex  nut  similar 
to  an  .ANSIS  with  a groove  in  the  shoulder  length,  and  a 
locking  nut  with  the  same  size  hex  and  six  barbed  fingers. 
The  fingers  of  the  lock  nut  fit  over  tlie  shculder  of  the  jiut 
(•roper  in  such  a way  that  all  six  fingers  of  the  lock  i»ut 
engage  the  groove  an  the  tint  proper.  Both  nuts  are  threaded 
onto  the  unioii  when  forming  a connection.  The  nut  proper 
is  torqu  d first  and  accomplishes  the  seal  betv,*een  tube 
flare  and  union.  The  locia  nut  is  then  torqued  to  an  equal 
or  greater  value,  and  the  barbed  fingers  grip  tlfe  Up  of  the 
groo'-e  on  the  nut  proper  and  lock  it  j.i  posiltoii.  The  lock 
nut  iai*n»vation  precludes  the  itecessal;,  for  safety  wiring  in 
the  presence  of  a vibration  enwroiiiiient. 
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Figure  5.12.3.13b.  Conical  Seal  for  AN  Connector 

(Courtesy  Oi  Voi  Shan  Industries.  Culver  City.  Cahforniaj 


a)  Finer  finish  a*n  the  37-degree  cone  of  the  sealing  sur- 
face 

b)  loo  percent  inspection  of  unions  for  thread  concen- 
tricity to  each  other,  thread  relief  lengths  and  diam- 
eters, surface  smoothness  of  thread  reliefs  and  hex 
faces,  and  surface  finish  of  cotie  ends 

c)  Tighter  dimensional  tolerances  restricting  the  overall 
length  of  the  connecisr  (union  or  other)  hex  nut-to-tip 
dimension. 

These  changes  wore  incorporated  as  an  attentpt  to  obtain 
better  sealing  quality  by  imposing  tighter  quality  control, 
but  they  do  not  resolvo  the  sealing  stress  requirement 
problem  mentioned  above  under  the  discUjSion  of  the  AN 
flared  connector. 

MC  Fittings.  MC  fittings,  which  were  developed  by  NAS.A. 
are  basically  similar  in  appearance  and  operation  to  the 
AN  and  MS  flared  fittings  shown  in  Figure  5.12.3.13a.  The 
MC  connector  is  procured  to  NASA  Specification  MC  140. 
Some  of  the  refinements  incorporated  into  the  MC  fittings 
in  order  to  increase  reliability  are: 
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Figure  5.12.3.f  3c.  Globe  Aerospace  Connector 

tCouftety  of  GfoLie  ^e^ospace.  North  HOffyy.ood.  Coiiforn^i} 


DL  Connector.  The  DL  loimector.  as  shown  in  Figiue 
5.12.3.13d.  is  in  esse.)-e  an  .AN  connector,  but  with  two 
inodificatioiis : 

a)  The  sleeve  of  the  IdL  connector  is  the  same  thickness 
throughout  iti.  eiitue  length. 

b)  The  nut  of  tile  t'L  connei-tor  has  a groove  in  the  outer 
j.eriphery  at  about  the  midway  point  of  its  length,  and 
has  greater  ninerial  volume  at  the  point  where  it  con- 
tacts  the  sleeve. 

These  modifications  svioove  material  from  tile  sleeve,  place 
it  in  the  nut.  and  the  nut  is  thus  able  to  carry  heaviei 
loading. 
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Hgura  S.12.3.13<'.  DL  Connector 

(COL-rtesy  of  £.  B.  Wiggins,  Inc.,  Los  Angelas,  Calilornia) 


5.12.3.14  SLEEVE  SEAL  CONNECTORS.  The  sleeve  seal 
connector  is  characterized  by  effecting  a seal  between  the 
union  and  a sleeve.  In  some  cases  two  parallel  seals  are 
required,  the  first  as  previously  mentioned  and  the  second 
between  the  tube  and  the  sleeve.  The  sleeve  is  usually  at- 
tached permanently  to  the  tubing  by  swaging,  brazing,  or 
welding.  The  following  paragraphs  describe  various  sleeve 
seal  connectors. 

MS  Flareless.  The  MS  flareless  connector  shown  in  Figure 
5.i2.3.14a  is  made  up  of  a union,  a sleeve  (often  referred 
to  as  a ferrule),  and  a nut.  As  the  tubing  is  inserted  into 
the  union,  it  is  seated  on  an  internal  shoulder;  the  ferrule 
is  then  slid  along  the  tube  and  seated  against  the  internal 
taper  of  the  union.  Following  this,  the  nut  is  tightened  and 
the  sharp  edge  of  the  ferrule  is  driven  into  the  tubing, 
forming  a seal  and  forcing  the  tube  forward  against  the 
shoulder.  At  this  same  time,  the  seal  of  ferrule-to-internal 
taper  of  the  union  ia  formed,  as  the  ferrule  bows  up  to 
make  contact  with  the  internal  taper.  After  the  initial  con- 
nection, the  ferrule  is  locked  on  the  tubing.  Upon  disas- 
sembly, a certain  amount  of  springbuck  takes  place  in  the 
ferrule,  and  as  lung  as  the  connector  is  not  overtorqued, 
reuse  is  acceptable.  Overtorquing  can  cause  yielding  of  the 
ferrule,  loss  of  the  ferrule,  and/or  springbuck,  and  may 
result  in  poor  sealing. 

It  has  been  found  that  machine  presetting  the  ferrule  on 
the  tubing  results  in  a better  quality  connector.  However, 
even  this  operation  requires  a certain  i,'i'gree  of  skill,  al- 
though machines  such  as  the  Weatherhead  fixed  stop  or 
Parker  hydraulic  pressure-balanced  preset  machines  are 
well  suited  for  repeatability  and  rapid,  uniform  presets. 
Another  limitation  of  this  connector  is  the  fact  that  the 
exterior  surfaces  of  the  tubing  and  ferrule  must  be  pro- 
tected from  damage  if  a leak-free  connector  is  to  be  in- 
sured. 

Flodar  Fitting.  The  Flodar  connector,  manufactured  by  the 
Flodar  Corporation  and  shown  in  Figure  5.12.3.14b,  is 
similar  to  the  MS  flareless  connector  in  external  appear- 
ance. The  Flodar,  like  the  MS  connector,  uses  a union. 


Figure  5.12.3.14a.  MS  Flareless  Connector 


Figure  5.12.3.14b.  Rodar  Connec> 'T' 

(Courtesy  ot  Flodr,  Corporation,  Cleveland,  Ortio) 


sleeve,  and  nut.  In  the  Flodar  fitting,  as  the  nut  is  tightened 
onto  the  union  the  tube  is  flared  slightly  at  the  end,  a result 
of  the  internal  pai  t of  the  union  having  a V-shaped  seat- 
ing surface.  The  sleeve  bears  against  the  back  of  the  lube 
flare  to  retain  the  tubing,  preventing  tube  “pull  out”  and 
forming  a secondary  seal.  The  rear  portion  of  the  sleeve 
is  slotted  every  itO  degrees  to  give  a “collet  grip,"  which 
aids  in  dampening  vibration. 

Swagelok.  The  Swagelok  connector,  manufactured  by  the 
Crawford  Fittings  Corporation  and  shown  in  Figure 
5.12.3.14c,  is  also  similar  to  the  MS  flareless  connector.  As 
in  the  MS  connector,  the  tube  is  seated  against  an  interna! 
shoulder  within  the  union.  However,  instead  of  a single 
piece  sleeve,  the  Swagelok  employs  two  pieces,  the  front 
ferrule  and  the  rear  ferrule,  both  of  which  are  contained 
within  the  nut. 
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Figure  5.12.3.14c.  Swagelok  Connector 

(Courtesy  of  Crawford  Fitting  Corporation,  Cleveland,  Ohio) 


Figure  S.12.3.14e.  Machined-Sleeve  Connector 

(fteference  36-11) 


Figure  5.12.3. 14d.  Sermeto  Serrated-Sieeve  Connectoi 

(Courtesy  of  The  Weatherhead  Company,  Cleveland,  Ohio) 

In  seating  the  tube  against  the  union,  the  nut  forces  the 
rear  ferrule  against  the  front  ferrule  and  both  ferrules 
bite  into  the  tube,  forcing  the  tube  against  the  inner  shoul- 
der of  the  union.  A secondary  seal  of  front  ferrule-to-union 
is  also  forr.ad  upon  tightening  the  connector  nut.  The 
double  ferrule  offers  greater  tube  holding  than  the  MS 
flareless  connector. 


Figure  5.12.3.14f.  Dynatube  Connector 

(Courtesy  of  tfesisioflex  Corporation,  Roseland,  New  Jersey) 

Sermeto  Serrated  Sleeve.  The  Sermeto  Serrated  Sleeve, 
manufactured  by  the  Weatherhead  Company  and  shown  in 
Figure  5.12.3.14d,  seats  the  tubing  against  the  inner  shoul- 
der of  the  union  in  exactly  the  same  fashion  as  the  MS 
connector.  The  sleeve  of  this  connector  is  a single  piece, 
but  is  similar  to  the  combination  of  front  and  rear  ferrule 
in  the  Swagelok  connector  in  that  it  is  contained  completely 
within  the  nut.  In  addition,  the  leading  edge  on  the  sleeve 
inner  diameter  is  serrated,  giving  a greater  cutting  edge 
area  than  a smooth  sleeve,  and  providing  additional  reten- 
tion of  the  tube. 

Machined  Sleeve.  This  type  of  connector,  as  shown  in  Fig- 
ure 5.12.3.14e,  utilizes  standard  AS  nuts  and  mating  parts. 
The  sleeve,  however,  is  a specially  machined  piece  that  is 
permanently  attached  to  the  tubing.  In  this  connector,  the 
sleeve  mates  with  the  tapered  nose  of  the  union  to  form 
the  seal.  The  machined  sleeve  connector  is  generally  con- 
sidered to  be  a stronger  connector  than  standard  AN  or 
MS  flared  connectors,  and  is  less  sensitive  to  vibration  en- 
vironments. 

Dynatube.  The  Dynatube  connector,  manufactured  by  the 
Resistoflex  Corporation  and  shown  in  Figure  6.12.3.14f, 
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utilizes  as  the  sealing  member  a specially  designed  sleeve 
which  is  directly  and  permanently  connected  to  the  tub- 
ing. The  face  of  the  sleeve  seals  against  the  union  (mating 
part)  as  the  nut  is  drawn  tight.  Internal  pressure  assists 
in  making  the  seal  during  operation.  A feature  of  this  con- 
nector is  the  small  threaded  portion  on  the  exterior  of  the 
sleeve  which  engages  the  threads  of  the  nut  when  the  fitting 
is  disconnected,  preventing  the  sealing  surface  from  being 
exposed,  as  well  as  preventing  the  nut  from  slipping  back 
on  the  tubing. 

Hi-Seal.  The  Hi-Seal  connector,  manufactured  by  Imperial 
Eastman  Corporation  and  shown  in  Figure  6.12.3.14g,  is 
composed  of  a sleeve,  a nut,  and  a union.  The  sleeve  has  a 
precision  12-degree  cone  which  slides  into  the  union  and 
provides  the  seal  as  the  nut  is  drawn  onto  the  union.  The 
nut  also  drives  the  serrated  edges  on  the  inside  of  the 
sleeve  into  the  tubing,  thus  swaging  the  sleeve  permanently 
to  the  tubing. 

Lo-Torque.  The  Lo-Torque  connector,  manufactured  by 
Parker  Aircraft  Company  and  shown  in  Figure  5.12.3.14h, 


Figure  5.12.3.14g.  H!-S«al  Connector 

(Courtesy  of  Imperial  Bastman  Corporation,  Chicago,  Illinois) 


NUT 


Figure  S.12.3.14h.  Parker  Lo-Torque  Connector 

(Courtesy  ol  Parker  Aircraft  Co.,  Los  Angeles,  California) 


is  similar  to  the  machined  sleeve  connector  previously  de- 
scribed. Generally,  the  sleeve  and  threaded  flange  are 
brazed  to  the  tubing  instead  of  being  welded. 

5.12.3.15  SEPARATE  SEAL  ( ONNECTORS.  The  separate 
seal  connector  employs  an  individual  piece,  funcil'^nally 
identical  to  a flange  gasket,  to  accomplish  connector  sealing. 
This  type  of  connector  generally  has  all  components  except 
the  seal  attached  to  the  tubing  system,  thus  the  seal  is  the 
only  “loose”  piece.  The  major  disadvantage  of  separate  seal 
connectors  is  the  possibility  of  omitting  the  seal  at  assembly. 
Several  types  of  separate  seal  connectors  are  described  in 
the  following  paragraphs. 

AFRPL  Connector.  The  AFRPL  connector,  shown  in  Fig- 
ure 5.12.3.15a,  was  developed  for  the  Air  Force  by  Battelle 
Memorial  Institute  (Reference  44-14)  to  temperature  and 
environment  specifications  beyond  the  capability  of  most 
commercially  available  connectors.  In  this  connector,  a 
separate  seal,  referred  to  as  the  “bobbin  seal,”  is  used  as 
the  sealing  member,  so  named  because  of  its  resemblance 
to  the  bobbin  of  a sewing  machine. 


SruSfNO  FLANCI 


Figure  S.12.3.1Sa.  AFRPL  Connector,  Showing  Tube-to-Tube 
Connection 


The  conical  discs  of  the  bobbin  seal  mate  with  the  plain 
stub  end  on  one  side,  and  with  the  threaded  stub  end  on  the 
other.  As  the  connector  is  tightened,  plastic  deformation  of 
the  seal  legs  occurs  on  the  radial  surfaces  and  the  neces- 
sary connector  seal  is  created.  Reuse  of  the  seal  is  not 
recommended,  since  the  sealing  surfaces  have  been  de- 
formed and  an  intimate  mating  of  surfaces  cannot  be 
guaranteed.  Depending  upon  the  materials  involved  and 
the  intended  usage,  the  bobbin  seal  may  or  may  not  be 
plated.  The  AFRPL  connector  is  normally  welded  to  the 
tube,  as  illustrated. 

Advantages  of  this  connector  are:  (1)  positive  sealing  can 
be  achieved  by  the  development  of  sufficient  sealing  stresses 
without  excessive  torque,  and  (2)  this  design  affords  a 
wide  range  of  preloading  values  and  can  be  made  to  give 
parallel  loading.  The  major  disadvantage  of  this  connector 
is  that  the  seal  must  be  replaced  after  a single  usage.  The 
connector  can  be  inspected  for  possible  seal  omission:  if 
the  seal  is  left  out,  the  nut  will  be  threaded  well  beyond 
the  thread  form  on  the  threaded  flange,  thus  providing 
obvious  detection. 
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Gamah  Connector.  This  connector,  manufactured  hy  the 
the  Gamah  Corporation  and  shown  in  Fi^re  5.12.3.16b, 
employs  a seal  member  which  is  essentially  a belleville 
spring.  Sealing  is  accomplished  by  plastic  deformation  of 
the  seal  member.  In  this  connector,  the  seal  can  be  re- 
versed and  used  a second  time,  but  further  use  is  not 
recommended.  To  achieve  a minimum  envelope  size,  the 
connector  uses  a circular  nut,  which  requires  a spanner 
wrench  for  tightening.  The  connector  parts  that  are  joined 
to  the  tubing  are  usually  swaged  on  to  the  tube,  but  may 
be  welded  or  brazed. 

Astro-Weight  Connector.  This  connector,  manufactured  by 
Harrison  Manufacturing  Company  and  shown  in  Figure 
6.12.3.16c,  utilizes  a K-seal  which  attains  sealing  by  metal- 


MCTAL  ${AL 


Figure  5.12.3.15b.  Gamah  Connector,  Showing  Tube-to-Tube 
Connection 

; Courtesy  of  Gamah  Corporatiort,  Der)ver,  Colorado) 


Figure  5.12.3.15c.  Astro-Weight  Connector  Showing  Tube-to- 
Tube  Connection 

(Courtesy  of  Harrison  Manufacturing  Co.,  Burbank,  California) 


lie  elasticity  as  well  as  pressure  energization.  Upon  as- 
sembly, the  seal  makes  intimate  contact  with  the  sleeve  and 
the  connector.  When  system  pressure  is  applied  the  seal  is 
forced  against  the  sleeve  and  the  connector  to  assist  sealing 
still  further.  The  sleeve  and  male  nut  of  the  connector  can 
be  swaged,  welded,  or  brazed  to  the  tubing. 

Roylyn  Connector.  This  connector,  manufactured  by  Roylyn 
Incorporated  and  shown  in  Figure  6.12.3.16d,  is  a four- 
piece  unit  that  generally  has  the  male  fitting  and  the 
sleeve  welded  to  the  tubing,  with  the  nut  loose  on  the  tub- 
ing but  prevented  from  falling  off  by  the  position  of  the 
sleeve.  The  separate  seal  is  of  the  belleville  spring  type. 
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Figura  5.12.3.15d.  Roylyn  Connector,  Showing  Tube-to-Tube 
Connection 

(Courtesy  of  Roylyn  Incorporated,  G/enda/e,  California) 


Rubbernek  Connector.  This  connector,  manufactured  by 
the  Chicago  Fittings  Corporation  and  shown  in  Figure 
6.12.3. 15e,  is  another  of  the  flareless  tube  type  that  em- 
ploys a special  flve-piece  sealing  and  tube-retaining  ele- 
ment in  addition  to  the  standard  union  and  connecting  nut. 
The  seal  is  molded  from  synthetic  rubber  compounds.  In 
connecting  the  nut  to  the  union,  the  retainer  and  guide 
force  the  anchor  to  clamp  the  tubing  while  the  seal  is 
forced  against  the  union.  The  anchor  is  essentially  a belle- 
ville spring  with  a sharp  edge  that  provides  the  means  for 
tube  retention. 

Aeroquip  Marman  Conoseal  Connector.  This  connector, 
manufactured  by  Aeroquip  Corporation/Marman  Division 
and  shown  in  Figure  6.12.3. 16f,  is  a four-piece  unit  that 
has  the  male  flange  and  the  sleeve  flange  welded  to  the 
tubing.  The  connector  nut  is  loose  on  the  tubing,  but  is 
prevented  from  falling  off  by  the  position  of  the  sleeve.  The 
separate  seal  is  of  the  belleville  spring  type. 
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Figure  5.12.3.15c.  Rubbemek  Connector 

(Courtasy  of  Chicago  FlWngt  Corporation,  Broadview,  iiUnoit, 
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ngure  5.12.3.151.  Aeroquip  Mermen  Conoeeel  Connector, 
Showing  Tube-to-Tube  Connection 

(Courtesy  of  Marman  Division,  Aeroquip  Corporation,  Jackson, 
Michigan) 


5.12.4  Bolted  Flange  Connectors 

5.12.4.1  GENERAL  DESCRIPTION.  Bolted  flange  connec- 
tors incorporate  the  same  three  basic  elements  found  in 
threaded  connectors:  the  seal,  the  connector-to-line  joint, 
and  the  load<arrying  structure  (see  Sub-Topic  6.12.3). 
The  outstanding  difference  between  bolted  flange  connec- 
tors and  threaded  connectors  is  the  number  of  tensile  mem- 
bers in  the  load-carrying  structure.  Whereas  threaded 
connectors  have  a single  threaded  element,  in  flanged  con- 
nectors the  tensile  load  is  normally  divided  between  four 
or  more  threaded  elements.  Static  seals  are  usually  used 
between  the  flanges,  while  the  flange  is  usually  welded  or 
brazed  to  the  line. 

Bolted  flange  connectors  can  be  generally  classed  as  having 
either  integral  or  separate  flanges  (see  Figure  6.12.4.1). 
For  the  same  flange  material,  the  integral  type  will  usu- 
ally be  lighter  than  a corresponding  separate  flange  con- 
nector ; however,  alignment  of  bolt  holes  is  easier  with  the 
separate  type  flange.  Separate  flanges  are  also  referred  to 
as  loose  or  floating  flanges.  In  some  cases  it  may  be  pos- 
sible to  select  a higher  strength  material  for  the  separate 
flange,  since  it  need  not  be  compatible  with  the  fluid  in 
the  system,  nor  weldable  or  brazable  to  the  line  material. 
With  both  integral  and  separate  flange  connectors  there 
are  numerous  possible  specific  designs  utilizing  various 
seal  and  facing  configurations,  some  of  which  are  illus- 
trated in  Figure  6.3.2.4b. 

In  the  following  detailed  topics,  some  of  the  more  impor- 
tant factors  related  to  the  design  and  selection  of  a bolted 
flange  connector  for  aerospace  applications  are  considered. 


Figure  5.12.4.1.  Integral  Flange  and  Separate  (Loose)  Flange 
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Those  basic  separable  connector  considerations  equally  ap- 
plicable to  threaded  and  bolted  flange  conn-ctors  are 
treated  under  “Threaded  Connectors’*  as  follows: 


Factor 

Detailed  Topic 

Threaded  ''’onneetor  Design 
and  Sele,  - Criteria 

5.12.3.1 

Conu.vto!  ' eload 

5.12.3.2 

Seal  Seating  Load 

6.12.3.3 

Pressure  End  Load 

6.12.3.4 

Bending  Moment  Load 

5.12.3,5 

E.xternal  Axial 
and  Torsional  Load 

5.12.3.d 

Vibration 

5.12.3.7 

Connector  Assembly 

5.12.3.8 

Contamination 

5.12.3.9 

Temperature  and  Thermal  Shock 

5.12.3.10 

Additional  Factors 

5.12.3.11 

5.12.4.2  ENVIRONMENTAL  AND  SERVICE  CONSID- 
ERATIONS. Prior  to  designing  or  selecting  any  bolted 
flanged  connector,  the  anticipated  environment  and  service 
must  be  known.  Important  parameters  include : 

a)  Maximum  and  minimum  operating  pressure 

b)  Maximum  and  minimum  operating  temperature 

c)  Chemical  compatibility  of  flange  materials  with  con- 
tained fluid 

d)  Vibration  environment 

el  Compatibility  of  flange  and  tubing  from  the  standpoint 
of  welding  or  brazing 

f)  Required  service  life,  anticipated  material  creep 

g)  Maximum  thermal  gradients  anticipated 

h)  Types  and  magnitudes  of  external  loads 
il  Maximum  permissible  leakage  rate(s) 

j | Size  and  weight  limitations. 

5.12.4.3  BOLT  TORQUING.  Bolt  torque  is  deterniined  by 
flange  preload  requirements.  The  preload  must  be  high 
enough  to  properly  seat  the  seal  and  provide  greater  com* 
pressive  strain  than  the  expected  strain  lelaxation  caused 
by  tent.ie  loads,  yet  must  not  be  too  high  so  that  over- 
stressing of  the  gasket  and/or  flange  tensile  members  re- 
sults. Parallel  gasket  loading,  described  in  Detailed  Topic 
6.12.3.’2,  protects  the  gasket  from  over-torquing,  but  also 
places  extreme  importance  on  seal  gland  design.  Estab- 
lishing the  proper  preload  value  is  essential  in  obtaining 
seal  seating  and  maintaining  a seal  during  operation.  The 
factors  that  must  be  considered  in  determining  the  re- 
quired preload  are: 

a)  Spring  constants  of  the  compression  and  tension  mem- 
bers 

b)  Minimum  compressive  load  on  the  flange  members 
needed  to  prevent  leakage 


c)  Maximum  allowable  stress  in  the  tensile  member 

d)  Magnitude  of  the  structural  loads  effects  on  thermal 
gradients. 

A detailed  discussion  of  preload  is  given  in  Detailed  Topic 
5.12.3.2. 

Table  .5.12.4.3  shows  the  relationship  between  bolt  stress 
and  torque.  It  should  be  noted  that  this  table  makes  no 
allowance  for  friction,  ttierefore  the  values  given  represent 
upper  limits,  actual  values  being  lowe»‘  dep;  iding  on  fric- 
tion. Because  of  the  loss  of  torque  caused  by  friction,  and 
the  variable  it  introduces,  every  attempt  s hould  be  made 
to  minimize  friction  by  lubricating  bolts  aad  nuts,  and  to 
avoid  the  use  of  high-friction  self-locking  nuts. 

The  sequence  of  bolt  tightening  is  dis'-yssed  in  Detailed 
Topic  5.12.4.8. 

3.12.4.4  FLANGE  DEFLECTIONS  AND  DISTORTIONS. 
Three  problems  common  to  bolted  flange  joints  which  can 
be  avoided  by  proper  flange  design  a'ld  selection  procedures 
are  (Tl  flange  rolling,  (2»  flange  scrubbing,  and  (3 1 flange 
bowing  (see  Figure  5.12.4.41.  Flange  rolling  describes  the 
teti  Jeney  of  a bolted  flanged  conneetor  to  separate  at  the 
sealing  surface  while  simultaneously  making  more  inti- 
mate contact  outside  the  bolt  circle.  Flarge  rolling  may 


Figure  S.12.4.4.  Deflections  and  Distortions  In  Flanges 
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result  where  tube  walls  are  thin  and  afford  little  resistance 
XU  rollinu’  nionients;  where  llann'es  lack  sufficieot  j igidity 
and  consexiuently  deflect  under  high  etid  loads;  or  where 
there  is  no  flange  xontact  outside  of  the  bolt  circle,  in  which 
case  the  outermost  point  of  flange  contact  serves  as  a 
fulcrum-  Flange  rolling  «.-an  be  minimized  by  making  flanges 
rigid,  by  making  the  bolt  circle  as  close  to  the  pipe  or  tube 
as  possible,  and  through  the  use  of  full  face  gaskets.  The 
adverse  effexds  of  flange  rolling  i-an  be  minimized  through 
the  use  of  raised  face  flanges. 

Flange  scrubbing  is  a x-ondition  w-here  there  is  radial  'ffs- 
placement  of  one  flange  with  respex-t  to  the  other,  i.e..  mo- 
tion of  flangx's  in  a direx-tion  perpendicular  to  the  tubing 
axis.  This  x'ondition  can  result  from  ditterx-ntial  contrac- 
tion or  expansixm  of  dissimilar  flange  matexials.  or  from 
flange  misalignment.  Scrubbing  causes  motion  at  the  seal- 
ing interfax-e.  xxhich  x-an  materially  degrade  the  seal. 

Bowing  is  a problem  that  results  from  spacing  bolts  too 
far  apart  and  or  insufficiently  rigid  flanges. 

5.12.4.5  .ALLOWABLE  BOLTED  FLANGE  t ONNECTOU 
STUESSES.  In  flange  design  where  creep  is  not  a factot . 
allowable  stresses  n»ay  be  related  to  the  short-time  yield 
stiength  of  the  material.  Yield  strength  selected  as  a basis 
for  design  should  be  that  at  the  maximum  anticipated  serv- 
ice temperature. 

.An  allowable  stress  for  flange  txxaterial,  equal  to  two-thirds 
of  the  material  yield  strength,  cotxforms  to  gx*neral  pres- 
sure vessel  design  practice.  (The  ASME  Code,  Reference 
i;8-70,  uses  02.5  percent  for  feri‘x>us  materials,  two-thirds 
for  non-ferrous  materials.  I Since  in  flanged  joints  the  cri- 
terion of  failure  involves  excessive  deformation  rather 
than  rupture,  ultimate  tensile  strength  of  the  material  is 
not  directly  considered.  Axi  allowable  stress  of  two-thirds 
of  (he  yield  strength  implies  that  at  a proof  test  pressure 
of  1.5  times  the  operating  pressure,  the  stress  may  reach 
the  yield  strength  of  the  material. 

•Allowable  bolt  stresses  no  higher  than  50  percent  of  the 
material  yield  strength  are  sugrvssted.  The  allow-able  stress 
for  bolting  is  set  lower  than  for  the  flanges  for  the  follow- 
ing reasons ; 

al  Bolts  are  loaxled  in  tension  with  no  ability  to  transfer 
load  to  some  other  part  of  the  structure  in  case  of  over- 
load 

bi  The  only  bolt  stress  calculated  is  that  due  to  the  axsal 
forces  whereas,  in  service,  the  bolts  will  have  some  bend- 
ing and  shear  '•tresses  due  to  rotation  of  the  flanges 

Cl  The  threads  on  the  bolts  form  a notch  with  accompany- 
ing ctress  intensification 

dl  In  service,  the  bx-lts  are  loaded  ia  initial  bolt  make-up 
by  tightening  xvith  a vxrench.  which  introduces  shear 
stresses  and  a reduction  in  axial  yield  strength. 

For  a proof  tx'st  pressure  of  1.5  times  the  operating  pres- 
sure. it  will  be  nx-cessary  to  tighten  the  bolts  beyond  the 
recommended  50  percxcnt  up  to  76  to  90  percent  of  their 


yield  strength.  Typical  alloxvable  stress  values  for  several 
materials  based  on  the  above  criteria  are  givx-n  in  Table 
5.12.4.5.  £•  should  be  noted  that  materials  W'hich  obtain 
their  strength  by  heat  treatmc-nt  may  be  altered  in  weld- 
ing or  brazing  flanges  to  the  tube.  However,  if  the  joining 
process  is  such  as  to  limit  the  heat-affected  zone  to  a small 
x'olunie  of  material,  design  of  the  bolted  flange  x-onnex-tion 
may  be  based  on  the  heat  treatment  properties  of  the  ma- 
terial. 

5.12.4.5  FA(  INt;  CONSIUEUATIONS.  The  subject  of 
flange  facing  types  is  discussed  in  Detailed  Topic  0.3.2.4, 
"Gland  Design,"  xvhere  seal  glands  are  claisified  as  uiix-on- 
line'i.  semi-xontiiied,  and  full.v-x-oiifined  and  are  illustrated 
in  Figure  t-.3.2.4b.  Some  additixmal  considerations  influenc- 
ing the  selection  flange  facing  are  discussed  in  the  follow- 
ing paragraphs. 

Fully  contined  ltongue-and-g:rxiovel  or  semi-x-onfined  fac- 
ings aid  in  locating  and  holding  the  gasket  during  assembly 
and  reduce  the  possibility  of  gasket  blou’out.  Also,  at  least 
one  of  the  faces  is  partially  protected  against  damage  dui‘- 
ing  handling  and  assembly  of  the  joints.  With  metal  gas- 
kets.  and  where  loxv-leakage  rates  with  gases  are  desired. 
|irotecting  the  flange  seating  surface  during  shipment, 
storage,  fabrication,  assembly,  and  possible  reassemblies, 
becomes  very  important.  The  ring  joint  or  double  groove 
facing  provide  particularly  good  protection  of  the  flange 
sealing  surfax'es. 

Where  the  joints  will  be  subjex-ted  to  high  temperatures  in 
service,  there  is  a possibility  of  partial  welding  of  metal 
gaskets  to  the  flange  faxes.  Use  of  dissimilar  metals  will 
help  to  prevent  this  pieblem,  and  in  casex;  where  fluid 
compatibility  permits,  a graphite  lubricant  film  on  the 
Seating  surfaces  may  aid  in  disassembly.  Noiiinetallic  gas- 
kets will  generally  harden  after  long  periods  of  high- 
temperatuve  service.  The  raised  face  configuration  has 
some  advantage  in  this  respect,  ssiice  a much-used  gasket 
of  this  design  can  be  removed  more  easily  than  one  with 
the  tongue-and-groove  or  sx.nixxmrtned  facings. 

5.12.4.7  BOLTING  DIMENSIONAL  DETAILS.  Tables 
5.12.4.7a  and  b give  pertinent  details  on  bolting  suitable  for 
bolted-flauged  connections  designed  for  minimum  weight. 
It  is  desirable  to  locate  the  bolts  as  close  to  the  tube  wall 
as  possible.  The  bolting  listx»d  rx-quires  a minimum  of  radial 
clearance  between  bolts  and  flange  hub  or  stub-end  wall  In 
some  instanxes  it  may  be  desirable  to  spot-face  the  hub  or 
stub  end  xvall  ta  minimize  bolt-to-tube  wall  distance.  Socket- 
head  cap  screws  are  suggested  in  small  sizes  (No.  5 
through  No.  12  .Am.  Std.  sox-ket-head  cap  screws),  and 
NAS  t>24  t!2t>  ex'ernal  wrenching  bolts  in  larger  sizes 
( U-inch  through  one  inch).  NAS-typie  bolts  are  suggested 
for  larger  sizes  sinx-e  standard  socket-head  cap  screws 
ma.v  have  inadequate  bearing  areas.  The  radial  and  be- 
tween-bolts  minimum  clearanx-es  shoxvn  in  the  table  are 
based  on  allowances  fx>r  fillets,  use  of  standard  sox*ket 
wrenches,  and  for  minimum  space  between  bolts.  The  “rule- 
of-thumb"  is  that  the  distanx-e  betxveen  bolt  holes  should 
be  at  least  equal  to  the  bolt  hole  diameter. 
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Table  5.12.4.5.  Typical  Allowable  Stress  Values  Using  the  Following  Criteria: 
i^llowable  Stress  for  Fianges  = Two-Thirds  Yield  Strength 
Allowable  Stress  for  Bolts  = One-Half  Yield  Strength 


Moteriol 

Allowable  Stress  for 
Indicated  Temperature,  psi 

(Yield  strengths  ore  specified  •tiinimums) 

*■ 

Up  to 
100°F 

150°F 

200  °F 

250  °F 

Aluminom  olloy,  6061 -T6 

35.000- psi  yield  strength 

38.000- psi  ultimote  tensile  sirength 

Flanges 

23,300 

23,000 

22,700 

21,900 

Bolts 

17,500 

17,200 

17,000 

16,400 

Alumir  urn  alloy,  2014-T6 

55.000- psi  yield  strength 

66.000- psi  ultimote  tensile  strength 

Flanges 

36,700 

35,800 

34,500 

31,200 

Bolts 

27,500 

26,800 

25,700 

23,400 

Up  to 
I00®F 

300  ®F 

500  °F 

700°F 

Type  347,  annealed  stoinless  steel 

35.000- psi  yield  strength 

75.000- psi  ultimate  tensile  strength 

Flonges 

23,300 

20,000 

18,900 

18,900 

Bolts 

17,500 

15,100 

14,200 

14,200 

Type  301,  cold-rolled  stoinles'  steel 

90.000- psi  yield  strength 

115.000- psi  ultimate  tensile  strength 

Bolts 

45,000 

40,000 

38,000 

36,000 

Up  to 
100®F 

300  ®F 

500  *^F 

600  °F 

AM  355,  precipitotion  hardened 
I50,000“psi  yield  strength 
290,000-psi  ultimote  tensile  strength 

Flanges 

100,000 

.5,000 

79,000 

73,000 

Bolts 

75,000 

63,000 

59,000 

54.000 

u. 

oo 

400  ®F 

600  ®F 

U. 

o 

o 

o 

CO 

J 

Rene'  41,  nick  el -base  olloy 

130.000- psi  yield  strength 

170.000- psi  ultimate  tensile  strength 

Flanges 

86,000 

84,000 

82,000 

80,000 

Bolts 

65,000 

63,000 

61 ,000 

60,000 
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Table  5.12.4.7a.  Flange  Bolting  Dimensions  for  Socket  Head  Capscrews 


Nominal 

Size* 

(in.) 

Tiireods 

per 

inch 

Root  Area, 
(sq.  in.) 

Radial 

Clearance, 

•^R 

Minimum 

Space, 

Rs 

Hole 

Size, 

dh 

Moxirnum 
Head  Diameter 
(in.) 

*'5 

44 

0.00716 

0.132 

0.396 

0.141 

0..200 

»6 

40 

0.00874 

0.143 

0.429 

0.152 

0.221 

*'8 

36 

0.01285 

0.165 

0.495 

0.180 

0.265 

*'10 

32 

0.0175 

0.186 

0.558 

0.209 

0.306 

**12 

28 

0.0226 

0.202 

0.606 

0.240 

0.337 

1/4 

28 

0.0326 

0.259 

0.657 

0.281 

0.438 

5/16 

24 

0.0524 

0.306 

0.796 

0.344 

0.531 

3/8 

24 

0.0809 

0.365 

0.974 

0.406 

0.649 

7/16 

20 

0.109 

0.415 

1.125 

0.469 

0.750 

1/2 

20 

0,149 

0.464 

1.242 

0.532 

0.828 

9/16 

18 

0.189 

0.519 

1.407 

0.594 

0.938 

5/8 

18 

0.240 

0.575 

1.575 

0.687 

1.050 

3/4 

16 

0.351 

0.665 

1.845 

0.812 

1 . 230 

7/8 

14 

0.480 

0.779 

2.157 

0.937 

1.438 

L' 

12 

0.625 

0.870 

2.437 

1.062 

1.620 

* Sizes  through  *'12,  American  Standard  Socket  Head  Cap  Screws,  ASA  B1 8. 3-1954 
R|^  = (Max  Head  Dio./2)  + 0.030  inches 

Rs  = 3 

Sizes  1/4"  through  1"  Dimensionally  to  Notional  Aircraft  Standards,  NAS  624  through  636 
R|^  = 1/2  ( ‘.Aoximum  Head  Diameter)  +0.040  inches  for  1/4"  through  7/16"  nominal 

;i:te 

1/2  (Maximum  Head  Diometer)  + 0.050  inches  for  1/2"  through  3/4"  nominal 
size 

1/2  (Maximum  Head  Diameter)  + 0.060  inches  for  7/8"  and  1"  nominal  size 
Rj  = 1.5+  Maximum  Head  Diameter 
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Table  5.12.4.7b.  Estimaf  ion  of  Bolt  Size  and  Spacing  for  Externai-Wrenching  Bolts 

(Reference  46  29) 


(!.' 

Total  Bolt  Area 
(Bolt  Circle  Radius) 

(2) 

Bolt 

Size 

(in.) 

(3) 

Root  Area 

(4) 

Bolt  ^ 
Spacing 
(in.) 

(5) 

Edge 

Distance 

(in.) 

Fine 

(in.) 

Coarse 

(in.) 

8-Thread 

(in.) 

Fine 

(in2) 

Cot  rse 
(in7) 

8-Thread 

(in2) 

0.273 

0,225 

- 

1/4 

0.0326 

0.0269 

- 

3/4 

3/8 

0.406 

0.352 

- 

5/16 

0.0524 

0.0454 

- 

13/16 

7/16 

0.508 

0.426 

- 

3/8 

0.0309 

0.0673 

- 

1 

1/2 

0.609 

0.521 

- 

7/16 

0.1090 

0.0953 

- 

1-1/8 

9/16 

0.748 

0.633 

- 

1/2 

0.1486 

0.126 

- 

1.25 

0.62 

1.007 

0.845 

- 

5/8 

0.2400 

0.201 

- 

1,50 

0.75 

1.262 

1.083 

- 

3/4 

0.3513 

0.302 

- 

1.75 

0.81 

1.464 

1.278 

- 

7/8 

0.4805 

0.419 

- 

2.06 

0.94 

1.74: 

S.537 

1.537 

1 

0.6245 

0.551 

0.551 

2.25 

1.06 

2.040 

1.740 

1.828 

1-1/8 

0.8118 

0.693 

0.728 

2.50 

1.12 

2.29 

1.988 

2.08 

1-1/4 

1,024 

0.890 

0.929 

2.81 

1.25 

2.69 

2,16 

2.37 

1-3/8 

1.260 

1.054 

1 155 

3.06 

1.37 

2.94 

2.50 

2.71 

1-1/2 

1.521 

1.294 

1.405 

— ^ — — 1 

3.25 

1.50 

This  spacing  can  be  reduced  with  internal -wrenching  bolts,  or  by  use  of  special  thin-wall  wrenches, 
causing  an  appreciable  reduction  in  flar^ge  weight,  since  the  bolt  size  con  be  reduce-*  one  or  two  sizes. 


A maximum  spacint;  between  bolts  equal  to  2(d,,  + tl  is 
suggested,  where  d,,  is  the  bolt  hole  diameter  and  t is  the 
flange  thickness.  If  bolts  are  too  far  apart,  flange  bowing 
may  result  in  gasket  leakage. 

Bolting  shown  in  Table  5.12.4.7a  may  be  used  with  nuts,  or 
the  bolts  may  be  studded  into  tapped  holes  in  a mating 
flange.  The  studded  design  is  advantageous  from  the  stand- 
point of  assembly,  and  provides  a slight  weight  reduction. 
Use  of  bolts  and  nuts  also  permits  easier  replacement  in 
case  of  damaged  or  seized  threads.  This  is  a particularly 
important  consideration  if  disassembly  and  re-assembly  are 
required  after  service  at  high  temperature  or  under  a hard 
vacuum,  since  thread  seizing  under  these  conditions  is  a 
strong  possibility. 

.5.12.4.8  BOLTED  FLANGE  CONNECTOK  HANDLING 
AND  .ASSFiMBLY.  Bolt  load  should  be  controlled  by  using 
a torque  rvrench  when  tightening  bolts.  Since  torque-bolt 
load  relationships  vary  with  such  factors  as  material. 


thread  class,  surface  finishes,  and  lubricant,  the  relation- 
ship for  the  particular  combination  of  bolting,  surfaces, 
and  lubricant  should  be  checked.  The  magnitude  of  bolt 
torque  to  be  used  Is  covered  in  Detailed  Topic  5.12.4.3. 

To  facilitate  proper  assembly,  whether  using  a nut  and 
bolt  or  a stud-end  nut  arrangement,  it  is  necessary  to  clean 
the  threads  and  to  be  sure  that  the  nuts  do  not  bind  when 
assembled.  Flange  seating  surfaces  and  gasket  should  be 
checked  for  cleanliness.  The  gasket  should  be  carefully 
placed  in  position  and  all  bolts  inserted  and  tightened 
finger  tight.  Bolts  should  then  be  tightened  in  sequence,  as 
indicated  in  Figure  5.12.4.8.  The  number  of  tightening 
rounds  (the  number  of  times  each  bolt  is  tightened  i;i  se- 
quence! will  vary  depending  upon  the  specific  application. 
With  some  aerospace  applications  involving  o-rings,  it  is 
standard  practice  to  torque  ail  bolts  to  ll'O  pei  cent  of  final 
torque  on  the  first  round.  In  other  instances,  such  as  some 
critical  joints  using  laminated  .asbestos  gaskets,  bolts  are 
torqued  down  in  increments  of  10  percent  < f final  torque 
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per  routed.  The  majority  of  aerospace  applications  call  for 
bolt  tightening  in  increments  of  one-third  or  one-fourth  of 
unal  torque  per  round.  It  is  desirable  to  recheck  the  bolt 
torque  after  a period  of  24  to  48  hours  and,  if  possible, 
after  a short  period  of  operation  under  service  conditions. 


Figure  5.12.4.8.  Example  of  Bolt-Tightening  Sequence 


5.12.4.9  GASKET  CONSIDERATIONS.  The  types  of  gas- 
kets employed  with  flanges  consist  generally  of  fl)  an- 
nular ring  gaskets,  (2)  pressure  energized  gaskets,  and 
(3)  full  face  gaskets.  The  most  widely  used  gasket  for 
bolted-flange  conuections  is  the  annular  ring  type.  The 
pressure  energized  gasket  (gaskets  with  sealing  action 
aided  by  internal  pressures)  are  shown  in  Table  6.3.3.6b, 
(Sub-Section  6.3).  Full  face  gaskets  generally  require  higher 
bolt  loads  than  comparable  connections  using  “inside  gas- 
kets” (i.e.,  annular  ring  gaskets).  Disadvantages  of  full 
faced  gaskets  include  less  tolerance  against  thermal  gra- 
dients and  a tendency  for  the  load  on  the  gasket  to  be 
concentrated  at  the  bolt  holes  and  on  the  portion  of  the 
gasket  outside  the  bolt  circle.  Full  faced  gaskets  are  widely 
used  for  mild  service  conditions,  but  seldom  tor  ssweiv 
service  conditions  involving  either  high  (above  450=F)  or 
low  (cryogenic)  temperatures,  or  pressures  above  300  psig. 

Gasket  thickness  must  be  sufficient  enough  to  provide  ade- 
quate “conformity,"  since  thicker  gaskets  generally  are 
able  to  conform  to  surface  scratches  and  to  compensate  for 


sealing  waviness.  However,  gaskets  must  be  thin  enough 
to  provide  stability  and  prevent  “blowout"  when  residual 
stresses  are  low  and  internal  pressures  high. 

Two  important  design  criteria  related  to  gaskets  and  their 
proper  selection  are  (1)  seating  stress,  and  (2)  residual 
stress.  Suggested  design  values  for  seating  stresses  are 
given  in  Detailed  Topic  6.3.3.2. 


5.12.4.10  FLANGE  DESIGN  PROCEDURES.  Step-by-step 
design  procedures  for  bolted  flanges,  specifically  oriented 
toward  aerospace  applications,  are  coiitained  in  the  follow- 
ing documents: 

“Tentative  Separable  Connector  Design  Handbook,” 
Contract  NAS  8-4012  .Advanced  Technology  Labora- 
tories, General  Electric  Company  (46-29) 

“Development  of  Mechanical  Fittings,  Phases  I and  II,” 
Technical  Documentary  Report  RTD-TDR-63-1115, 
Battelle  Memorial  Institute  (44-14) 

Other  references  dealing  with  bolted  flanged  connector  de- 
sign for  general  applications  are: 

Taylor  Forge  Bulletin  502,  6th  iCstion  (V-367) 
ASME  Boiler  and  Pressure  Vessel  Code, 

Section  VIII  (68-70) 

5.12.4.11  RING  CLAMP  FLANGES.  Ring  clamps  (see  Fig- 
ure 5.12.4.11)  were  devised  in  an  attempt  to  duplicate  a 
flanged  connection  without  using  a great  number  of  bolts. 
Generally,  the  ring  clamp  is  made  of  two  mating  flanges 
with  tapered  outer  surfaces,  over  which  is  fitted  a split 
hoop  whose  inside  surfaces  are  tapered  at  the  same  angle 
as  the  flange.  Small  projections  with  bolt  holes  are  pro- 
vided where  the  two  halves  of  the  hoop  are  mated;  usually 
two  bolts  are  used,  but  if  one  side  of  the  ring  is  pivoted,  a 
single  bolt  may  be  used.  When  the  bolt(s)  are  tightened, 
a clamping  force  normal  to  the  tapered  faces  is  imposed. 
The  axial  component  of  the  clamping  force  is  the  only 
force  available  for  sealing  and  preloading.  The  ring  clamp 
is  used  extensively  for  many  commercial  applications  and 
has  been  used  in  micsile  systems,  usually  for  large-diameter, 
low-pressure,  lightweight  joints.  Its  major  limitations  are: 

a)  It  is  difficult  to  attain  high  preloads  and  control  initial 
preload  within  narrow  limits.  This  is  largely  due  to  the 
friction  in  the  V-band  clamp,  which  results  in  uneven 
loading  around  the  circumference. 

b)  The  weight  of  a fitting  of  this  type  would  far  exceed 
that  of  standard-type  flanges  for  high-pressure  applica- 
tions. 

Advantages  of  ring  c!amp  flanges  include  speed  of  assembly 
or  disassembly,  and  the  lack  of  requirements  for  wrench 
accessability  around  the  entire  perimeter  of  the  connector. 
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Figure  5.12.4.11.  Typical  Ring  Clamp 

(Couffosy  ot  fy'stmon  Divis>Of^.  Aefoooip  Corporation.  Lo^  Angeles. 
Cahtorma) 

Ring  clamp  flanges  may  be  expected  to  perfm-m  well  in 
those  non-critical  low-pressure  applications  requiring  fre- 
quent disassembly,  especially  in  large  diameters  which 
would  require  either  large  numbers  of  bolts  or  heavy 
flanges  (for  stitfnessl  if  conventional  bolted-flange  designs 
were  used. 

5.12.5  Brazed  Joints  and  Connectors 

5.12.5.1  GENER.4L.  Bra^ed  joints  are  bei-  sed  increas- 
ingly in  aerospace  fluid  system  applicatici  because  cf 
their  advantages  of  (ow  leakage  under  extremes  of  tem- 
perature. pressure,  and  %dbration  while  providing  a capa- 
bility for  disconnecting  and  rejoining.  Brazing  is  used  in 
making  tube-to-conaector  joint"  'n  both  threaded  and 
flanged-type  connectors,  as  well  as  to  perform  both  the 


joining  and  sealing  functions  in  brazed  connectors.  Brazed 
connectors  include  a variety  of  brazed  sleeves  used  for 
joining  tubing.  This  sub-topic  describes  various  brazed 
connector  configurations,  and  considers  brazed-joint  desig 
and  installation  parameters. 

5.12.5.2  THE  BR.4Z1NG  PROCESS.  Brazing  is  a metal- 
joining Operation  performed  at  temperatures  ranging  be- 
tween those  of  welding  and  soft  soldering,  with  soft 
soldering  temperatures  considered  to  be  below  800  F.  Braz- 
ing differs  from  welding  in  that  ( 1 ) bonding  results  from 
wetting  ratlier  than  melting  the  base  alloy,  (2)  the  brazing 
filler  metal  (brazing  alloy)  is  made  to  flow  into  the  joint 
capillary,  and  (3)  the  brazing  filler  metal  is  an  alloy 
having  a composition  different  from  that  of  th<-  metals 
being  joined.  Almost  all  similar  metals  and  alioys,  or 
metals  and  alloys  with  similar  coefficients  of  expansion 
above  1100  F,  may  be  joined  by  brazing. 

The  American  Welding  Society  and  the  American  Society 
for  Testing  Materials  list  brazing  filler  metals  under  the 
following  seven  classifications: 

1)  Aluminum-silicon  (used  only  on  grades  of  aluminum 
with  relatively  high  melting  temperatures) 

2)  Copper-phosphorous  ( used  primarily  for  joining  copper 
and  copper  alloys) 

3)  Silver  (used  on  virtually  all  fer-ous  and  non-ferrous 
metals  except  aluminum,  magnesium,  and  several  other 
low  melting-point  metals) 

4)  Copper-gold  (used  primarily  in  electron  tube  assembly) 

5i  Copper  and  copper-zinc  (used  for  joining  both  ferrous 
and  non-ferrous  metals) 

C)  Magnesium  (used  for  magnesium  alloy  base  material) 

7)  Heat-resistant  brazing  filler  metals  (used  primarily 
where  extreme  heat  or  corrosion  resistance  is  required). 

There  are  other  special  purpose  filler  metals  in  addition  to 
these  seven  classes,  some  of  which  are  listed  in  the  Weld- 
ing Handbook,  4th  Edition,  Section  3,  Chapter  48,  (Refer- 
ence 504-2). 

Some  of  the  commonly  used  filler  metals  are  listed  in 
Table  5.12.5.2,  along  with  their  composition  and  working 
temperature  range. 

5.12.5.3  BRAZED  CONNECTOR  DESIGN  FACTORS. 
Proper  design  (or  selection)  of  a brazed  connector  demands 
consideration  of  several  factors,  some  of  the  more  im- 
portant of  which  are  discussed  in  the  following  paragraphs. 

Braze  Alloy  Compatibility  with  Tube,  Connector,  and 
Fluids.  Compatibility  of  a braze  alloy  with  tubing  and 
connector  matei  iais  should  be  considered  in  terms  of  wstia- 
bility,  flow,  and  corrosion.  The  weUabiiity  and  flow  char- 
acteristics of  candidate  brazing  alloys  may  be  determined 
by  heating  small  specimens  of  tne  tube  and  fitting  mate- 
rials on  which  have  been  placed  samples  of  the  brazing 
alloy.  The  specimens  are  heated  to  progressively  higher 
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Table  5.12.5.2.  Com,  ositku  i Melting  Temperatures  and  Brazing  Temperatures  of  Common 
Brazing  Alloys 

(Reierence  320-7) 


Brazing 

Alloy 

Chemicol  Composition  (Percent) 

Melting 

Temperature 

Ronqe 

(^F) 

Minoinum 

Recommended 

Brazing 

Temperature 

(°F) 

Au 

Ag 

Ni 

Pd 

Cr 

Co 

Si 

Li 

B 

Fe 

72Ag-28Cu-Li 

- 

71.8 

- 

- 

- 

28 

- 

0.2 

- 

- 

14t0 

1430 

72Ao-22Ni-6Cr 

72 

- 

22 

- 

6 

- 

- 

- 

- 

- 

1785  to  1835 

1950 

35Ao-3Ni-62Co 

35 

- 

3 

- 

- 

62 

- 

- 

- 

- 

1787  to  1886 

1890 

82AU-18NI 

82 

- 

18 

- 

- 

- 

- 

- 

- 

- 

1742 

1850 

isIi-Cf-B 

- 

- 

G1.5 

- 

15 

- 

- 

- 

3.5 

- 

193*3 

2150 

Ni-Cr-B-3i-Fe 

- 

- 

83.5 

- 

6 

- 

- 

3 

2.5 

1830 

1900 

60Pd-4ONi-0.3Li 

- 

- 

40 

59.7 

- 

- 

- 

0.3 

- 

- 

2*00 

2150 

82AO-1 8Ni-LI 

81.7 

- 

18 

- 

- 

- 

- 

0.3 

- 

- 

1>lv 

1825 

70Mo-22Nt-8Pd 

70 

- 

22 

8 

- ,,.l 

- 

- 

- 

- 

- 

1825  to  1910 

1950 

Table  5.12.5.3.  Wettability  and  Rom  of  Braze  Alleys 

(Reference  3S0-7) 


Base  (Tube) 
Moterial 

Brazing  Alloy 

Westability 

Flow 

AISI  Type  321  or  347 

72Ag-28Cu-Li 

Good 

Good 

Stoinless  Steel 

72Au-22Ni-6Cr 

Good 

Fair 

82Au-18Ni 

Good 

Fair 

AM  350  Stainless  Steel 

72  Aq-28Cu-Li 

Good 

Good 

82Au-18Ni-Li 

excellent 

Excel  lent 

72Au-22Ni-6Cr 

Good 

Fair 

35Au-3Ni-62Cu 

Good 

Fair 

82Au-18Ni 

Good 

Foir 

Rene*  41 

60Pd-40Ni-0.3Li 

Good 

Good 

Ni-Cr-B 

Fair 

Poor 

Ni-Cr-B-Si-Fe 

Fair 

Poor 

82Au-18Ni-Li 

Excellent 

Excellent 

70Au-22Ni-8Pd 

Excellent 

Excellent 
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temperatuivs  in  a covitroi.ed  atmosphere  furnace  and,  after 
the  desired  temperature  is  reached,  are  withdrarvn  from 
the  furnace  in  order  to  evaluate  the  melted  braze  alloys. 
Unaided  visual  examination  v.-ill  reveal  how  well  the 
braze  alloy  flows,  and  to  what  dejcree  the  specimen  tube 
metal  surface  has  been  wetted.  Microj^raphic  exannnatioii 
will  show  how  well  the  braze  metal  and  the  base  metal 
have  joined.  The  wettability  and  How  characteristics  of 
several  brazing  alloys  and  companion  tubing  materials  are 
presented  in  Table  5.12.6.3.  Although  the  results  of  this 
type  of  test  are  qualitative  ir  nature,  they  establish  both 
the  wetting  compat.bility  and  an  approximate  brazing 
tempemture  of  the  braze  alloy  and  tube  materials. 

The  effect  of  braze  alloy  on  the  base  metal  is  of  particular 
concern  when  brazing  3t)t)-series  stainless  steels,  for  the 
use  of  certain  bi’aze  alloys  with  stainless  steel  can  lead  to 
intergrannular  attack  of  the  steel  by  the  alloy.  Anevher 
problem  in  selecting  a brazing  alloy  is  the  possibility  of 
Carbide  precipitation,  caused  by  the  alloy,  w’hich  results  in 
reduced  corrosion  resistance.  Unless  special  protection  is 
to  be  provided,  the  braze  alloy  selected  must  be  compatible 
with  the  fluids  with  which  it  is  to  be  used,  just  as  the  tube 
and  Connector  materials  must  be  compatible. 

Strength  of  Brazed  Joint.  For  a particular  application,  the 
selection  of  a specittc  alloy  should  be  I ' upon  e.xperi- 
eiice  of  previous  users,  or  upon  results  i preliminary 
block-shear  test,  conducted  to  determine  the  joint  strength 
and  Using  the  specilic  metals  involved.  Details  on  how 
these  tests  may  be  conducted  are  included  in  Reference 
320-T.  Figure  5.12.5.3a  is  a plot  of  shear  strength  versus 
temperature  for  palladium-nk-kel-lithium.  gold-nickel,  and 
silver-copper  based  braze  alloys.  These  alloys  are  used  in 
design  of  tube  joints  for  rocket  propulsion  Huid  systems. 
The  figure  shows  that  the  palladium-nickel  based  alloy 
e.vhibits  greater  strength  than  the  silver  attd  gold  based 
alloys. 


Figure  5.12.5.3a.  Block  Sheai-  Strength  Versos  Temperature 
Prcpertias  of  Braze  Alloys 

(Refeter  ^^  320-7'> 


Connector  Wall  Thickness.  The  wall  thickness  of  brazed 
joint  sleeves  will  vary  depending  upon  the  design  config- 
uration. Sleeves  whicli  have  no  braze  alloy  retention 
grooves,  or  grooves  which  are  outboard  of  the  prepared 
surfaces,  need  not  Iluve  wall  thicknesses  any  greater  than 
the  wall  thickness  of  the  tubing  being  joined.  Sleeves 
which  have  braze  alloy  retention  grooves  cut  in  the  middle 
of.  <jr  inboard  from,  the  prepared  surfaces  sliould  generally 
have  a wall  thickness  equal  to  or  greater  than  the  tubing, 
to  compensate  for  the  stress  concentrations  caused  by  the 
‘ ••are  alloy  grooves. 

Connector  Length.  The  lengths  of  the  brazed  connector 
sleeve  and  the  prepared  surfaces  are  critical  to  the 
strength  of  the  brazed  joint.  Primary  concern  is  that  the 
joint  b--  able  to  withstand  bending  loads,  together  with 
axial  loading,  which  tends  to  pull  the  tube  ends  out  of  the 
sleeve.  This  combined  loading  coiiditioi  is  the  result  of 
stresses  produced  by  a vibration  and  ul  impulse  environ- 
ment while  the  tubing  is  under  full  internal  pressure. 
Development  of  the  maximum  percentage  of  tube  strength 
under  rtexure  and  impulse  loading  at  elevated  temperatures 
is  probably  the  most  ditticult  test  which  b»azed  fittings, 
must  pass.  Under  sucli  conditions  tlie  tubiiig  tends  to  fail 
just  at  the  point  where  it  enters  the  fittings.  To  overcome 
this  tendency,  til  the  ends  of  the  fittings  are  tapered  or 
stepped  to  relieve  stress  concentrations,  and  l‘2)  the  flow 
of  brazed  alloy  is  usually  stopped  sliort  of  the  end  of  the 
Connector  by  concentrating  the  biaziag  lieat  towards  the 
center  of  the  sh-t  ve.  or  by  nsilig  sleeve  locating  lands  foly^ 
capillary  control.  Concentrating  the  heat  toward  the  center 
helps  to  prevent  tliernuil  Jegi  adatioii  of  the  strcngtli 
properties  of  the  tubing  at  the  location  where  it  enters 
the  cotlllec;<  s‘  sleeve. 

The  shear  strength  of  tli  ■ brazing  alloy  and  accessability 
give  a first  appro.'aniation  for  sizing  the  • ounector  sleeve 
length. 

Tube  Sizing.  Machine  sizing  of  tubing  and  connectors  is 
getieially  required  to  control  the  variation  in  dianietrial 
spacing  between  the  braze  connector  and  the  tube  OD. 
Sizing  is  also  necessary  because  the  tolerances  on  diameter 
and  roundiiess  of  commercial  tubing  are  not  within  those 
required  to  form  a s-.itisfactory  capillary  gap  between  the 
brazed  connector  and  tubing  wall. 

Tube  sizing  can  be  accomplished  satisfactorily  in  a num- 
ber of  ways,  such  as  by  the  use  of  hvdiaulie  presses  and 
sizing  dies,  swaging  operations,  machining,  and  hand  ilt- 
tiiig.  The  first  three  methods  require  the  use  of  fairly 
heavy  forming  equipment,  used  primaiTy  for  in-shop 
wc«rk.  In  field  inain.eiiance  and  repair  operations,  howei'er. 
hand  sizing  methods  using  portable  sizing  tools  are  gen- 
erally employed.  One  configuration  of  hand  sizing  tool 
using  an  er’dcssive  ca'ctridgc  is  shown  in  Figure  5.32.5.3b. 
The  energy  required  to  size  the  tubing  is  obtained  by  the 
expansion  of  gases  from  a .22,  .32.  or  .38  caliber  cartridge. 
Hig!i  energy  tube  sizing  toeds  such  as  this  can  be  used  in 
the  field,  piroviding  normal  safety  precautiems  ale  ob- 
served. The  tools  may  be  fitted  with  a variety  of  split  dies 
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Tigure  5.12.5.3b.  Portable  High-Energy  Tube-Sizing  Tool 

(Relerence  320  '’: 

to  held  the  tubing  to  correct  diameter  and  wall  thickness. 
These  tools  are  designed  to  size  tubing  to  0.010  (-i-0.003, 
—0.000)  inches  above  the  nominal  tubing  diameter.  Sizing 
tools  have  been  made  for  tubing  up  to  approximately  2 
inches  in  diameter  with  wall  thicknesses  up  to  approxi- 
mately 0.065  inches.  For  heavier  wall  thicknesses  sizing  is 
usually  accomplished  by  machining. 

Clearance  Between  Members  of  the  Joint.  The  clearance 
between  members  of  the  joint  determines  the  thickness  of 
the  alloy  film  that  will  be  formed  between  the  parts  during 
brazing,  and  thus  has  an  important  influence  on  the  joint 
strength.  The  clearance  must  be  large  enough  to  allow 
entrance  of  the  molten  braze  alloy,  and  escape  of  the 
molten  flux  and  gases  developed  during  heating.  On  the 
other  hand,  if  the  joint  clearance  is  too  large,  the  braze 
alloy  will  not  flow  in  the  joint  by  capillary  attraction. 
Clearance  should  normally  be  in  the  range  of  0.001  to  0.005 
inches,  and  should  be  maintained  at  the  brazing  tempera- 
ture to  get  proper  flow. 

When  determining  what  clearances  to  use  for  brazing 
dissimilar  metals,  the  thermal  expansion  of  the  parts  must 
be  considered,  allowing  sufficient  clearance  for  entrance  of 
the  braze  alloy  at  the  brazing  temperature. 

Line  Size.  The  <ine  size  limitation  for  brazed  connectors 
depends  on  design  parameters  which  include: 

a)  Total  expected  end  loading 

b)  Braze  alloy  material  available 

c)  Shear  strength  of  braze  alloy 

d)  Power  requirements  to  accomplish  a satisfactory  braze 
joint. 

While  brazed  tube  connections  have  been  made  in  line 
sizes  ranging  up  to  six  inches  in  diameter,  non-aerospace 
applications  have  utilized  brazing  of  much  larger  diameter 
joints,  such  as  in  the  copper  ducting  of  steam  condenser 


cooling  water  systems.  In  considering  the  application  of 
brazed  connectors  to  any  particular  line  size,  the  expected 
design  end  loads  will  determine  the  lower  limits  of  strength 
required  by  the  brazed  joint,  making  it  possible  to  provide 
a suitable  braze  alloy  for  the.se  strength  limitations.  Once 
this  information  has  been  obtained,  it  is  then  necessary  to 
determine  whether  or  not  sufficient  heat  and/or  power  can 
be  provided  to  accomplish  the  brazing  operation.  Heat 
rate  and  power  requirements  are  discussed  further  in 
Detailed  Topic  5.12.5.4. 

Theoretically,  there  is  no  upper  limit  of  line  diameter  for 
brazed  joints,  nor  for  the  length  of  the  braze  sleeve. 
Normal  practice,  as  recommended  in  Reference  320-7,  is 
for  braze  sleeve  length  not  to  exceed  1.5  times  the  line 
outside  diameter.  For  any  given  braze  sleeve  length-to- 
diameter  ratio,  it  is  apparent  that  the  maximum  system 
pressure  is  not  a function  of  line  diameter,  since  the  total 
shear  area  of  the  connector  will  increase  as  the  line 
diameter  increases,  at  the  same  rate  as  will  the  cross- 
sectional  area  of  the  line.  .\t  the  larger  diameters,  how- 
ever, it  may  be  found  that  the  problems  associated  with 
applying  the  necessary  heat  to  accomplish  the  brazing 
operation  will  limit  line  diameters  more  often  than  will 
the  length  of  braze  sleeve  and  the  larger  number  of  braze 
rings  required  with  longer  sleeves. 

5.12.5.4  BRAZING  PARAMETERS.  Important  brazing 
parameters  which  affect  considerably  the  degree  of  success 
in  making  a brazed  tube  joint  are: 

a)  Parameters  Independent  of  Material  Properties 

Surface  cleanliness 

Atmosphere  control 

Heating  rate  and  power  requirements 

b)  Parameters  Dependent  on  Material  Properties 

Connector  sleeve  design 

Induction  heating  coil  design  (or  other  heat  source) 

Tube  sizing 

Those  parameters  independent  of  material  properties  are 
discussed  in  the  following  paragraphs. 

Surface  Cleanliness.  An  effective  tube  braze  cannot  be  made 
unless  conditions  of  absolute  cleanliness  are  maintained. 
Impurities  or  foreign  deposits  on  surfaces  to  be  brazed 
will  decompose  upon  heating  and  give  off  contaminating 
and  bubble  forming  gases,  thus  leaving  residues  which 
prevent  adhesion  of  the  brazing  alloy.  Procedures  for  pre- 
braze cleaning  of  high  strength  stainless  steel  alloys  are 
outlined  in  Reference  320-7. 

Atmosphere  Control.  An  inert  gas  envelope  or  fluxing  is 
necessary  for  tube  brazing,  in  order  to  minimize  oxidation 
of  the  metal  surfaces  and  provide  maximum  possible  ad- 
hesion of  the  brazing  alloy.  Any  one  of  several  different 
methods  may  be  used  for  inert  gas  shielding,  all  of  which 
are  generally  based  upon  providing  a plenum  chamber  of 
some  form  around  the  brazed  area,  which  is  then  purged 
and  kept  under  a positive  pressure  with  inert  gas  such 
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Figure  5.12.5.4^  Schematic  of  Tube  Joining  Induction 
Coil  and  Plenum  Chamber 

(Reterence  320  ?) 


Heat  Uate  and  Power  Ke<|uirements.  induction  heating  is 
cuiTeritly  the  most  widely  used  method  of  generating  heat 
for  in-place  fluid  systems  brazing.  Methods  such  as  re- 
sistance heating,  gas  torches,  furnaces,  and  exothermic 
reactions,  are  also  used,  but  to  a lesser  extent.  Induction 
heating  is  a process  by  vliieh  lieat  is  produced  in  a metal 
which  is  in  proximity  to  a rapidly  varying  magnetic  field 
produced  by  an  alternating  current.  The  heat  is  genei’ated 
by  the  resistance  of  the  metal  to  the  flow  of  eddy  currents 
induced  by  the  varying  magnetic  field,  and  also  because  of 
hysteresis  effects  in  the  metal.  The  required  magnetic  field 
is  produced  by  conducting  high  frequency  current  through 
a work  coil,  or  inductor,  which  acts  as  the  primary  winding 
of  a simple  ti’ansformer,  while  the  workpiece  acts  as  a 
secondary.  By  shaping  the  coil  properly,  the  heat  can  be 
localized,  or  spread  throughout  the  work,  as  required.  The 
work  coil  may  consist  of  a single  turn,  or  of  many  turns, 
depending  on  the  desired  heat  pattern,  the  work  material, 
the  current  frequency,  and  the  distance  from  the  coil  to 
the  work.  Heat  distribution  patterns  can  be  obtained  which 
are  not  possible  with  conventional  methods  of  heating. 


as  nitrogen,  helium,  or  argon  (see  Figure  5.12.6.41.  In 
addition,  it  is  usually  necessary  to  purge  the  inside  of  the 
tubing  with  the  same  inert  atmosphere.  Inert  gas  pressure 
inside  and  outside  of  the  brazed  joint  should  be  the  same, 
so  that  no  gas  can  pass  throUt,n  the  molten  brazing  alloy, 
causing  voids  or  the  expelling  of  molten  brazing  alloy  from 
the  joint  capiUai”; 

The  inert  gas  used  for  purging  during  brazing  operations 
must  be  free  of  moisture.  If  even  small  amounts  of  water 
are  present  in  the  purge  gas,  the  continuous  flow  intro- 
duces enough  moisture  in  the  braze  area  to  create  a serious 
contamination  problem.  To  prevent  this,  a drying  train 
should  be  used  in  the  inert  gas  feed  systems  to  insure  that 
not  mot?  than  10  parts  per  million  of  moisture  remain. 

During  the  braze  operation,  a continuous  low  flow  of  inert 
gas  .should  be  maintained  to  sweep  off  any  adsorbed  gases 
which  may  be  released  from  the  metal  surfaces  upon  heat- 
ing. and  to  prevent  possible  leakage  of  air  into  the  brazed 
area.  The  gas  flov  rate  should  be  continued  even  after  the 
brazing  operation  has  t,iken  place,  and  during  cooling  of 
the  joint,  to  prevent  air  from  entering  the  area  upon  con- 
traction of  the  cooling  inert  gas. 

Anotiter  method  for  controlling  brazing  atmosphere  is  by 
use  of  a brazing  flux.  Dpon  the  application  »:*f  heat,  the 
flux  decomposes,  forming  ,i  gaseous  envelope  around  the 
braze  area.  A disadvantage  of  using  flux  for  areospaee 
fluid  syster.t  brazing  is  the  diSiculty  of  removing  the  flux 
residue  from  the  brazed  joint,  particularly  from  the  inside 
of  the  tubing.  If  the  flux  is  not  removed,  it  serves  as  a 
nucleus  for  corrosion  and  can  generate  particulate  con- 
tamination in  the  fluid  system.  .An  important  advantage  of 
using  flu;:  is  that  it  greatly  simpliliLS  the  brazing  opera- 
tion by  elim  hating  the  eumbersome  inert  gas  system  and 
stringent  p rebraze  joint  cleaning  requirements.  Self-fluxing 
braze  alloys,  such  as  those  containing  lithium,  are  available 
which  ellininale  the  necessity  of  using  a separate  brazing 
flux. 


When  performing  initial  production  brazing  runs  on  a spe- 
cific material  and  tubing  system,  power  settings  of  the  in- 
duction heating  machine  should  be  kept  suflieiently  low,  to 
insure  uniform  heating  of  the  tube  and  coiuiactoi  assem- 
blies. Slow  heating  rates  will  allow  time  to  obserw  visually 
the  wetting  and  flow  action  of  tlie  brazing  alloy.  Once  the 
characteristics  of  the  materials  have  been  established,  heat- 
ing rates  can  be  increased  and  times  reduced  to  the  point 
where  effective  brazes  can  be  made  in  seconds.  Table 

5.12.6.4  gives  some  typical  brazing  times  for  several  aero- 
space tubing  and  connector  materials. 

The  choice  of  frequency  in  induction  heating  depends  upon 
the  particular  application.  The  degree  to  ivhich  the  induced 
currents  and,  in  turn,  the  heating  effect,  penetrate  the 
work  is  generally  an  inverse  function  of  the  frequency  of 
the  applied  alternating  current.  Frequencies  from  CU  cps 
into  the  megacycle  range  have  been  used  for  induction 
heating.  The  higher  frequencies  from  radio  fiequeiicy  ( RF I 
generators,  in  the  approximate  range  from  200, OUO  to 
450.000  cps,  usually  produce  a very  intense,  fast,  and  lo- 
calized heat  pattern,  desirable  for  brazing  thin-walled  tub- 
ing. A more  diffuse  and  slower  heating  effect  with  a deeper 
heating  pienetration  is  produced  by  the  lower  motor- 
generator  fretjuencies  in  the  range  from  1000  to  10,000 
eps.  The  choice  of  a particular  frequency  to  be  used  for  a 
given  application  may  be  determined  by  the  characteristics 
of  the  equipment  available,  rather  than  by  more  strictly 
technical  consideration  (see  Reference  320-T).  In  many 
cases  it  is  not  critical,  and  almost  any  frequency  may  be 
used. 

5.12.5.5  JOINT  REBKAZING.  Experience  with  brazed 
joints  to  date  indicates  that  debrazing  and  rebrazing  of 
joints  can  be  accomplished  easily  and  result  in  a satisfac- 
tory joint,  providing  the  necessary  steps  are  taken  to  insure 
that  oxidation  of  the  joining  surfaces  does  not  occur.  The 
number  of  times  which  a joint  may  be  rebrazed  d epends 
considerably  upon  the  brazing  alloys  involved  and  their 
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Table  S.12.5  A Brazing  Parameters  for  Induction  Braze  Joining  of  Tubing 

(Reference  320-y) 


Tubing  Materiel 

AISI  347 
Stainless 
Steel 

AISI  347 
Stainless 
Steel 

AM  350  CRT 

Stairdess 

Steel 

AM  350  SCT 

Stainless 

Steel 

Rene'  41 
Alloy 

Tube  Size; 

Outside  diameter 
Wall  thickness 

1.000 

0.083 

3.000 

0.250 

C.250 

0.042 

1.000 

0.134 

0.125 

0.010 

Fitting  Sleeve 
Material 

AISI  347 
Stainless 
Steel 

AISI  347 
Stainless 
S^eel 

AM  355  SCT 

Stainless 

Steel 

AM  355  SCT 

Stainless 

Steel 

Rene*  41 
Alloy 

Compasition  of 
Brazing  Alloy 

71.8  Ag 
28.0  Co 
0.2  Li 

71.8  Ag 
28.0  Cu 
0.2  Li 

81.7  Ao 
18.0  Ni 
0.3  Li 

81.7  Au 
18.0  Ni 
0.3  Li 

81.7  Au 
18.0  Ni 
0.3  Li 

Brazing  Control 
Temperature* 

1450  F 

1500  F 

1500  F 

1450  F 

1900  F 

Brazing  Heating 
Time 

47  seconds 

360  seconds 

15  seconds 

45  seconds 

45  seconds 

Induction  Heating 
Machine  Informatloii; 

Frequency 
Rated  copocity 

Power  setting 

Plate  voltage 

Plate  amperage 

250  Kc 
30  Kw 

20  percent 

3.5  Kv 
1 . 8 omperes 

250  Kc 
30  Kw 

45  percent 

6 Kv 

2.3  omperes 

450  Kc 
2.5  K-  . 

75  percent 

2 . / Kv 

0.7  amperes 

250  Kc 
30  Kw 

35  percent 

4 Kv 

2 . 0 amperes 

450  Kc 
2.5  Kw 

65  percent 
2.3  Kv 
0. 7 amperes 

‘Control  temperature  measured  by  thermocouple  tack  welded  to  tube  OD  1/3/i  Inch  from  edge  of  fitting  sleeve 


susceptibility  to  oxidation.  With  gold-nickel  alloys,  rebraz- 
ing  can  be  accomplished  as  many  as  6 to  8 times  with  a 
satisfactory  joint  resulting  each  time.  With  lead-nickel- 
lithium  brazing  alloys,  however,  rebrazing  using  the  orig- 
inal alloy  is  difficult  because  the  lithium  in  the  brazing 
alloy  dissipates  witl(  heat.  In  this  case,  the  lithium  (which 
serves  as  a volatile  flux  and  impi-oves  wettability  and  flow 
characteristics  of  the  alloy)  is  dissipated  by  evaporation, 
fiebrazing  results  in  poor  wetting  and  flow  characteristics 
and,  thus,  an  unsound  joint.  For  any  brazing  alloy  con- 
taining small  amounts  of  an  essential  ingredient  which 
can  be  dissipated  or  otherwise  degraded  by  reheating,  it  is 
not  recommended  that  rebrazing  be  attempted. 

Repairs  of  brazed  joints  can  be  accomplished  successfully 
in  ways  other  than  rebrazing.  For  example,  a repair  can 
be  made  by  completely  removing  the  defective  joint  by 
cutting  the  tubing  at  both  sides  of  the  joint,  then  replac- 
ing the  cut-out  section  by  brazing  a new  section  in  place 
using  new  connectors,  as  reiiuired.  Although  successful, 
this  method  does  add  weight  to  the  fluid  system.  Where 
weight  considerations  are  overriding  it  may  be  desirable 
to  rebraze  the  original  joint. 


Rebrazing  shot  Id  be  undertaken  only  when  absolutely 
necessary.  New  braze  alloy  should  be  used  when  possible, 
even  when  the  original  connector  sleeves  are  reused  be- 
cause of  mechanical  loss  and  degradation  of  the  original 
brazing  alloy  iji  the  reheat  cycle  and  during  the  cleaning 
operation.  Reasons  why  rebrazing  is  not  desirable  are: 

a)  Repeated  heating  exposes  the  joint  components  to  more 
opportunities  for  contamination,  oxidation,  and  adverse 
heat  treating. 

bl  Fluxing  agents  in  the  original  braze  alloy  become  de- 
pleted either  by  evaporation  or  by  a reaction  with  the 
surface  oxides  o»i  the  joint  components,  and  effect  on 
the  bx’azing  operation  is  lost. 

c)  At  elevated  temperatures  there  is  a gradual  diffusion 
of  the  braze  alloy  into  the  base  metal,  which  changes 
the  composition  and  properties  of  both  the  remaining 
allo.v  and  the  joint  component  materials.  These  mate- 
rial changes  can  be  detrimental  both  from  a strength 
and  corrosion  standpoint. 
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d)  Extended  times  at  brazinjj  temperatures  can  produce 
damaging  metallurgical  changes  such  as  carbide  pre* 
cipitation  in  certain  stainless  steels,  or  overaging  and 
loss  of  strength  in  precipitation  hardening  materials 
such  as  AM  U60  and  Rene  41. 

Further  information  on  rebrazing  ma<?  be  obtained  from 
Reference  320-7. 

5.12.5.6  BK.AZED  JOINT  INSPECTION.  Probably  the 
single  most  important  objection  to  the  use  of  brazed  con- 
nectors is  the  ditficult  problem  of  Inspecting  joints  for  in- 
tegrity, following  the  brazing  process.  The  use  of  visual 
inspection  holes  in  a connector  only  assures  proper  flow'  of 
the  braze  alloy  in  the  joint  (see  Figures  5.12.6.7c  and  d, 
and  Table  6.12.5.71.  The  most  reliable  methods  developed 
to  date  for  inspecting  the  integrity  of  joints  involve  the 


use  of  X-ray  and  sonic  inspection  equipment.  Complete  in- 
spection using  X-rays  requires  two  photographs  taken  at 
positions  yO  degrees  apart.  Because  both  the  near  and  far 
sides  of  the  tubing  joint  will  appear  on  the  X-ra.v  plate, 
considerable  skill  is  required  of  the  inspector  to  determine 
in  which  quadrant  a defect  may  be  located.  In  general,  the 
main  item  w'hich  shows  up  in  the  X-ray  photograph  is 
the  e.xtent  of  alloy  distribution  and  existence  of  voids  on  the 
prepared  surfaces  of  the  joint.  The  X-ray  photograph,  in 
etfect,  indicates  the  extent  of  braze  alloy  wetting,  but  it 
does  not  indicate  whether  a satisfactory  bond  exists.  This 
can  be  determined  by  use  of  an  ultrasonic  inspection  tech- 
nique which  involves  the  transmission  of  high  frequency 
sound  to  the  brazed  joint  and  monitoring  of  the  time  interval 
and  frequency  of  the  sound  echo.  If  a solid  joint  has  been 


Table  5.12.5.7.  Dimensions  of  Brazed  Connector  Sleeves 

(Reference  320-7} 


0G  DIA. 


[UCONCiNiPiC  .virniN  0 TIP 


M TjVi  DIA 

DRill  3 HOli-  12m ' 

APART  BOTH  ETdC*.- 


Sleeve 

Moteriol 

Tube 

CD 

Sleeve  Dimensions 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 



L 

AISI 

Type  347 
Stainless 
Steel 

B 

1.500 

±0.005 

0.375 

±0.010 

1.255 

±0.005 

B 

IBI 

0.550 

±0.005 

0.195 

±0.005 

0.6875 

+0.005 

-0.000 

3.335 

±0.005 

0.875 

±0.010 

3.130 

±0.010 

iiii 

1.200 

±0.005 

0.245 

±0.005 

0.205 
+0. 005 
-0.000 

1.550 

±0.005 

AM  355  SCT 
Stainless 
Steel 

1 4 

0.559 

±0.005 

0.156 

±0.010 

0.400 

+0.005 

-0.000 

0.321 

*0.005 

-0.000 

0.254 

*0.001 

-0.000 

0.251 

+0.001 

-0.000 

0.276 

*0.005 

-0.000 

0.223 

±0.005 

0.100 

±0.005 

0.040 

*0.005 

-0.000 

0.245 

*0.005 

-0.000 

1 

1.500 

±0.005 

0.375 

±0.010 

1 . 304 
*0.005 
-0.000 

1.082 

*0.005 

-0.000 

1.007 

-0.001 

-0.000 

1.004 

+0.001 

-0.000 

1.055 
*0.005 
-0. 000 

0.550 

±0.005 

0.195 

±0.005 

0.100 

+0.005 

-0.000 

0.6875 

*0.005 

-0.000 

Rene*  4-i 

1 8 

0.500 

±0.010 

0.125 

±0.010 

0.187 

±0.005 

0.158 

*0.005 

-0.000 

0.128 

*0.001 

-0.000 

0.128 

*0.001 

-0.000 

- 

- 

- 
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made,  the  echo  will  originate  from  the  inside  v.all  of  the 
tubing,  but  if  a poor  joint  or  lack  of  bonding  exists,  the 
echo  will  emanate  from  the  unbonded  surface  between  the 
connector  and  the  outside  wall  of  the  tubing.  By  knowing 
the  precise  distance  from  the  sound  emitter  to  the  brazed 
joint,  and  accurately  determining  the  time  interval  between 
signal  transmission  and  receipt  of  the  echo,  it  can  be 
determined  quite  reliably  if  a satisfactory  bond  exists  at 
the  joint. 

Although  usable  information  regarding  the  structure  of  the 
brazed  joint  is  obtained  from  X-ray  and  ultrasonics,  only  a 
final  leak  test  and  proof  pressure  test  can  determine  the 
blazed  joint  integrity. 

5.12.5.7  BKAZEt»  JOINT  AND  CONNECTOR  CONFIGU- 
RATIONS. A brazed  connector  is  basically  a sleeve  w’hich 
fits  over  the  ends  of  the  tubes  to  be  joined.  The  sleeve  may 
contain  internal  grooves  for  the  braze  alloy  rings.  Figure 
6.12.5.7a  illustrates  the  use  of  braze  alloy  rings  in  various 
locations  in  several  typical  brazed  tube  joints. 

Brazed  connectors  generally  assume  one  of  two  shapes.  The 
first,  illustrated  in  Figure  5.12.5.7b,  is  a simple  through 
bore  connector  with  the  braze  alloy  ring  butted  between  the 
ends  of  the  tube  to  be  brazed.  The  second,  shown  in  Figure 
6.12.5.ic,  contains  two  braze  alloy  rings  in  the  sleeve  and 
employs  three  capillary  clearance  lands. 

The  diameter  and  length  of  the  braze  alloy  retention  grooves 
must  be  selected  so  that  the  notch  elfect  is  minimized  and 
fracture  of  the  connector  sleeve  under  load  is  avoided.  The 
dimensions  of  the  grooves  must  also  be  chosen  to  provide 
for  the  containment  of  sutticient  braze  alloy  to  assure 
complete  filling  of  the  joint  capillary  under  any  brazing- 
condition.  A braze  alloy  groove  volume  of  appro-Kimately 
three  to  seven  times  tlie  ma-Kimum  joint  capillary  volume 
is  recommended. 

Because  of  ditticulties  which  would  be  encountered  in 
machining  the  connectors  and  assembling  the  joint,  it  is 
recommended  that  one-ciuarter-inch  diameter  tube  be  the 
smallest  size  using  inte>‘nul  braze  alloy  retention  grooves. 
The  braze  alloy  retention  groove  should  always  be  located 
slightly  closer  to  the  interior  end  of  the  joint  capillary  than 
to  the  outer  end.  Thus,  if  the  braze  alloy  is  observed  to 
have  flowed  the  longer  distance  to  the  edge  of  the  sleeve, 
son*e  assurance  is  provided  for  a full  braze  alloy  flow  to 
the  sleeve  center.  Inspection  holes  are  usually  placed  in  the 
connector  sleeve  to  permit  a more  complete  evaluation  of 
the  extent  of  alloy  How. 

The  capillary  clearance  lands  at  the  center  and  ends  of  the 
connector  shown  in  Figure  5.12..5.7c  serve  to  align  the  tube 
ends  as  well  as  provide  a positive  capillary  dimension  in 
the  assembled  joint.  The  locating  lands  should  have  sufficient 
area  to  withstand  the  socket  loads  applied  by  misalignment 
of  the  installed  tubing.  When  a sleeve  is  designed  with 
locating  lands,  the  overall  length  of  the  sleeve  will  be  the 
length  of  the  braze  capillary  plus  the  total  length  of  the 
locating  lands.  D.’ineiisions  of  grooved  bore  connector  sleeves 
are  shown  in  Table  .5.12.5.7. 


Figure  5.12.5.7a.  Typical  Designs  for  Brazed  Joints 

(Retstence  46  J6t 


Single  hing  Of  enAzt  alloy  is 
PREPLACeO  INSIDE  fitting  SUE  . E 
6ET--.EEN  tO0E  ENOS 


Figure  5.12.5.7b.  Straight-Through  Bore  Connector  Sleeve 

(Reterence  320-7) 


li«0  PKEFORMED  BRAZE  AElO>  RINGS  ARE 
PREPLACEO  in  RESER'/OIR  grooves 
MACHINED  IN  BORE  Of  ElITING  SLEE  VE 


INuPECIlON  HOlia'' 


Figure  5a12.5.7c.  Groove  Bore  Connector  Sleeve 

(Reference 
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Two  other  variations  of  connector  sleeves  are  shown  in 
Figures  6.12.6.7d  and  5.12.6.7e,  both  employing  the  use  of 
preplaced  brazing  alloy  and  alloy  retention  grooves.  The 
configuration  in  Figure  6.12.5.7d  is  generally  restricted  to 
lightweight  tubing  which  can  be  upset  beaded  to  form  the 
brazing  alloy  groove.  The  configuration  in  Figrure  5.12.6.7e 
is  a machined  connector  which  employs  an  exothermic  re- 
action pack  (shown)  to  provide  brazing  heat.  The  primary 
advantage  of  this  connector  is  that  in-place  joints  can  be 
made  in  remote  or  limited  space  locations  with  no  equipment 
other  than  the  reaction  pack  and  a 6-volt  battery.  Also, 
because  of  the  fast  reaction  time  and  rapid  temperature  rise 
in  exotherm  brazing,  the  deleterious  effects  of  time-at- 
temperature  on  heat  treatment  and  grain  structure  of  the 
tubing  are  reduced.  This  connector  is  presently  commer- 
cially available  for  use  with  one-half-inch  OD  tubing. 


WAZt  AiLOY  CATIUAIY  GAP 


Figure  5.12.S.7d.  Brazed  Connector  Featuring  Upset  Bead 
Braze  Alloy  Retention  Grooves 

{Court»$y  of  Marman  DIvItton,  Aaroquip  Corporation,  Jackson, 
Michigan) 


Figure  S.12.S.7e.  Exotherm  Brazed  Connector 

(Courtesy  of  Tha  Dautach  Co.,  tot  Angalaa,  Caiitornia) 


5.12.6  Welded  Joints  and  Connectors 

5.12.6.1  GENERAL.  Welded  connectors  provide  minimum 
weight,  leak-tight  joints  with  maximum  joint  strengrth,  and 
avoid  the  dissimilar  metals  compatibility  problems  asso- 
ciated with  brazed  joints.  The  primary  drawback  of  a 
welded  connector  or  joint  is  that  due  to  its  permanent 
nature,  physical  cutting  or  machining  is  required  for  sepa- 
ration. Basic  information  related  to  the  desigpi  of  welded 
connectors  and  joints,  as  well  as  applicable  tube  weld 
methods,  is  discussed  in  this  sub-section. 

5.12.6.2  THE  WELDING  PROCESS.  Welding  is  the  process 
of  joining  two  pieces  of  metal  by  establishing  a metallurgi- 
cal bond  between  each  piece.  Welding  is  accomplished  by 
the  application  of  heat  and/or  pressure,  leading  to  the 
classification  of  (1)  pressure  welding,  and  (2)  fusion  weld- 
ing. Pressure  welding  may  be  accomplished  with  or  without 
a heat  source;  however,  the  time  required  to  accomplish  the 
weld  is  lessened  with  a heat  source.  The  temperature  re- 
quirements for  pressure  welding  normally  fall  in  the  plastic 
forging  rangre,  as  opposed  to  the  melting  temperature  range 
for  fusion  welding. 

5.12.6.8  WELDED  CONNECTOR  DESIGN  FACTORS. 
The  designer  must  be  aware  of  a number  of  factors  when 
considering  the  use  of  welded  connectors  and/or  joints  in  a 
tubing  or  piping  system.  The  factors  which  follow  are 
considered  to  be  of  major  sigrnificance. 

Connector  Material.  The  type  of  materials  to  be  welded 
is  the  most  important  factor  in  any  weldment,  dictating  the 
type  ol  welding  process  (es)  available.  For  example,  when 
welding  lines  and  connectors  made  of  ferrous  materials, 
consideration  must  be  given  to: 

a)  The  tendency  of  the  weld  metal  and/or  base  metal  to 
crack  during  the  welding  operation  or  while  cooling 
after  welding 

b)  Changes  in  mechanical  properties  of  weld  or  base  metals 
due  to  welding  process 

c)  Changes  in  metallurgical  structure  of  base  metal  due  to 
welding 

d)  Changes  in  chemical  composition  of  base  metal  due  to 
volatilization  of  alloying  components,  air  oxidizing,  or 
reactions  with  shielding  gases. 

One  of  the  most  commonly  used  materials  for  aerospace 
tubing  applications  is  austenitic  stainless  steel.  For  this 
class  of  metals,  Table  5.12.6.3  gives  recommendations  for 
electrode  or  welding  rod  types  to  be  used  with  various 
grades  of  stainless  steel. 

Tube  Thickness.  Tube  thickness  influences  the  selection  of 
weld  method.  Thick  sections  that  require  multiple  passes 
to  form  a weld  seam  are  usually  best  welded  with  an  inert- 
gas  shielding-arc  using  a consumable  electrode.  Sections  of 
lesser  thickness,  in  the  one-sixteenth  to  three-sixteenth-inch 
range  may  be  welded  by  a number  of  processes,  depending 
on  the  overall  size  and  maneuverability  of  the  workpiece. 
Detailed  Topic  5.12.6.4  further  discusses  this  aspect  of 
welding. 
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Table  5.12.6.3.  Welding  Rod  or  Electrode  Recommendations 
for  Wrought  Austentitic  Stainless  Steel  Pipe 
Grades 

(From  "Welding  Handbook."  4th  Ed..  Section  It.  American  Welding 
Society.  Neyi  York.  1963) 


AISI 

De&ti^notion 

Popolof 

Designotiioo 

Recommended  Electrode 
or  Welding  Rod* 

304 

19-9 

E,  ER30e 

304L 

(exiro  low  corboo) 

E,  ER  3061 

309 

25-12 

e.  ER  309 

309  Cb 

25-12  Cb 

E 309  Cb 

3t0 

25-20 

E,  ER310 

310  Cb 

25-20  Cb 

£.  ER  310  Cb 

310  Mo 

25-20  Mo 

E.  ER  310  Mo 

316 

18-12  Mo 

E,  ER  316 

31 6t 

10-12  Mo 
(extro  low  corbori) 

0.  ER  316L,  or  ER  318 

317 

19-13  Mo 

e,  ER  317 

318 

18-12  Mo  Cb 

tt  316 

321 

18-8  Ti 

E,  ER  347,  ER  321 

347 

lo-8Cb 

E,  ER  347 

348 

18-8  Cb 

E.  ER  347,  ER  348 

*AWS  ofid  ASTM  SpecificoHons:  £ meons  ^rode  recogoieed  by 
AW$*A$TM  04  covered  electrode*  £R  oi  bore  elecrr^e  ond 
weldirig  rod 

Joint  Strength.  From  a strength  standpoint,  a welded 
joint  can  be  analyzed  by  the  use  of  standard  strength  of 
materials  formulas.  The  allowable  working  stresses  to  use 
for  the  weld  joint  in  the  case  of  many  standard  materials 
can  be  obtained  from  several  sources,  including  the  .Ameri- 
can Welding  Society  "W’elding  Handbook." 

The  designer  should  use  caution,  however,  in  the  design  of 
welded  joints  utilizing  the  super-strength  alloys  such  as 
austenitic  and  seraiaustenitic  stainless  steels,  nickel  base 
alloys,  and  high-strength  aluminum,  because  of  the  detri- 
mental  effects  of  weld  heat  on  the  strength  of  these  metals. 
When  welded  joints  and  connectors  are  to  be  used  exten- 
sively in  a fluid  system,  it  is  recommended  that  test  speci- 
mens utilizing  the  actual  materials  and  joining  techniques 
be  prepared  and  tested  to  verify  design  calculations. 

Fluid  Compatibility.  The  fluid  to  be  contained  and  its  cor- 
rosive nature  must  be  considered  in  selecting  a weld  method. 
Although  the  microstructure  of  the  parent  metal  may  be 
compatible  with  the  operating  fluid,  changes  in  micro- 
structure resulting  from  the  welding  process  may  make  this 
area  of  the  tubing  more  susceptible  to  corrosion.  Stress 
corrosion  may  take  place  in  weld  areas  if  stress  concentra- 
tions are  allowed  to  occur.  Therefore,  the  designer  should 
take  into  consideration  the  changes  in  material  composition 
resulting  from  the  welding  process,  and  ascertain  the  com- 
patibility of  any  such  material  changes  in  the  presence  of 
the  system  fluid. 


Welding  Equipment  Portability.  The  location  and  position 
of  welds  affects  the  choice  of  welding  method,  primarily 
from  the  standpoint  of  size  and  pertabilify  of  the  welding 
equipment.  Gas  welding  equipment  is  highly  portable, 
whereas  resistance  welding  equipment  for  flash  butt  welding 
is  usually  permanently  installed.  Also,  metal  arc  welding 
equipment  is  quite  portable,  requiring  only  a standard 
motor-driven  DC  generator.  The  mert  gas  shielded  ntethods 
require  more  elaboi'ate  equipment,  including  a gas  supply; 
however,  this  type  of  welding  can  be  carried  out  in  all 
positions,  including  overhead  which  is  advantageous  when 
in-place  welding  must  be  conducted.  Other  fusion  welding 
methods  which  depend  on  floating  oxides  out  of  the  moltefi 
Weld  puddle  are  usually  limited  to  downhand  welding  in 
the  horizontal  position. 

Production  Requirements.  The  number  of  like  welds  to  be 
made  considerably  influences  the  selection  of  the  welding 
method.  Large  production  quantities  justify  making  an 
investment  in  elaborate  tooling,  and  automatic  welding 
= lachines,  whereas  low  production  usually  requires  the  use 
of  standard  equipment  for  hand-welding  methods.  The 
lubing  size  also  influences  the  choice  of  weld  method,  since 
practicality  will  limit  the  use  of  automatic  equipment  in 
large  diameter  tubing.  The  welding  methods  that  lend  them- 
selves to  automation  are  the  inert  gas.  atomic  hydrogen, 
and  all  resistance  welding  processes.  For  random  in-place 
tube  Welding  or  one-of-a-kind  welds,  gas  welding  is  often 
employed  because  of  the  simplicity  of  the  equipment  in- 
volved. This  is  also  true  for  hand-operated  inert  shielded- 
arc  rvelding.  with  this  method  offering  t.ie  advantage  of 
not  contaminating  the  work  with  corrosive  flux  that  has 
to  be  remov'ed.  Inert  gas  metal-arc  welding,  which  uses  an 
automatically  fed  consumable  electrode,  is  a method  often 
used  for  production  welding  because  it  sets  a pace  for  the 
W'elding  operator. 

5.12.6.4  WELDING  TECHNIQUES.  Ai»y  one  of  several 
tried  and  proven  welding  techniques  can  be  used  for  the 
joining  of  fluid  system  lines  and  components.  Equipment  for 
welding  tubing  includes  hand-held  tools,  semi-automatic 
welding  equipment,  and  fully  automatic  equipment. 

The  success  of  any  welded  joi<it  in  a fluid  system  depends 
to  a large  extent  upon  selection  of  the  proper  welding 
method  and  execution  of  the  weld  in  a satisfactory  manner. 
Following  are  discussions  of  those  methods  that  are  the 
most  likely  to  be  used  for  fluid  system  welding. 

Gas  Tungsten-.\rc  Welding.  This  process,  often  referred  to 
as  TIG  Welding,  is  an  inert  gas  shielded,  metal-are  process 
using  a nonconsumable  tungsten  electrode.  The  inert  gas 
shield  is  usually  provided  by  helium  or  argon.  The  weld  is 
accomplished  by  fusing  workpieces  with  a tungsten  arc 
without  adding  filler  material.  The  pi*.  iary  advantage  of 
this  method  is  that  it  does  not  require  a flux  to  form  a 
satisfactory  weld,  obviating  post  cleaning  of  the  weld  area. 
This  is  important  for  closed  fluid  systems  where  flux  re- 
moval would  be  ditlicult.  If  flux  is  used  it  must  be  removed, 
otherwise  it  will  accelerate  corrosion  of  the  weld  metal  and 
contaminate  the  system. 
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theiv  is  iiu  flux  to  absorb  impurities  in  the  TIG 
ueldinu  proeess.  cleanliness  is  an  important  consideration. 
Combustible  materials  in  the  path  of  the  arc  will  burn  and 
Kelierate  uases  that  contaminate  the  inert  shroud,  causiuir 
scum  to  form  over  the  molten  metal  and  mal.inn'  it  difficult 
for  the  weldiiip'  operator  to  obtain  smooth  tiow.  Also,  it  is 
a potential  cause  of  cracks  and  porosity  in  the  weld.  Tubinp; 
which  is  to  be  joined  by  the  TIG  process  should  be  cleaned 
mechanically,  when  necessary,  and  with  solvent. 

.Another  advantaue  of  TIG  weldin;:;'  is  that  it  can  be  accom- 
plished in  all  positions,  because  there  is  no  slati'  to  be  worked 
out  of  the  weld  puddle  by  gravity.  Coiiseqliently.  overhead 
Weldinu  is  eUtirel':'  feasible,  solvinp  practical  Work  problems 
when  It  is  difficidt  or  impossible  to  position  the  work. 
In  ad'lition.  visual  control  of  the  Weld  area  is  excellent,  as 
the  uas  envelope  :tri-utid  tlie  arc  is  ti.iusparent  and  the  weld 


puddle  clean.  .An  operator  making"  a weld  by  hand  can  do 
an  excellent  job  because  he  does  not  have  to  contend  w-ith 
smoke  and  fumes  and  can  see  more  clearly  what  he  is  doing. 
In  addition,  this  process  provides  minimum  distortion  of 
the  metal  near  the  weld  because  the  heat  is  concentrated 
at  the  Weld  area.  The  intensity  of  the  average  tungsten  arc 
is  approximately  UI.UUU  to  1.5.M00  amps  per  square  inch  of 
electrode. 

Table  -5.1-.h.-la  hits  a number  of  weld  parameters  for 
joining,  by  the  TIG  process,  tubing  materials  which  are 
most  commonly  found  in  aircraft  and  rocket  propulsiol 
fluid  systems.  Materials  included  in  this  table  are  .AISl 
Tyjie  .’MT.  .AM  o5u  CRT.  and  .AM  o.5'i  .“sCT  stainless  steels. 
Rene  41  Alloy,  and  nut'.I  To  aluminum.  Further  details  for 
joining  these  materials  by  TIG  welding  can  be  obtained 
from  Reference  320-7. 
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Gas  Metal-Arc  Welding.  This  welding  process  is  an  off- 
spring of  the  TIG  welding  process.  Gas  metal-arc  welding 
(more  appropriately  termed  gas-shielded  consumable  metal- 
electrode  welding)  utilizes  a consumable  metal  electrode 
and  a gas  shield,  usually  CO„  helium,  or  argon.  In  this 
process,  a special  welding  tool  feeds  the  electrode,  usually 
of  the  same  composition  as  the  material  being  welded,  as 
it  is  consumed.  The  use  of  electrode  in  the  form  of  coiled 
wire  increases  the  speed  of  this  welding  process,  and  a 
further  time  savings  is  effected  since  no  weld  slag  forms 
which  must  later  be  removed. 

When  using  helium  or  argon  for  a gas  shield,  this  process 
can  be  used  for  welding  a great  variety  of  materials. 
However,  cost  usually  limits  the  use  of  these  gases  to  the 
welding  of  aluminum  magnesium,  or  stainless  steels  where 
a completely  inert  atmosphere  is  required. 

For  welding  heavi  -walled  steel  tubing,  a granular  flux 
is  often  combined  with  a CO,  gas  shield.  Hollow  electrodes 
with  a self-contained  flux  in  the  center  are  also  used. 
Anothe'i-  method  uses  a magnetic  flux  added  to  the  inert  gas, 
which  adheres  to  the  electrode  wire  as  a result  of  magnetic 
force  caused  by  current  flow  in  the  wire. 

Gas  Welding.  This  is  another  welding  process  which  can  be 
adapted  sufficiently  well  for  in-place  fabrication  of  fluid 
systems.  It  is  a versatile  process  in  that  existing  portable 
torches  and  equipment  can  be  used.  Generally  speaking, 
oxyacetylene  and  oxyhydrogen  flames  are  used,  however, 
natural  gas  and  propane  may  also  be  utilized.  When  gas 
welding  is  employed,  it  is  often  necessary  to  supply  a filler 
material  to  build  up  the  weld  area  to  the  necessary  volume 
and  strength.  In  addition,  the  use  of  a flux  is  required  to 
prevent  oxidation  of  the  molten  weld  metal,  as  discussed 
above.  However,  this  imposes  the  disadvantages  of  post- 
weld cleaning.  Since  the  development  of  shielded  arc  weld- 
ing, the  gas  welding  process  has  been  largely  limited  to 
applications  where  portability  of  welding  equipment  is  a 
must. 

Flash  Welding.  Flash  welding  is  a resistance  welding  pro- 
cess. In  joining  two  pieces  by  this  process,  the  welding 
voltage  is  first  applied  between  the  pieces,  a flashing  or 
arcing  follows  for  a pre.scribed  time,  and  finally  the  pieces 
are  forced  together  upsetting  the  metal  and  forming  a 
weld  joint.  Although  this  is  a rapid  method  of  welding, 
when  tubing  is  welded  in  this  manner  it  is  often  impossible 
to  remove  the  flash  that  is  formed  on  the  inside  of  the 
tubing.  Flash  welding  schedules  for  welding  tubing  of  thick- 
nesses from  0.010  to  1.0  inch  are  given  in  Table  6.12.6.4b. 

Electron  Beam  Welding.  A ,'ecently  developed  welding 
technique  which  has  proven  in>aluable  for  the  welding  of 
high  strength  and  high  refractory  metals  and  alloys  is 
the  electron  beam  welding  method  (EB  welding).  An  elec- 
tron beam  welding  machine  consists  of  a vacuum  chamber 
in  which  electrons  are  produced  ai.d  directed  toward  the 
work  piece.  The  heart  of  the  electron  beam  welder  is  an 
electron  gun  in  the  form  of  a triode.  Its  components  are 


an  electron-emitting  cathode,  an  :celerating  electrode,  and 
a focusing  electrode  or  lens.  Figure  6.12.6.4  illustrates 
schematically  the  Pierce  electron  gun  and  shows  how  the 
beam  of  electrons  can  be  focused  on  a small  area. 

Three  primary  advantages  of  tl.e  electron  beam  process  are : 

1)  In  addition  to  forming  welds  under  ideal  conditions  of 
purity,  a large  amount  of  heat  can  be  concentrated  in  a 
very  small  area.  This  means  that  the  fuse  zone  which 
forms  the  weld  bead  can  be  deep  and  narrow  with  a 
depth-to-width  ratio  of  from  4 to  as  high  as  26,  compared 
to  about  1 for  other  welding  processes  such  as  TIG 
and  gas. 

2)  Because  the  weld  zone  is  so  narrow,  there  is  less  molten 
metal  to  give  off  heat  during  cooling,  and  consequently, 
there  is  less  distortion  in  the  weld  zone,  and  the  micro- 
structure of  the  parent  metal  adjacent  to  the  weld  zone 


>E«M 


. FOCUSING  LENS 


Figure  S.12.6.4.  Sketch  of  Pierce  Electron  Gun 

(tteprinted  with  permissinn  from  "International  ScharKa  and  Tachrtol- 
ofy,"  No.  4,  April  1962  R.  F.  Bunthah,  Conovar-Maat  Publlcatlo'‘\ 
New  York,  New  York) 
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is  less  affected.  This  is  inspoi’tant  because  the  heat- 
affected  zone  adjacent  to  the  fusion  zone  is  very  often 
the  location  where  welds  fail  because  of  the  inability 
to  control  the  micro-structure  of  this  area. 

3)  The  amount  of  heating  can  be  varied  smoothly  and 
precisely  by  varying  the  control  voltages.  This  means 
that  preheating  and  post-heating  can  be  accomplished 
easily  and  weld  spatter  is  seldom  a problem. 

The  major  drawback  or  disadvantage  of  using  the  electron 
beam  process  for  in-place  welding  is  that  all  welding  must 
be  accomplished  i.i  a vacuum  of  approximately  10  ' torn 
This  requires  remote  manipulation  of  the  work  piece,  or 
electron  gun,  and  greatly  limits  the  vork  which  ccn  be 
welded  by  this  process.  To  date,  this  welding  method  has 
been  confined  primarily  to  special  welding  tasks  re»auiring 
design  of  special  equipment  and  set-up,  or  to  general  weld- 
ing of  small  components.  Additional  information  on  this 
process  can  be  obtained  from  References  411-2  and  66-42. 

Atomic  Hydrogen  Welding.  This  welding  process  is  a type 
of  arc  welding.  Although  the  inert-gas  welding  processes 
have  displaced  atomic-hydrogen  welding  to  a large  extent, 
the  process  is  worthy  of  note  in  that  it  is  pai  ticularly  suited 
to  Welding  high  alloy  steels  and  ovlati  /ely  thin  materials, 
while  maintaining  the  same  composition  in  the  weld  as  in 
the  base  metal.  Atomic-hydrogen  welding  is  usually  accom- 
plished with  a special  hand-held  tool  that  contains  two- 
tungsten  electrodes  and  a hydrogen  gas  feed  through  one 
or  both  of  the  electrode  holders.  No  filler  metal  is  used  in 
this  process.  As  the  workpieces  are  positioned,  the  two  elec- 
trodes are  energized  and  an  AC  arc  is  maintained  with  a 
hydrogen  gas  envelope.  The  hydrogen  dissociates  in  the 
arc  and  then  combines  with  the  cooler  base  metal.  In  com- 
bining with  the  base  metal,  substantial  heat  is  released. 
The  heat  of  combination  plus  the  heat  of  the  arc  produces 
a higher  temperature  than  is  available  from  ordinary  arc 
welding  processes.  The  hydrogen  gas  also  provides  a 
reducing  envelope  that  shields  the  weld  area  from  oxygen 
and  nitrogen  in  the  free  atmosphere. 

5.12.6.5  WELDED  CONNECTOR  AND  JOINT  TYPES. 
Basically,  there  are  two  types  of  welded  joints  used  in 
aerospace  fluid  systems.  One  is  the  plain  joint  in  wh<ch  the 
tube  ends  or  components  ere  fitted  together,  either  buttsd 
or  lapped,  and  then  welded  by  the  application  of  heat  with 
or  without  the  use  of  a flux  and  filler  material.  The  other 
type  of  joint  is  termed  a sleeve  joint,  employing  the  use 
of  a separate  connector,  or  sleeve,  which  is  slipped  over  the 
ends  of  the  two  parts  to  be  joined  and  welded  to  the  parts, 
usually  at  the  joint  interface.  Some  specific  joint  types  are 
discussed  below. 

Butt  Joints.  When  using  the  arc  welding  method  to  form  the 
straight  butt  joint  illustrated  in  Figure  5.12.G.6£,  no  surface 
preparation  of  tube  ends  is  necessary  if  relatively  thin- 
walled  tubing  is  used  and  joining  is  accomplished  by  a single 
pass  of  the  electrode.  Preparation  of  the  tube  ends  is  re- 
quired, however,  when  wall  thickness  makes  snore  than  one 
weld  pass  necessary  (see  Figure  5.12.6.6b). 


A straight  butt  joint  may  also  be  made  by  any  of  several 
other  welding  methods,  as  discussed  in  Detailed  Topic 
5.12.6.4. 


F igure  5.12.6.Sa.  Straight  Butt  Tube  Weld  Joint 


Figure  5.12.6.5b.  Edge  Preparation  Required  for  Welding 
Thick-Walled  Tubing 
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Lap  Juints.  The  plaiji  lap  weld  joint,  as  shown  in  Figure 
5.12.<!.5e,  is  not  iiornially  used  in  high-pressure/high- 
temperature  aerospace  tluid  systems  because  of  the  in- 
creased Weight  and  increased  pressure  drop  as  a result  of 
turbulence  across  the  male  tube  end.  Another  disadvantage 
is  that  system  fluid  can  become  trapped  between  the  mating 
tube  surfaces  because  both  ends  of  the  joint  are  generally 
not  welded.  Trapped  fluids  can  cause  corrosion  and  cleaning 
problems.  As  shown  in  Figure  5.12.0.5c,  the  joint  can  be 
made  by  either  expanding  the  female  member  or  reducing 
the  male  men»ber.  Expansion  and  reduction  of  tubing  can 
be  accontplished  by  such  methods  as  .'waging,  or  explosive 
forming.  One  advantage  of  the  lap  joint  is  that  it  is  gen- 
erally stronger  in  bending  than  ihe  butt  joint  because  the 
moment  of  inertia  is  increased  by  the  double  wall.  The 
change  in  diameter  of  the  tube  wall  must  be  gradual, 
however,  to  avoid  stress  concentrations.  This  type  of  joint 
is  normally  restricted  to  easily  worked  tubing  which  can 
withstand  the  forming  operations  without  cracking  or 
excessive  thinning. 


OPTIONAL  WELD 


Figure  5.12.6.5c.  Plain  Lap  Weld  Joints  for  Tubing 


When  the  longitudinal  forces  in  a fluid  system  are  the 
determining  strength  consideration,  the  female  member  of 
the  lap  joint  may'  be  serrated,  notched,  or  slotted  (see 
Figure  6.12.tj.5cl  to  aft’ord  greater  weld  becd  length  and 
hence  a greater  allowable  shear  force.  If  a lap  joint  has  been 
made  properly,  it  will  seldom  fail  radially  under  burst 
pressure:  the  main  mode  of  failure  will  be  in  tension  as  the 
weld  is  placed  in  shear. 

Burn*Down  Flange  Joints.  A third  type  of  plain  weld  joint 
used  in  the  aerospace  industry  is  the  burn -down  flange 
joint,  depicted  in  Figure  5.12.0.5d.  This  joint  is  used  for 
relatively  thin  wall  tubing  which  is  difficult  to  butt  weld 
because  of  burn-through  pendencies.  Fabrication  of  this 
joint  requires  forming  a flaivge  on  each  of  the  two  parts  to  be 
joined.  Welding  is  accomplished  by  butting  the  flanges  to- 
gether and  ipplying  concentrated  heat  at  the  peripheral  in- 
terse ‘tion,  tltereby  melting  or  burning  down  the  two  flanges 
to  form  a ’.veld  bead.  The  advantage  of  this  joint  is  that 
burn-through  and  loss  of  weld  puddle  control  ai  e eliminated 
because  material  is  speciflcally  provided  to  form  the  weld 


Piguiiis  5.12.6.9d.  Bura-Oown  Flange  Weld  Joint 
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bead  at  a greater  diameter  than  the  tube  wall.  The  strength 
of  such  a joint  w-ill  not  be  as  great  as  that  of  a straight  butt 
joint,  unless  the  weld  bead  extends  down  to  the  tubing  wall 
00  to  prevent  eceentric  loading  (see  Figure  5.12.tj.5d).  The 
berned-down  flange  joint  is  more  expensive  than  a butt  jr  int 
because  joint  preparation  requires  an  extra  forming 
operatiovi. 
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Figure  S.12.6.5e.  Modified  Burn-Down  Flange  Joint 


Figure  S.12.6.5f.  Welded  Sleeve  Joint 


Modified  Burn-Down  Flange  Joints.  A modification  of  the 
burn-dow-n  flange  joint  is  shown  in  Fig-tre  5.l2.fi.5e.  Since 
in  this  conue.'tion  the  weld  is  used  old/  to  accomplish  sealing 
and  is  not  relied  on  for  strength  of  the  connection,  a very 
small  weld  is  all  that  is  required.  In  making  this  type  of 
tube  connection  the  tube  ends  are  first  flared  to  make  a 
butt  joint:,  next  a set  of  aluminum  split  ring  chill  blocks  are 
installed  onto  the  tube  joint  for  the  purpose  of  clamping  the 
tube  ends  together  and  providing  a heat  sink  during  the 
Welding  of  the  flared  tube  ends.  Note  that  a slight  crimp 
in  the  Hared  tube  ends  is  created  by  the  chill  blocks,  pre- 
venting weiding  contamination  from  entering  the  inside  of 
the  tubing.  After  the  weld  has  been  made,  a threaded 
coupling  is  slipped  over  the  iveld  joint  for  the  purpose  of 
carr’.'ing  pressure  loading.  This  threaded  coupling  cati  be 
verj  light,  since  it  is  not  required  to  maintain  any  gasket 
sealing  load,  but  merely  adds  the  requisite  material  to 
resist  pressure  loading.  This  type  of  connection  may  be 
classified  as  senii-permanent,  since  the  seal  weld  can  be 
broken  and  rewelded  if  necessary. 

Sleeve  Joints.  When  high  strength  alloys  are  used,  it  is 
often  difficult  to  form  or  machine  tubing  and  connectors  in 
preparation  for  welding.  In  addition,  the  butt  welding  of 
thin  wall  high  strength  tubing  is  difficult  without  burn- 
through  01  sagging  of  the  weld  bead  into  the  tube.  To  cir- 
cumvent these  problems,  a weld  connector  or  sleeve  may  be 
provided  over  the  joint  area,  as  shown  in  Figure  5.12.fl..:if. 
The  weld  is  made  by  heating  the  sleeve  'Ust  over  the  joint 
between  the  two  tubes,  fusing  the  sleeve  and  tubes  together 
in  one  operation.  The  connector  sleeve  is  generally  made 
from  a piece  of  tubing  the  next  siue  larger  than  the  tubing 
being  welded,  or  is  at>  expanded  piece  of  the  same  tubing. 
The  wall  thickness  of  the  weld  sleeve  may  be  the  same  as 
or  thinner  than  the  tubes  being  joined.  The  length  of  the 
sleeve  is  not  critical  but  should  be  long  enough  to  give 
support  to  the  heat-affected  zone  adjacent  to  the  weld  bead. 
Reference  32U-7  contains  additional  details  on  weld  sleeve 
design. 


To  assure  that  the  weld  is  made  in  the  proper  location  when 
using  a sleeve,  it  is  necessary  tv  position  and  hold  it  so  that 
when  the  weld  bead  is  laid  it  will  fall  just  above  the  gap 
between  the  two  parts  being  joined.  The  ditferertce  between 
the  outside  diameter  of  the  tubing  and  the  inside  diameter 
of  the  sleeve  is  not  critical,  providing  that  the  gap  between 
the  two  does  not  exceed  0,005  to  0.010  inch.  Because  of 
variations  in  tolera>ices  on  seamless  steel  tubing  diameter, 
mismatch  between  t*.  o joined  tubes  can  be  as  great  as  0.003 
inch  on  one-  and  two-inch  diameter  tubing  without  causing 
difficulty  in  welding,  providing  that  weld  penetration  is 
approximately  equivalent  on  both  sides  of  the  joint.  When 
extremely  heavy  sections  of  tubing  are  welded,  it  often  is 
necessary  to  jjrovide  a backup  torch  to  make  u weld  pass  on 
the  inside  diameter.  This,  of  course,  can  only  be  accom- 
plished W’hen  there  is  access  to  the  inside  of  the  tubing. 
When  using  a weld  sleeve,  the  tubes  should  be  butted  to- 
gether rather  than  allowing  a gap,  although  satisfactory 
welds  eaii  be  made  with  gaps  as  high  as  0.030  inch.  Gaps 
larger  than  this  may  cause  weld  bead  concavity,  which  can 
result  in  stress  concentration  in  the  weld  area. 


5.12.6-8 


ISSOEO:  OCTOBER  965 


CONNECTORS 


SWAGED  CONNECTORS 
ADHESIVE  BONi)ING 


5.12.7  Swaged  Connectors 

5.12.7.1  GENERAL.  Swatfing,  as  applied  to  eonnectors,  is 
the  process  of  joiniiit;:  two  pieces  by  the  cold  forming  of 
metal  to  both  make  a seal  and  foi'ttv  a connection  to  carry 
the  structural  load.  This  type  cf  connection  is  generally 
considered  to  be  permanent  in  nature,  although  recent 
developments  have  exploited  the  technique  for  obtaining  a 
semi-permanent  coiinectoi'  which  does  not  require  the  addi- 
tion of  heat  ( Reference  14).  The  swaging  process  as  such 
is  utilized  in  some  existing* onnectors  as  a )neans  of  locating 
a ferrule  or  sleeve  on  a piece  of  tubing,  and  is  I’eceiving 
increasing  attention  in  new  connector  concepts.  As  an 
example  of  present  usage,  the  MS  flareless  connector  ferrule 
is  swaged  to  the  tubing  during  the  initial  connector  assembly 

The  swaging  process  offers  some  distinctive  advantases  over 
other  permanent  ‘-onnectors.  such  as : 

a)  Heat  is  not  required  to  make  the  connection,  and  there- 
foie  tubing  is  not  weakened  as  a result  of  heat  concen- 
tratioii  or  annealing. 

b)  Inspection  to  assure  proper  mechanical  locations  of 
swaged  connector  parts  * n be  readily*  accomplished  by 
visual  operation. 

5.12.7.2  SWAGED  CONNEtTOK  TYPES.  One  type  of 
swaged  « onnector  is  the  Parker  “H"  fitting  shown  in  Figure 
5.12.7  j:  In  this  connector,  the  tubing  is  inserted  into  the 
ends  ot  the  connector  body.  The  sleeves,  '•r  slides  in  this 
case,  are  then  pulled  up  onto  the  tape-red  lands  of  the  con- 
nector body  resulting  in  the  tubing  being  locked  in  place  by 
the  sharp  edges  of  the  connector  body  inner  diameter. 
Either  a special  hand-operated  or  hydraulically  operated 
tool  is  required  to  set  the  sleeves  onto  the  connector  body. 
A more  recent  development  also  from  Parker  Aircraft,  is 
the  “.V"  connector  illustrated  in  Figure  6.12.7.2b.  The 
development  of  this  coiii/ector  for  NAS.A's  Marshall  Spate 
Flight  Center  tas  a poteinial  improver  ent  over  MC  ct  n- 
iiectorsl  is  described  in  Reference  2fi-14.  This  concept  is 
unique  in  that  it  is  under  development  for  not  only  the 
one-half-inch  tubing  size  illustrated,  but  ^or  a 4-inch  duct 
size.  The  concept  is  being  considered  for  alt  sizes  of  lines 
from  oiie-quarter-inch  tubing  to  the  largest  diameter  ducts 
currently  visualized  in  launch  vehicle  design  (about  2U-inch 
diametei.  according  to  Reference  34-10),  The  sleeves  of 
high  strength  stainless  steel  are  stretch-d  beyond  their  yield 
stress  when  the  tubing  ends  are  swaged  into  place.  During 
assembly,  the  gold-p*luted  primai'y  seals  of  the  .stainless 
steel  collar  are  seated  against  the  sleeve  se.ating  surfaces 
by  the  axial  force  resulting  from  radial  deGrrmation  of  the 
cellar  by  an  assembly  too!  This  toggle  p.ction  results  in 
negligible  relaxation  of  the  axial  sealinj;  force  when  the 
collar  lips  .-.pring  radially  outward  slightly  after  the  assem- 
bly too!  is  removed.  Upon  disassembly  the  collar  is  either 
■'unswaged"  er  cut  off  and  discarded,  a new  collar  land 
hence  new  gold-plated  seals)  is  used  for  each  subsequent 
reassembly. 


5.12.8  Adhesive  Bonding!.  Joints  and  Connectors 

5.12.S.1  GENEIt.AL.  .Adhes.ve  bonding  is  a process  suitable 
for  joining  metal-to-metal  metal-to-notimetal.  or  nonmetal- 
to-nonmetal.  The  types  of  adhesives  us*-d  include  thermo- 
setting resins,  therniopl  istic  resins,  and  various  artificial 
elastomers.  Joints  that  can  be  brazed  can  g-.-nerally  be  adhe- 
sive bonded  also,  with  ;he  exception  that  high-temptrature 
applications  and  high-tensile  strength  requirements  are 
limiting  factors  for  adhesive  bonds. 


■H  FlITlMcy 


Figure  5.12.7.2a.  Parker  "H"  Copuector 

(Courtesy  of  Parker  Aircraft  Co..  Los  Angeles,  California) 
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5.12.8.2  APPLICATION.  Adhesive  bondint^  has  seen  lim- 
ited usage  in  aerospt'.,-e  fluid  eoniiector  applications  to  date, 
although  it  has  be^n  used  in  related  components,  such  as 
liners  for  filament-wound  reinforced-plastic  helium  pressure 
vessels.  Adhesive  bonding'  of  relatively  low-pressure  plastic 
pipe  using  sleeve  or  socket-type  connectors  has  been  widely 
used  in  numerous  military,  industrial,  and  commercial 
applications  for  reasons  of  chemical  compatibility,  weight, 
or  cost. 

Increased  interest  in  the  use  of  filament-wound  reinforced 
plastic  for  liquid-propellant  tankage  and  even  high-pressure 
j'ocket  engine  fluid-transfer  lines  (Reference  84-10)  may  be 
e.'pected  to  focus  more  attention  on  the  use  of  adhesive 
boi'ding  in  future  aerospace  applications. 

5.12.8.3  DESIGN  FACTORS.  The  design  of  an  adhesive 
bonded  joint  is  similar  to  that  of  a brazed  joint,  in  that  full 
advantage  must  be  taken  of  the  shear  strength  of  the 
adhesiv?.  Butt  joints  are  therefore  avoided  in  preference 
to  lap  tj  pe  joints. 

As  with  brazing,  a satisfactory  bonded  design  must  also 
give  conside  ration  to  surface  prep»uration.  Gemerally  accept- 


able methods  in  preparing  surfaces  to  be  adhesively  bonded 
include : 

a)  Cleaning  al!  contaminants  and  grease  from  surfaces 
bl  Etching  surfaces  to  make  them  chemically  receptive  to 
adhesives  and  to  provide  good  wetting  characteristics 
cl  Rinsing 
dl  Drying 

e)  Applying  a primer. 

Thin  materials  may  be  successfully  joined  by  adhesive 
bonding.  In  addition,  adhesive  bonding  allows  a smooth 
contour  at  the  joint,  can  provide  thermal  . id  electrical 
insulation,  can  protect  against  galvanic  . ,-tion  between 
dissimilar  metals,  and  may  be  used  as  a dampener  against 
vibration  or  sound. 

Three  factors  that  severely  limit  the  use  of  adhesively 
bonded  conneciors  and  joints  are: 

a)  Instability  of  many  adhesives  at  tenjperatures  above 
about  400  F 

b)  Poor  tensile  strength 

c)  Limited  compatibility  of  the  adhetrve  with  fluid  media. 


REFERENCES 


’References  added  March  1967 


Threaded  Connectors  Connecter  Preload  Theory  Swaged  Connectors 


i-2ie 

36-14 

36-11 

44-16 

36-14 

46-31 

6-30 

44-14 

36-12 

46-29 

36-20=' 

6-100 

44-16 

36-14 

46-31 

Welded  and 

6-111 

46-6 

44-14 

44-24~= 

Brazed 

6-130 

46-7 

Connectors 

6-154 

46-29 

Flanged  Connector  Design 

132-1 

6-161 

46-31 

66-42 

6-187 

147-1 

19-76 

46-6 

68-62 

320-7 

6-209 

161-2 

23-38 

46-7 

77-6 

604-1 

18-1 

161-3 

26-213 

46-29 

77-6 

604-2 

19-76 

161-4 

26-214 

46-31 

30-20' 

51.3-2'' 

23-38 

233-1 

36-11 

68-62 

320-9” 

23-55 

447-4 

36-12 

132-1 

36-11 

V-97 

V 36-14 

196-1 

Adhesive  Bonded 

36-12 

44-24=' 

\ 44-14 

400-1 

Connectors 

44-15 

26-209 

132-1 

34-10 

400-1 

93-8 


5.12.8-2 


ISSUED:  MARCH  1967 
SUPERSEDES;  OCTOBER  1965 


DYNAMIC  SEALS 


SEAL  CLASSIFICATION 
SEALING  INTERFACE 


6.4  DYNAMIC  SEALS 

6.4.1  Introduction 

6.4.2  Dynamic  Seal  Classiilcations 

6.4.3  Design  and  Selection  Factors 

6.4.3.1  Sealing  Interface 

6.4.5.2  Materials 

6.4.3.3  Contamination 

6.4.3.4  Fluid  Compatibility 

6.4.3.3  Temperature 

6.4.3.6  Pressure 

6.1.3.7  Kesiliency  and  Rate  of  Return 

6.4.4  Design  Data 

6.4.4.1  LipSe..ls 

6.4.4.2  Molded  Sitape  Packings 

6.4. 4.3  O'Rings 

3 4.4.4  Compression  Packings 

6.4.4.5  Split  Ring  Seals 

6.4.4.6  Special  Sealing  Concepts 

6.4.1  Introduction 

A dynamic  seal  is  a mechanical  device  used  to  minimise, 
or  reduce  to  an  acceptable  level,  leakage  of  a fluid  from 
one  region  co  another  when  there  is  relative  motion  be- 
tween the  sealing  interfaces.  In  normal  dynamic  seal 
operation,  relative  motion  will  exist  between  a static  or 
stationary  interface  and  a moving  interface.  The  basic 
types  of  motion  which  may  occuj  singly  or  in  combination 
are: 

a)  Sliding  motion,  in  which  the  diieeliuu  of  motion  is 
perpendicular  to  or  across  th-  seal  interface.  The  con- 
tact interface  is  continuously  changing  location  on 
the  gland.  If  the  motion  occurs  in  both  directions  it 
is  called  reciprocating. 

b)  Rotary  motion,  in  which  the  direction  of  motion  is 
along  the  seal  interface.  The  contact  inferface  is 
limited  to  one  locatioti  on  the  gland.  Where  reversal  of 
motion  occurs,  it  is  termed  oscillating. 

The  motion  may  be  continuous,  but  la  most  instances  it 
will  be  intermittent  with  varying  periods  of  time,  during 
which  the  seal  will  function  in  a stai.c  condition.  A special 
case  of  intermittent  action,  in  which  the  interfaces  are 
separated  and  remated,  occurs  in  some  valve  closure  seals. 
Typical  applications  of  valve  closure  seals  are  shown  in 
Sub-Section  6.2,  "Valving  Units." 

In  addition  to  meeting  the  sealing  requirements,  a dy- 
namic seal  must  also  be  designed  for  acceptable  friction 
and  wear  at  the  Interface.  No  escape  of  the  sealed  fluid 


is  desirable  from  a sealing  standpoint.  However,  in  order 
to  get  reasonable  friction  and  wear  characteristics  at  the 
seal  interface  with  the  current  state-of-the-art  of  dynamic 
seal  design,  a small  amount  of  leakage  must  be  tolerated 
for  lubrication.  Results  of  one  of  the  latest  studies  on 
dynamic  sealing  are  described  in  Reference  152-4.  In  some 
dynamic  seal  applications  it  is  possible  only  to  minimize 
leakage,  not  prevent  it.  Friction  coefficients  for  various 
material  combinations  are  given  in  Sub-Section  12.7. 

If  leakage  cannot  be  tolerated,  the  use  of  bellows  or 
diaphragms  can  be  used  in  certain  applications  to  replace 
conventional  dynamic  seals.  The  use  of  bellows  or  dia- 
phragms will  be  controlled  by  the  physical  limitations  of 
the  design,  such  as  length  of  stroke  required,  power  avail- 
able to  move  the  seal,  i.e.,  bellows  compression  force, 
and  by  the  envelope  available.  .Application  of  bellows  is 
described  in  Sub-Section  6.6  and  diaphragms  in  Sub- 
Section  6.7. 

Dynamic  seals  considered  in  this  sub-section  are  limited 
primarily  to  seals  used  in  valve  applications,  including 
such  typical  applications  as  valve  actuator  seals  involving 
relatively  low  rotary  and  linear  speeds.  These  paragraphs 
do  not  include  a discussion  of  dynamic  seals  which  are 
primarily  intended  for  high  speed  rotary  applications, 
such  as  pumps  and  turbines. 

A discussion  of  the  application  of  face  or  mechanical  seals 
is  covered  in  References  112-12  and  46-27;  positive  clear- 
ance Seals  such  as  labryinth  and  bushing  seals  are  de- 
scribed in  References  llt-72  and  152-3.  The  following 
sub-topics  consider  factors  which  influence  gland  and  seal 
element  design  and  selection,  and  present  data  on  specific 
dynamic  seal  designs. 

6.4.2  Dynamic  Seal  Classification 

Common  methods  of  classifying  dynamic  seals  include 
type  of  motion,  method  of  loading,  material  application, 
and  configuration.  Some  of  these  classifications  are  shown 
in  Table  6.4.2. 

6.4.3  Design  and  Selection  Factors 

Primary  factors  which  must  be  considered  in  dynamic 
seal  design  and  selection  invwlvo  relative  balance  bvtvi'een 
allowable  leakage  and  permissible  wear  of  the  seal  and 
gland.  Influencing  factors  include  material  properties, 
interface  conditions,  compatibility  with  the  sealed  media, 
and  environmewtal  effects  such  as  operating  temperature 
and  pressure. 

6.4.3.1  SEALING  INTERFACE.  Tho  effectiveness  of  a 
dynamic  seal  design  is  determined  by  the  capability  of 
the  seal  interfaces  to  maintain  good  mating  over  the 
seal  operating  environment.  The  mechanisms  of  sealing 
described  in  Detailed  Topic  6.3.2. 1 are  applicable  to 
dynamic  seals;  hotvever,  the  extent  of  deformation  at 
the  interface  will  be  less.  The  contact  surface  stress  is 
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Tuble  6.4.2.  Dynamic  Seal  Classifications 

Type  of  Motion 

Sliding 

Reciprocating 

Rotating 

Oscillating 

Method  of  Loading 

Mechanically  preloaded 
Pressure-energized 
Positive  clearance 

Method  of  Sealing 

Radial 

Face 

Material 

Metallic 

Nonnietallic 

Combination 

.Application 

High  pressure 
Vacuum 

High  temperature 
Cryogenic 

Configuration 

O-ring 

Lip 

Mechanical 
Labyrinth 
Bushing 
Piston  ring 
Compression  packing 
Molded  packing 


considerably  lower  than  in  a comparable  static  s :il.  due 
to  load  limitations  imposed  by  wear  considerations.  There- 
fore. the  etfect  of  gross  surface  irregularities  such  as 
waviness,  out-of-ioundness.  etc.,  may  be  the  dominant 
factor  in  establishing  leakage  paths  The  general  subject 
of  surface  topor:i‘aphy  is  covered  in  Detailed  Topic  (>.3.2.1 
under  “Static  Seals,*"  and  is  applicable  also  to  dynamic 
seals.  la  dynamic  seat  applications  where  lubrication  is 
itquired.  gland  urface  finishes  finer  than  in  microinches 
have  shown  insignificant  increase  in  seal  life.  In  fact,  a 
surface  finish  which  is  too  smooth  (in  the  range  of  2 
microinches  1 cannot  support  a lu’.nication  film,  and  pre- 
mature seal  failure  may  occur  (Reference  l-2t(2t. 

In  high  iiressure  dynamic  seals,  iibrasion  and  tearing  of 
the  interface  materials  ale  primary  reasons  for  seal  fail- 
ure. The  rate  and  amount  of  abrasion  are  difficult  to 
predict  in  dynamic  seal  perfot  inaiice.  because  of  changing 
conditions  such  as  lubrication  and  friction  encountered 
during  operation.  These  conditions  change  during  the  life 
of  the  seal.  Characteristics  which  influence  the  rate  of 
Wear  include  surface  tinish  and  hardness,  and  frictional 
characteristics  at  the  interface. 

(iland  Design.  In  a dynamic  seal  design  installation,  all 
stru'itural  members  which  directly  or  indirectly  influence 
the  performance  of  the  seal  element  are  considered  part 


■ d tile  gland.  For  example,  tlie  gland  of  the  sliding  seal 
oil  a piston  will  include  both  the  piston  and  the  adjacent 
cylindei  The  primary  functions  of  the  gland  are  to  con- 
tain the  seal  element  and  to  provide,  either  wholly  or 
partially,  the  contact  loading;  at  the  seal  itUelface  neces- 
sary to  produce  the  requited  sealing  stress.  In  positive 
clearance  type  dyiramic  seals,  where  there  is  no  relative 
load  betw‘een  the  seal  interfaces,  the  p'Urpose  and  func- 
tion ot  the  housing  is  primarily  to  contain  and  support 
file  seal. 

Whenever  possible,  the  iW'o  surfaces  *.if  the  gland  being 
sealed  should  not  collie  in  contact;  bearing  areas  should 
be  outside  the  sealing  area.  iVheii  this  is  not  possible,  tlie 
pai‘t  ot  the  gland  containing  the  seal  should  be  a soft 
bearing  material  whicli  will  not  score  or  mark  the  part 
of  the  gland  which  iiioras  across  tin  .seal. 

In  dynamic  seal  applications  where  the  seal  mates  witli 
a shatt.  sh;itt  hardness,  smoothness,  and  material  are 
factors  that  must  be  considered.  The  usual  recomnieiid.a- 
tioll  for  shaft  hardness  is  a Rockwell  C of  at  least  .^n 
It  the  shaft  is  one  of  the  soft  niet.ils,  brass  or  aluininuin 
for  example,  it  is  advisable  to  |>ress  a hardened  steel  i ing 
on  the  shatt  to  serve  as  a seal  running  surface.  Hard, 
dense  chrome  plate  electro-deposited  on  the  shaft  will  also 
serve  satisfactorily. 

Maximum  seal  efficiency  and  life  are  obtained  with  a 
finely  finished  gland  surface,  usually  in  the  lu  to  20 
microiiich  range.  Polished  or  g;round  finishes  with  con- 
centric marks  are  preferred  in  rotary  applications.  Direc- 
tion of  liiiishing  marks  and  spiral  lead  are  important; 
when  a tinish  lead  is  present,  it  should  be  in  the  direction 
that  guides  the  sealed  media  inward. 

Friction.  The  seal  friction  force  which  must  be  overcome 
in  actuating  the  moving  member  is  a function  of  the 
coefficient  of  friction  at  the  se;il  interface.  Prediction  of 
the  coefficient  of  friction  to  be  expected  in  actual  opera- 
tion is  complicated  because  of  its  dependence  upon  several 
operating  parameters,  including  rate  of  movement,  the 
time  at  rest  prior  to  movement  (which  iiiduences  breakout 
frictioiu.  operating  temperature,  reaction  sensitivity  of 
the  surfaces  io  the  contained  media,  surface  geometries, 
and  the  amount  of  wear  to  be  expected. 

One  of  the  major  factors  inlluencing  friction  at  the  .seal 
interface  and  wear  life  of  the  seal  components  is  the 
relative  surface  finish  ot  the  interfaces.  The  machinability 
of  metallic  seal  materials  therefore  becomes  a matter  for 
consideration.  Relative  surface  conditions  which  can  be 
expected  from  various  manufacturing  operations  are  shown 
in  Table  (1.3.2.1c.  Other  material  properties  which  influ- 
eii  e the  friction  coefficient  of  seal  materials  are  the 
relative  surface  hardness  and  ty)>e  of  surface  film  on 
the  seal  interfaces.  In  general,  the  softer  metals  exhibit 
a higher  coefficient  of  friction. 
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TABLE  2-2  DIELECTRIC  CONSTANT  AND  LOSS  TANGENT  FOR 
EPON  828  EPOXY  AT  X-BAND  FREQUENCY 


Base  Resin 
Curing  Agent 
Composition 

Epon  828 
AtPDA 
IO0II4 

Epon  828 
BF^MEA 

tools 

Dielectric  Constant. 

3.25 

2.98 

10  GHz,  dry 

250F 

3.62 

3.11 

300F 

3.70 

3.19 

Loss  Tangent. 

75F 

0.035 

0.022 

10  GHz,  dry 

250F 

0.076 

0.047 

300F 

0.072 

0.055 

TABLE  2-3  ELECTRICAL  REQUIREMENTS  FOR  EPOXY  AND 
POLYESTER  LAMINATES  AT  X-BAND  FREQUENCY 


STANDARD  CONDITION 

Epoxy 

Polyester 

Dielectric  Constant 

Loss  Tangent 

Grade  A 

3.6  - 4.0 

0.020  (max.) 

Grade  B 

4.0  - 4.2 

•* 

Grade  C 

4.2  - 4.4 

•* 

Grade  D 

Class  4 

4.4  - 4.6 

IMMERSION  CONDITION 

Dielectric  Constant  shall  not  exceed  the  standard  condition  fay  more  than  5%.  Loss  Tangent  0.025  maximum 

for  all  grades  and  classes. 

mCH  TEMPERATURE 

Dielectric  constant  shall  not  vary  from  standard  condition  fay  more  than  ± 3.0%.  Loss  Tangent  0.045  maxi- 
mum for  all  grades  and  classes. 


Thermal  Stability:  The  thermal  stability  of  epoxy  resins  is  evaluated  by  thermogravimetric  aiialysis  (TGA),  dif- 
ferential thermal  analysis  (DTA)  or  jtner  techniques.  Conventional  epoxy  and  epoxy  novolacs  subjected  to 
TGA  show  rapid  decomposition  ai  approximately  572F  in  vacuum  and  in  oxygen  atmosphere.  The  total  de- 
composition upon  reaching  1652F  varies  with  resin  type  and  curing  agent,  ranging  from  50  to  80  percent,  with 
epoxy  novolacs  showing  the  lower  losses. 

Thernial  Conductivity:  The  thermal  condtctivity  of  epoxy  resins  varies  with  resin  type  and  the  amount  and 
type  of  curing  agent.  It  normally  ranges  fronj  0.085  to  0.1 10  3TU/ft.  hr.  ®F. 

Thermal  Expansion:  Similarly,  the  coefficient  of  thermal  expansion  depends  upon  the  resirs  type,  curing  agent 
and  the  amount  of  curing  ageni.  For  temperatures  of  from  -65F  to  approximately  220F,  it  varies  from  33  to 
39  x 10'^  in./in./®F. 
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Flammability:  Epoxy  resi»:s  are  not  flame  retardant  and  require  tbe  addition  of  chlorinated  curing  agents  or 
brominated  polymers  to  acquire  flame  resistant  characteristics.  Antimony  trioxide  is  usually  added  to  the  sys- 
tem in  conjunction  with  these  materials.  These  modifications  result  in  decrease  in  mechanical  properties, 
depending  on  the  percentage  of  additives  to  the  system. 

2.2.2  POLYESTER  RESINS 

2.2.2. 1 Definitions.  Polyesters  for  reinforced  plastics  include  the  unsaturated  polyesters  and  the  allyl  type  resins. 
The  unsaturated  polyesters  are  synthesized  by  the  esterification  of  dibasic  acids  with  dihydric  alcohols  and  are  sup- 
plied as  monomer  solutions  of  the  esterification  product.  During  cure,  which  requires  a catalyst,  the  monomer  reacts 
with  the  ester,  resulting  in  a cross-linked,  thermoset  resin.  Allyl  resins  are  homopolymers  of  diallylphthalate  or  dial- 
lylisophthalate.  Final  cure  may  be  brought  about  by  reacting  the  prepolymer  with  various  monomers,  or  by  a con- 
tinued reaction  of  residual  allylic  groups  within  the  polymer  chain. 

2.2.2.2  Spetifications.  Requirements  for  polyester  lesins  are  covered  in  MIL-R-7575,  Resin,  Polyester,  Low  Pres- 
sure Laminating  and  in  MIL  R-25042,  Resin,  Polyester,  High  Temperature  Resistant,  Low  Pressure  Laminating. 
Resins  for  either  specification  may  be  qualified  as  liquid  systems  or  as  preimpsegnated  fiberglass  fabrics. 

2.2.2.3  Polyester  Formulation,  Most  polyesters  are  polymerized  from  a mixture  of  unsaturated  and  saturated  acids 
(or  anhydti  Jest.  The  unsaturates  provide  sites  for  reaction  with  the  monomer,  while  the  saturates  control  the  loca- 
tion of  these  sites  within  the  polymer  molecule.  Maleic  anhydride  and  its  isomer  fumaric  acid  are  the  principal  un- 
saturates in  polyester  synthesis.  The  common  saturates  are  orthophthalic  anhydride  and  isophthalic  acid.  The  prin- 
cipal dibasic  alcohols  are  propylene,  diethylene  and  ethylene  glycols.  Monomers  for  laminating  resins  include  dial- 
lylphthalate (DAP),  diallylisophthalate  (DAIP),  triallylcyanurate  (TAG),  styrene,  vinyl  toluene,  methylmethacrylate, 
and  dicldorostyrene. 

2.2.2.4  Curing  .Mechanisms.  The  usual  means  of  initiating  the  copolymerization  of  the  polyester  with  the  monomer 
is  by  the  action  of  organic  peroxide  catalysts.  The  specific  catalyst  system  determines  the  temperati  re  at  wliich  cur- 
ing takes  place.  Some  catalysts  are  reactive  aii  room  temperatures,  while  others  require  the  application  of  varying  de- 
grees of  heat  to  initiate  reaction.  Common  catalysts  for  laminating  formulations  are  benzoyl  peroxide  and  tertiary 
butylperbenzoate  which  cure  in  a temperature  range  of  235F  to  310F.  Systems  based  on  methylethylketone  perox- 
ide and  cobalt  naphthenate  are  used  for  curing  at.  ambient  temperatures.  Promoters  or  accelerators  are  added  to  the 
resin  system  in  specific  instances  when  lower  cure  temperatures  are  required.  The  system  may  also  contain  retarders 
or  inhibitors.  Retard  ;rs  serve  to  reduce  peak  exotherms,  while  inhibitors  prevent  premature  polymerization. 

The  cure  rates  for  the  various  polyester  types  depend  on  the  constituent  acids  and  monomers,  and  to  a lesser 
extent  the  glycol.  For  a specific  resin  system,  cure  rates  and  gel  times  are  functions  of  catalyst  and  promoter  con- 
centration. Inhibitors  and  retarders  have  the  effect  of  increasing  cure  and  gel  times. 

Characteristic  of  polyester  cure  is  the  fact  that  once  the  reaction  has  been  initiated  it  proceeds  to  completion 
and  cannot  be  interrupted  at  an  intermediate  stage.  Completion  occurs  when  apptoximately  92-95  percent  of  the 
unsaturated  ester  sites  have  been  depleted.  With  some  systems,  postcuring  may  increase  the  extent  of  saturation. 

2. 2.2. 5 Properties  of  Polyesters 

Effect  of  Chemical  Structure  on  Mechanical  and  Physical  Pronerties:  The  physical  and  mechanical  properties 
of  cured  polyesters  depend  on  the  acids,  glycols  and  monomers  used  in  preparation  of  the  resin;  the 
proportions  of  each;  and  the  molecular  weight  of  the  initial  esterification  product. 

Equivalent  maleic  or  fumaric  based  resins  show  little  difference  in  mechani::al  properties.  Fumaric  resins,  how- 
ever, are  less  susceptible  to  moisture  ab  orption 
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water  which  appears  is  from  thermal  breakdown  of  hydroxyl  groups.  From  650F  to  15S0F  the  decomposition 
«s  composed  of  several  complex  reacdons  resulting  in  elimination  of  hydrogen,  methane,  carbon  monoxide,^ 
phenol,  cresol  and  xylenol.  Degradation  by  oxidation  appears  to  he  a surface  phenomenon  and  can  occur 
during  tne  curing  f ijocess.  Improved  stability  may  be  achieved  by  surface  protection  and  by  curing  in  non- 
oxidative  environn  ents.  High  temperature  postcures  also  lead  to  improved  stability.  Thermograms  in  air  show 
a rapid  onset  of  d«.;^tadation  beginning  at  asaout  600F  with  100  percent  weight  loss  at  about  1050F.  Generally 
there  appear  to  be  no  significant  differences  in  the  thermochemical  behavior  of  one-step  or  two-step  phenolics, 
when  these  resins  are  compared  at  equivalent  methylene  contents. 

Flammability:  Phenolics,  in  general,  are  flame  retardant  and  some  formulations  are  self-extinguishing  when 
evaluated  on  the  basis  of  Federal  Test  Method  Standard  No.  406,  Method  2021. 

2.2.4  SILICONE  RESINS 

2.2.4.1  DefinitMn.  Silicone  resins  are  characterized  by  a polymeric  structure  containing  alternating  silicon  and  oxy- 
gen atoms  (siloxane  bond)  and  having  two  organic  groups  attached  to  each  silicon.  Chain  growth  and  crossiinking 
reactions  take  place  through  the  siloxane  linkage.  The  organic  groups  normally  are  simple  alkyl,  aryl  or  vinyl  radi- 
cals, The  resins  for  lammating  are  synthesized  from  a mixture  of  monomers  and  contain  both  methyl  and  phenyl 
groups  attached  to  the  silicon. 

2.2.4.2  Available  Forma.  Silicone  laminating  resins  are  supplied  as  toluene  solutions  of  pariially  reacted  resins. 
These  varnishes  can  be  dried  to  tack  free  colids  and  are  suitable  for  preimpregnating  purposes.  Low  pressure  mold- 
ing grades  can  be  cured  by  the  usual  vacuum  or  autoclave  processes  at  pressures  below  SO  psi.  Higli  pressure  grades 
are  cured  at  pressures  ranging  from  300  to  1500  pst. 

2.2.4.3  Speafivations.  Requirements  tor  silscorvs  are  provided  in  MlL-R-25506.  Resin,  Silicone,  Low-Pressure 
Laminating.  MIL-R-25506  resins  are  furnished  as  general  purpose,  radio  fiequency  or  radar  frequency  types  and  may 
be  qualified  as  Uquid  or  solid  resins  suitable  for  impregnation  or  as  preimpregnated  fiberglass  fabrics. 

I 

2.2.4.4  Curing  of  Silicones.  The  curing  of  silicones  is  a condensation  reaction  involving  residual  sUano!  ( -Si  - OH ) 
groups  and  resulting  in  the  fo'mation  of  water.  Silicones  are  capable  of  self-curing,  but  the  reactions  are  best  con- 
trolled by  use  of  catalysts.  Amines  such  as  triethanol  a.mine  or  organometallic  salts  such  as  napthenates  and  octoates 
of  zinc,  iron,  cobalt  and  lead  are  typical  catalysts  for  curing  reactions.  Cure  temperatures  range  from  350F  - 450F 
and  postcuiing  is  generally  required  to  develop  optimum  nigh  temperature  properties 

2.2.4.5  Properties  of  Silicone  Resins 

Mechanical  Properties:  The  tensile,  compressive  and  flexural  strengths  cf  silicone  resins  and  laminates  are 
lower  than  those  for  epoxies,  polyesters  and  phenolics.  The  silicones,  however,  retain  a greater  percentage 
of  their  initial  strengths  at  elevated  temperature  and  may  be  exposed  for  longer  periods  at  these  tempera- 
tures with  less  degradation.  For  example,  at  500F  after  one-half  hour  exposure,  silicone  fiberglass  laminates  re- 
tain approximately  40  percent  of  initial  strength.  After  2.>.000  hours  at  525F,  the  laminates  retain  from  20  to 
25  percent  of  the  room  temperature  flexural  strength. 

Electrical  Properties:  Due  to  an  inherent  stability  and  to  the  fact  that  no  carbon  residue  is  produced,  silicone 
resins  exhibit  superior  electricil  properties  at  elevated  tefi iperatures  and  after  exposure  for  long  periods  at 
those  temperatures.  Representative  values  for  the  dielectric  constant  and  loss  tangent  for  silicone  fiberglass 
laminates,  tested  perpendicular  to  the  laminate  at  9.375  GHz,  are  listed  in  Table  2-5.  Other  tests  at  1 MHz 
show  little  change  in  dielectric  constant  or  loss  tangent  after  25.000  hours  at  480F. 
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TABLE  2-5  DIELECTRIC  CONSTANT  AND  LOSS  TANGENT  FOR 
DC21C6/181  FIBERGLASS  SILICONE  LAMINATES 
AT  X BAl'JD  FREQUENCY  (Rfet  2-9) 


Tempenture 

80 

320 

560 

25.6%  Resin 

0.  C, 

4.50 

4.52 

4.45 

L.  T. 

0.0064 

0.0063 

0.0059 

31.0%  Resin 

O.C. 

4.12 

4.14 

4.14 

L.  T. 

0.0066 

0.0067 

0.0072 

36.4%  Resin 

D.  C. 

4.11 

4.11 

4.11 

L.T. 

0.0064 

0.0064 

0.0066 

Thermal  Stability:  Silicone  resins  are  relatively  stable  at  elevated  temperatures  and  show  lower  weight  losses 
compared  to  other  resins.  The  residue  on  burning  is  sUkon  dioxide.  Vacuum  pyrolysis  indicates  a loss  of  13 
percent  b;*  volatilization  at  1470F,  increasing  to  17  percent  at  2190F.  Comparable  results  for  a phenolic  resin 
are  44  percent  and  48  percent,  respectively. 

2.2.5  POLYIMIDE  RESINS 


2.2.5. 1  Defin  tion.  Polyimides  are  formed  by  the  cttemical  reaction  of  an  aromatic  dianhydride  with  an  aromatic 
diamine.  The  initial  reaction  results  in  a soluble  polyaraic  acid,  which  is  converted  to  an  iniusible,  insoluble  resin  by 
subsequent  dehydration  and  the  application  of  heat.  The  basic  polyimide  structure,  in  generalized  form,  is  shown  in 
which  R and  R'  are  aromatic  groups  derived  from  the  dianhydride  and  d::imiue. 


2.2.S.2  Resin  Types.  The  dianhydride-diamine  reaction  produces  linear  polymers  without  crosslinking.  Modifica- 
tions in  the  reactants  are  required  for  form  resi.ns  v’hich  can  be  crosslinked.  The  commercial  resins  currently  used  for 
laminating  purposes  are  modified  types  and  are  crossliicked  during  the  curing  process.  Other  variatioui,  in  initial  re- 
actants result  in  polymers  with  amide-imide  or  ester-unide  linkages  in  the  resin  structures.  These  resins,  closely  re- 
lated to  the  polyimides,  have  been  evaluated  on  an  experimental  basis,  but  are  not  presently  used  in  laminating  form- 
ulations. 


2.2.S.3  AvailalUity  . Commercial  polyir.  <Jes  for  lamination  ate  supplied  as  preimpregnated  fabrics  or  as  resin  solu- 
tions for  impregnation. 


240 


2.2.5 .4  Firucessitti  and  Curing,  Polyimides  are  characterized  by  higlr  melt  temperatures,  low  solubility  and  the  evolu- 
tion of  volatiles  daring  the  curing  reactions.  The  problems  in  fabricating  laminates  are  attributed  to  these  polymer 
characteristics.  To  maintain  solubility  and  allow  impregnation  of  reinforcing  fabrics,  the  polyamic  acids  are  used  as 
laminating  varnishes.  The  initial  condensation  reaction  is  interrupted  while  the  resin  is  still  soluble,  but  is  capable  of 
curing  to  a high  molecular  weight  with  minimum  volatile  by-products.  In  crosslinked  resins,  the  molecular  weight  is 
held  at  a reduced  level  by  end-blocking  tlie  polymer  chain,  thus  producing  scluble,  lower  melting  precursors.  The 
crosslinking  reac  tion  is  relied  upon  to  form  a cured  liigh  molecular  weight  resin. 

Polyimides  can  be  lamaiiated  by  conventional  vacuisin,  augmented  vacuum  and  press  molding  methods  using 
dry  layups.  Filament  winding  also  requires  prepregs  and  a vacuum  cure  for  best  results.  Close  control  of  prepreg 
properties,  6-staging,  curing  and  postcuring  is  necessary  to  insure  production  of  sound  laminates  and  filament 
windings.  Prepregs  undergo  a rapid  decrease  in  flaw  at  temperatures  of  from  250F  to  300F,af  which  time  residual 
solvents  are  volatilized.  Initial  cures  take  place  at  temperatures  of  from  300F  to  350F.  Postcercsat  OOOF  to  700F 
are  required  to  attain  optimum  properties. 

2.2.5.5  Mechantcu!  Properties  of  Polyiinide  Resins.  Current  developments  in  resin  formulations  and  processing  tech- 
niques indicate  that  substantial  improvement  nechanical  properties  of  polyimide  laminates  are  being  achieved 

compared  to  earlier  reported  data.  Informatron  on  these  newer  laminates  will  be  included  in  Chapter  4 when 
available. 


2.2.S.6  Thermal  Stability:  The  polyimides  have  shown  superior  heat  aging  performance  rn  air  compared  to  other 
heat  resistant  resins.  They  are  stable  for  long  periods  at  600F.  Thermograms  in  nitrogen  indicate  practically  no  weight 
losses  to  approximately  700F.  Above  this  temperature  losses  increase,  reacliing  about  40  percent  at  1500F.  In  oxy- 
gen, the  weigist  losses  again  begin  at  700F,  but  at  1500F  they  are  over  90  percent. 

2.3  REINFORCEMENTS 

2 3.1  FIBERGLASS 

2.3. 1.1  Glass  Compositions.  E glass  and  S glass  are  the  principal  glass  compositions  for  aerospace  reinforcements. 
E glass,  based  oii  lime-alumina-borosilicate,  is  more  common  and  most  svoven  fabrics  are  made  from  this  glass.  S 
glass,  a silica-aluniina-magnesia  composition  developed  for  improved  tensile  properties,  is  used  mainly  as  roving  or 
other  non-woven  forms,  and  to  a lesser  extent  as  a woven  fabric.  Properdes  of  the  two  glasses  are  compared  in  Table 
2-6. 


2.3. 1.2  Specifications.  Military  specifications  related  to  fiberglass  reinforcements  include; 

MlL-Y-1 140,  Yarn,  Cord,  Sleeving,  Cloth,  and  Tape-Glass 
MIL-C-9084,  Cloth,  Glass,  Finished  for  Polyester  Resin  Laminates 
MIL-R-60346,  RovUig,  Glass,  Fibrous  (For  Filament  Winding  Applications) 

WS  1028.  Roving, Glass,  Epoxy  Resin,  20  End,  Impregnated.  Polaris  Fleet  Ballistic  Missile 
WS  1126,  Roving.  Glass  Filament.  Polaris  Fleet  Ballistic  Missile. 
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Foreword 

The  National  Aeronautics  and  Space  Administration  and  the  Atomic  Energy 
Commission  have  established  a Technology  Utilization  Program  for  the  dissemina- 
tion of  information  on  technological  developments  which  have  potential  utility 
outside  the  aerospace  community.  By  encouraging  multiple  application  of  the 
results  of  their  research  and  development.  NASA  and  AEC  earn  for  the  public 
an  increased  return  on  the  public  investment  iu  aerospace  and  nuclear  R&D 
programs. 

The  methods,  techniques,  and  devices  presented  in  this  compilation  are  used 
in  testing  the  mechanical  properties  of  various  materials.  .Although  metals  and 
metal  alloys  are  featured  prominently,  some  of  the  items  describe  tests  on  a 
variety  of  other  materials,  from  concrete  to  plastics.  Many  of  the  tests  described 
are  modifications  of  standard  testing  procedures,  intended  either  to  ad  pt  them 
to  different  materials  and  conditions,  or  to  make  them  more  rapid  and  jccurate. 
In  either  case,  the  approaches  presented  can  result  in  considerable  cost  savings 
and  improved  quality  control. 

The  compilation  is  presented  in  two  sections.  The  first  deals  speeificallv 
with  material  strength  testing;  the  second  treats  the  special  category  of  fracture 
and  fatigue  testing. 

This  compilation  is  not  a complete  survey  of  the  field  of  materials  testing. 
Rather,  its  sampling  of  many  diverse  activities  is  intended  for  the  interest  of 
mechanical  engineers  and  materials  testing  technicians,  .^t  the  same  time,  it  may 
serve  as  an  introduction  to  the  field  for  those  unfamiliar  with  the  principles 
and  practices  of  materials  testing. 

Additional  technical  information  on  individual  devices  and  techniques  can 
be  requested  by  circling  the  appropriate  number  on  the  Reader  Service  Card  en- 
closed in  this  compilation. 

Lhiless  otherwise  stated.  N.AS.A  and  ,AEC  contemplate  no  patent  action  on 
the  technology  described. 

We  appreciate  comment  by  readers  and  welcome  hearing  about  the  relevance 
and  utility  of  the  information  in  this  compilation. 
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Section  1.  Material  Strength  Testing 

TENSILE  TESTER  ACCEPTS  MULTIPLE  COUPONS 


A novel  device  permits  rapid,  sequential  testing 
of  up  to  6 tensile  coupons  without  interruption 
for  manual  alignment  between  tests.  This  feature 


is  especially  useful  when  testing  is  to  be  per- 
formed under  controlled  environmenial  condi- 
tions, where  time  would  be  lost  in  regaining 
the  proper  environment  after  the  interruption. 

The  device  differs  from  a similar,  commercially 
available  system  in  that  it  provides  positive 
coupon  alignment  prior  to  test,  and  is  much 


hss  apt  to  jam  and  cause  premature  failure. 
As  shown  in  the  figure,  the  device  consists 
of  radially  arrayed  tensile  coupons,  connected 
at  the  upper  end  by  high-strength  spacing  links 
(two  links  per  gap)  and  mounted  at  the  lower 
end  on  a special  shank.  The  upper  end  of  the 
first  coupon  is  attached  to  the  upper  mounting 
clevis,  which  is  attached  to  the  pull-rod  of  the 
testing  machine.  The  shank  is  retained  in  the 
lower  clevis  by  keeper  plates,  and  the  lower 
clevis  is  screwed  into  the  base  of  the  tester. 
Strain  gages  are  bonded  to  each  specimen, 
enabling  separate  stress-strain  plots  to  be  made. 

As  the  pull-rod  moves  upward,  the  first 
specimen  is  stressed  to  the  breaking  point.  Further 
vertical  movement  of  the  rod  causes  the  linkage 
connecting  the  first  and  second  specimens 
to  rotate  the  lower  mounting  about  the  shank 
and  align  the  second  specimen.  Tension  is 
then  applied  to  the  second  coupon  across  the 
first  pair  of  spacing  Unks.  Progressive  rotation 
of  the  plate  after  each  failure  of  a specimen 
allows  complete  testing  of  all  specimens. 

Source:  R.  T.  Hartunian  of 
McDonnell  Douglas  Co. 
under  contract  to 
Marshall  Space  Flight  Center 
(MFS-2067) 

Circle  / on  Reader  Serin  e Card. 


PORTABLE  TENSILE  TESTING  UNIT 


A commercially  available,  portable,  tensile 
testing  unit  has  been  improved  by  adding  an 
hydraulic  accumulator  to  the  tester's  hand- 
pumped  load  cell.  The  accumulator  allows 
test  loads  to  be  applied  at  a constant  strain  rate. 


thereby  improving  the  accuracy  and  repeata- 
bility of  t -St  results  obtained. 

The  addition  of  the  accumulator  to  the  unit 
provides  two  separate  test  sysiems.  The  operator 
can  (1)  bypass  the  accumulator  and  use  the  hand 


1 


2 


TESTING  METHODS  AND  TECHNIQUES; 
STRENGTH  OF  MATERIALS  AND  COMPONENTS 


pump  to  apply  a predetermined  amount  of 
load  or  strain,  or  (2)  charge  the  accumulator 
in  advance  with  sufficient  pressure  to  begin  a 
tensile  test  and  provide  a constant  rate  of  strain 
until  specimen  failure  is  achieved. 


Source:  D.  G.  Thomann  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-16356) 

Circle  2 on  Reader  Service  Card. 


LONG  COUPON  USED  FOR  EVALUATING  ORGANIC  MATERIAL 
TENSILE  PROPERTIES 


A testing  technique  for  determining  the 
physical  properties  of  organic  adhesives  uses 
long  tensile  specimens  made  by  depositing  a 
controlled  thickness  of  adhesive  on  glass 
scrim  cloth.  The  photograph  shows  one  such 
specimen,  mounted  for  determination  of  tensile 
strength. 

Previous  methods  required  a specimen  formed 
by  bonding  two  pieces  of  metal  with  the  adhesive 
to  be  tested.  However,  erroneous  results  were 
often  produced  by  such  specimens  because  of  the 
difference  in  thermal  expansion  coefficient 
between  metal  and  adhesive,  the  quality  of 
the  bond,  and  the  variability  of  adhesive 
thickness.  The  new  method  avoids  these 
problems  since  it  essentially  involves  only  the 
material  being  evaluated,  and  not  bonded  fix- 
tures. 

Source:  W.  G.  Boyd,  J.  W.  Eberhardt, 
W.  L.  Hill,  and  J.  C.  Newland  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS- 16796) 

So  further  documentation  is  available. 


FRICTIONAL  UXADING  DEVICE  FOR  TESTING  BRITFLE  MATERIALS 


The  illustrated  test  chamber  and  insert  provide 
a novel  means  of  avoiding  the  introduction  of 
bending  forces  during  tensile  testing  of  graphite, 
beryllium,  ceramics,  and  other  brittle  materials. 


This  is  accomplished  by  frictional  loading  of 
test  specimens,  ensuring  true  axial  alignment 
of  the  specimen  in  the  chamber. 

The  test  chamber  consists  of  a thick-walled 
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Steel  cylinder  whose  diameter  and  length  are 
consistent  with  the  size  of  the  specimens 
to  be  tested.  Six  equally  spaced  rows  of 


testing  machine  (not  shown),  with  a compres- 
sion loading  block  supporting  the  friction  load- 
ing bars.  Lateral  loading  is  provided  through 


Friction  Loading  Bars 


Test  Specimen 


Backup  Rectangular  Bars 

Specimen  Assembly 


radially  tapped  holes  are  cut  into  the  walls  of 
the  cylinder.  These  holes  accept  either  hydraulic 
actuators  or  alignment/reaction  bolts.  This 
arrangement  permits  six-faced  loadings  of  speci- 
mens that  have  a hexagonal  cross  section. 

The  test  specimen  assembly  is  prepared  by 
surrounding  the  specimen  proper  with  six 
frictional  loading  bars  that  are  slightly  longer 
in  length  than  the  test  specimen.  Backup  rec- 
tangular bars  are  added  to  distribute  the  lateral 
loading  uniformly.  The  mating  faces  of 
loading  bars  are  machined  to  provide  a small 
clearance,  so  that  the  full  lateral  load  is  carried 
by  the  test  specimen. 

The  bundled  specimen  is  centered  in  the  test 
chamber,  which  is  then  positioned  on  a universal 


the  hydraulic  actuators.  With  a very  light 
lateral  pressure  applied,  the  frictional  loading 
bars  are  compressed  by  a predetermined  amount. 
The  hydraulic  actuators  are  then  pressurized 
to  a preset  pressure  and  the  compression  on 
the  loading  bars  is  released  at  a uniform  rate. 
As  the  load  is  released,  the  test  specimen  is 
placed  in  tension.  Compression  release  con- 
tinues until  the  test  specimen  fractures. 

Source:  T.  F.  Hengstenberg  and  G.  Zibritosky  of 
Westinghouse  Astronucicar  Laboratory 
under  contract  to 
AEC-NASA  Space  Nuclear  Systems  Office 

(NUC-0051) 

So  further  documentation  is  available. 


TENSILE  TESTING  GRIPS  ENSURE  UNIFORM  LOADING 
OF  TUBULAR  SPECIMENS 


A new  design,  double-grip  fixture  for  attaching 
tubular  specimens  to  a tensile  testing  machine 
solves  the  problem  of  unequal  stress  dis- 


tribution across  the  tube  cross  section. 

Standard  grips  used  in  the  tensile  testing  of 
bimetal  tube  specimens  allow  tensile  loading 
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to  be  applied  directly  only  to  the  outer  tube.  tube  grip.  The  external  compression  nut  is  then 
With  such  grips,  stress  is  not  distributed  uni-  tightened  to  compress  the  external  grip  against 

formly  to  the  inner  and  outer  tubes  unless  they  the  outer  surface  of  the  tube  specimen.  The 

are  strongly  bonded.  nut  tightening  procedure  is  repeated  until 

Intanial  Grip 

Slotted  External  Expansion  Cone 


Expansion  Grip  Compressiun  Nut 


The  load  distribution  problem  can  be  over- 
come by  using  tensile  testing  grips  of  the  design 
shown  in  the  illustration.  Each  grip  is  comprised 
of  (1)  a slotted  internal  expansion  grip,  (2) 
an  internal  grip  expansion  cone,  (3)  a standard 
machine  bolt  and  nut,  (4)  an  external  grip 
compression  nut  with  pipe  threads,  and  (S) 
a slotted  external  tube  grip  with  pipe  threads 
at  one  end  and  an  adapter  for  attachment  to 
the  tensile  test  machine  at  the  opposite  end. 

A grip  is  applied  by  fitting  it  to  one  end  of 
the  tube  specimen  (see  fig.).  The  nut  on  the 
machine  bolt  is  tightened  to  expand  the  internal 


the  tube  specimen  is  uniformly  gripped  internally 
and  externally.  When  the  test  is  completed,  the 
external  compression  nut  is  loosened  to  release 
the  outer  grip.  Then  the  internal  nut  is  loosened, 
allowing  the  internal  grip  to  contract  so  that  the 
tube  specimen  can  be  slipped  free. 

Source:  V.  Hunt  and  S.  D.  Driscol  of 
Aerojet-General  Corp. 

under  contract  to 
Lewis  Research  Center 
(LEW-10267) 

No  further  documentation  is  available. 


TESTING  FILAMENTARY  COMPOSITES 


split-dees  themselves.  However,  the  test  has 
two  disadvantages.  First,  there  is  no  section 
across  which  strain  gages  may  be  mounted  to 
measure  the  stress-strain  properties.  Second, 
and  more  seriously,  substantial  bending  moments 
are  induced  in  the  ring  at  the  split  between  the 
two  dees.  Because  membrane  stress  in  the  ring 
causes  it  to  increase  in  diameter  as  the  load 
increases,  the  ring  tends  to  pull  away  from  the 

1 

i 

i 


Difficulties  encountered  in  tensile  testing  of 
filamentary  composite  materials  using  the  con- 
ventional split-dee  test  (Figure  I)  are  eased  by 
using  a modified  test  specimen  (Figure  2). 

The  split-dee  tensile  test  has  the  advantages 
that  the  ring-shaped  specimen  may  be  readily 
fabricated  by  winding,  and  the  test  may  be 
performed  in  a conventional  universal  testing 
machine  without  special  fixtures  other  than  the 


I 
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Tensil*  Fore* 


T«nsn«  Force 

Figure  1.  Split-Dee  Tensile  Test 


to  3 cm. 


Gap 


Figure  2 "Racetrack”  Filament-Wound  Tensile  Specimen 


corners  of  the  dees.  This  generates  bending 
moments  of  a sufficient  magnitude  to  throw 
doubt  on  the  validity  of  the  test  data. 

A straight  section  was  added,  adjacent 
to  the  split  in  the  dees,  in  an  attempt  to  eliminate 
the  bending  moment.  Mathematicrj  analysis 
of  the  resulting  “racetrack"  specimen  and 
comparison  of  test  results  achieved  with  it  and 
the  ring  specimen  indicate  that,  while  bending 
is  not  eliminated  by  this  addition,  it  is  sub- 
stantially reduced.  Even  a relatively  short  (I  cm) 
section  reduces  the  bending  moment  to  less 
than  one-half  that  of  the  circular  ring. 

A further  advantage  of  the  “racetrack"  speci- 
men is  that  strain  gages  may  be  readily  attached 
to  the  composite  material  in  the  center  of  the 
straight  section. 


The  following  documentation  may  be 
obtained  from: 

National  Technical  Information  Service 
Springfield,  Virginia  22ISI 
Single  document  price  $3.00 
(or  microfiche  S0.6S) 

Reference: 

NASA-CR-66518  (N68-I3926),  Design 
Criteria  and  Concepts  for  Fibrous  Com- 
posites Structures 

Source:  B.  W.  Rosen  and  N.  F.  Dow  of 
General  Electric  Co. 

under  contract  to 
NASA  Headquarters 
(HQN- 10268) 


PIN-ENDED  COLUMN  LOADING  DEVICE 


An  inexpensive,  simple-to-make  device  can 
apply  a load  to  a round-  or  pin-ended  column 
in  a universal  testing  machine  and  can  yield  an 
end-fixture  constant  near  unity.  The  device 
allows  universal  movement,  has  very  low 
friction  under  heavy  load,  and  has  a maximum 
end-fixture  constant  of  1.08. 

The  device  (see  fig.)  enables  a specimen  to 
be  loaded  between  two  small  steel  ball  bearings. 
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The  length  of  tlie  column  specimen  is  considered 
to  be  the  distance  between  the  centers  of  (he 
balls.  The  ball  bearing  size  is  selected  such 
that,  when  the  ball  is  hobbed  into  the  faces 
of  two  steel  plates  and  heat  treated  to  a strength 
of  830-970  MN/m^  (120  to  140  ksi)  for  about 
1/2  its  diameter  on  each  plate,  the  area  of  the 
spherical  indentation  in  the  plates  will  support 
a slightly  greater  load  than  the  theoretical 
load  carrying  capability  of  the  column  specimen. 
The  sets  (plate,  ball,  plate)  are  kept  in 


matched  pairs.  One  set  is  used  on  each  end  of 
the  specimen.  An  adapter  and  a centering  device 
are  attached  to  the  plates  to  accommodate 
various  specimens. 

Source:  J.  F.  Sternitzke  and  M.  D.  Saslaw  of 
McDonnell  Douglas  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-IJ468) 

Circle  J on  Reader  Service  Card. 


TENSILE  COUPON  GAGE  LENGTH  SCRIBER  AND  EU)NGATION 
MEASUREMENT  DEVICE 


Intamal  Scribe  AdjuMP'^nt 


Teat  Specimen 


7 * » • ‘ 

Specimen  S 

• iipIKUt  B.Jf  j 

The  device  shown  in  the  photograph  is  used  to 
inscribe  gage  lengths  on  tensile  test  coupons, 
and  to  measure  total  elongation  after  test. 
Gage  lengths  are  inscribed  with  adju.stable 
locking  knife  edges,  and  the  instrument  will 
accept  either  a round  or  flat  specimen  with 
an  overall  length  between  2.S  and  2S  cm. 

The  elongation  is  determined  by  traversing  a 
40  power  magnifier,  with  cross  hairs,  from 


one  end  of  the  gage  length  to  the  opposite  end. 
The  measurement  is  made  with  a micrometer. 

Source;  W.  G.  Boyd  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-13780) 

Circle  4 on  Reader  Service  Card. 
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MODIFIED  TECHNIQUE  FOR  ELONCATION  MEASUREMENT 
OF  THIN  METAL  STRIPS 


The  scribing  technique  discussed  in  the  previous 
item  will  not  work  reliably  wh.jn  very  thin 
specimens  are  to  be  tested,  because  the  inscribed 
marks  themselves  may  act  as  points  of  stress 
concentration  in  the  specimen  and  cause 

premature  fracture. 

A solution  to  this  problem  is  achieved 
by  applying  a thin  gold  plating  to  the  test 
coupons  before  scribing.  After  test,  the  specimen 
may  be  pieced  back  together  and  photographed 


along  with  an  accurate  scale.  The  specimen 
should  b>t  obliquely  lighted  in  order  to  reveal 
the  scribe  marks  in  the  gold  layer 

SoLfce:  I.M.Rehnof 
Aerojet-General  Corp. 
under  contract  to 
AEC-MASA  Space  Nuclear  Systems  Office 

(NUC-10076) 

A'o  further  documentation  is  available 


TENSILE-STRENGTH  APPARATUS  APPLIES  HIGH  STkAIN-RATE 
LOAD  WITH  MINIMUM  SHOCK 


Vblve  Chamber 
Quick-Dump  Valvi 
Capillary  Bundle 
Overtravel  Spring' 

Piston 

Loading  Cylin( 


Piston  Rod 
Potentiometer. 
Arm 

Thermal  Pme 
Window 
Potentiometer 
Temperature 
Control  Box 

Oscilloscope 


leai'>e  Valve 
accumulator 

9 Accumulator 
Vent  Valve 

Secondary 

NItiogen  Valve 

Mmary 

Nitrogen  Valve 


N2  Pressuro 
Relator 
Nitrogen 
Bottle 


Temperature- 
Control 
Air  Ducts 


The  apparatus  shown  in  the  diagram  can  apply 
tensile  test  loads  at  relatively  constant,  very 
high  strain  rates  (up  to  8.5  m/s),  with  minimal 
shock  and  vibration  to  the  tensile  specimen  and 
apparatus. 

The  apparatus  consists  of  two  primary  as- 
semblies, a strain  generator  and  a specimen 
container,  separated  by  a strain  wall.  The  speci- 
men container  is  enclosed  in  a temperature- 
control  box,  and  the  specimen  is  connected 


directly  to  the  strain  generator  through  a piston 
rod. 

To  ready  the  system  for  test,  oil  is  pumped 
from  the  pump-down  port  to  the  top  side  of  the 
loading-cylinder  piston.  This  transfer  of  oil  auto- 
matically seats  the  quick-dump  valve  poppet 
and  also  drives  the  loading-cylinder  piston  to 
its  lower  position.  The  primary  nitrogen  valve 
is  opened  to  pressurize  the  underside  of  this 
piston.  The  secondary  nitrogen  valve  is  then 
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dosed  to  trap  nitrogen  pressure  in  the  dia- 
phragmed  oil  sump.  The  specimen  is  attached 
to  the  holding  devices  in  the  strain  bo.\  after 
opening  the  window  in  the  temperature- 
control  box.  When  the  specimen  is  in  place, 
the  window  is  closed  and  the  temnerature  is 
regulated  to  the  desireu  degree.  The  preparations 
are  completed  by  adjusting  an  orifice  (not 
illustrated)  to  provide  the  desired  strain  rate. 

The  test  is  begun  by  opening  the  release 
sal'  e between  the  pressurized  oil  sump  and  the 
pump-down  pert.  This  action  lifts  the  valve 
poppet  which  opens  the  quick-dump  valve  and 
opens  a passage  for  the  trapped  oil.  The  nitrogen 
pressure,  acting  on  the  underside  of  the  piston, 


forces  the  oil  through  the  capillary  bundle  and 
constrains  the  piston  to  move  upward  at  a con- 
stant rate,  applying  a constant  tensile  strain 
rate  to  the  specimen.  An  overtravel  spring  in  the 
spring  chamber  stops  the  piston  at  the  top  of  its 
t navel. 

Additional  details  are  contained  in  U.S. 
Patent  No.  3,404,562,  which  is  available  from 
U.S.  Patent  Office,  price  $0.50. 

Source:  H.  E.  Cotrill,  Jr.  and 
W'  F.  MacGlashan,  Jr.  of 
Jet  Propulsion  Laboratory 
under  cont'act  to 
Department  of  the  Army 
(JPL-28  and  29) 


PROBLEMS  IN  HIGH-VELOCITY  SHOCK  TESTING  LiSING 
A SLINGSHOT  SHOCK  MACHINE 


The  slingshot  shock-testing  machine  dia- 
grammed in  the  figure  is  designed  for  production 
of  high-velocity  shocks  and  is  capable  of  im- 
parting a square-pulse  acceleration  greater 


Gui'le  Rails 


Anchor  Block 


Impact  Block 


Winch  Block 


than  196  km/s’ (20,000  g)  with  a pulse  duration 
of  up  to  1.5  ms. 

A light  tensile  load  is  initially  applied  to  the 
bungee  cord,  and  the  sled  is  drawn  back  be- 
tween two  rails  to  the  desired  length.  The  sled 
is  released  from  a distance  which  will  give  it 
a desired  velocity  at  impact.  The  tool  on  the 
front  of  the  sled  impacts  into  the  copper  target 
block  to  create  the  desired  pulse. 

Dunng  actual  operation,  several  problems 
have  arisen:  (1)  The  bungee  cord  is  not  con- 
sistent, Since  the  cord  spring  rate  changes  with 


each  shot,  it  is  difficult  to  predict  impact 
velocity  accurately.  (2)  Second  or  third  shocks 
are  frequently  created  due  to  vibration  of  *h: 
cord.  This  fatigues  the  cord,  ad^s  to  the  first 
problem,  and  contributes  to  “i  failure  of 
instrumentation  cabling.  (3)  Agreement  between 
the  various  methods  of  determining  the  accelera- 
tion is  not  good.  (4)  Certain  liiMstations  on  the 
pulse  shape  are  not  clearH  defined. 

Engineering  analyses  of  these  problems  has 
rcsulteo  in  recommendations  for  improving  the 
slingshot  machine.  A more  sophisticated, 
screw-type  pretensioning  device,  in  which 
the  bungee  cord  is  terminated  with  an  adjustable 
shock  ab;orber  and  no  knots  are  used  in  the 
active  portion  of  the  cord,  could  1 e used  to  pre- 
vent a number  of  curd  difficulties.  Motion  of 
the  sled  after  impact  could  be  reduced  by 
mounting  a transverse  wave  suppressor  on  the 
rear  of  the  target  support  More  work  should 
be  done  on  the  agreement  of  the  force  link  and 
accelerometer  readings. 

Source:  J.  W.  Shiplev  of 
Caltech/JPL 
under  contract  to 
NAS.A  Pasadena  Office 
(NPO-m93; 

Circle  5 on  Hcutler  Servu  e Card. 


material  strength  testing 


9 


FLKX'JR  : TEST  APPARATUS  FOR  ELECTRICAL  CONDUCTORS 


A flexure  testing  machine  simultaneously  sub- 
jects up  to  four  insulated  electrical  wire  speci- 
mens to  repeated  bending  stress,  and  positively 
indicates  failure  of  the  conductor.  The  wire  is 
repeateciy  bent  over  mandrels  at  a controlled 
rate,  through  a bend  angle  of  iff/4  rad  (±45°). 
A relay-actuated  vontrol  circuit  stops  the 
machine  upon  fracture  of  any  single  conductor. 
Indicator  lamps  arc  lighted  to  reveal  the  failed 
specimen.  The  control  and  indicator  circuitry  is 
needed  because  many  present  day  insulation 
materials  are  capable  of  bearing  the  load 
weights  by  themselves  after  conductor  fracture. 


An  alternate  mode  of  operation  allows  measur- 
ing and  recording  any  change  in  conductor 
resistance  during  test.  Ti  e machine  may  be  pro- 
grammed to  discontinue  the  test  after  any  re- 
sistance value  tr  resistance  change  ratio  is 
reached. 

Source:  E.U.  Baker  of 
McDonnell  Douglas  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
lMFS-13572) 

Circle  6 on  Reader  Service  Card. 


CONTROLLED  HYDRAULIC  LOADING  DEVICE 


T*--*  hydraulic  loading  device  shown  in  the  fig- 
i ' - ides  either  load-  err  strain-rate  co  trol  for 
te  critical  tensile  specimens.  Designed  to 


provide  loading  at  linear  strain  rates  from  0.1  to 
0.5  m/m/min,  the  device  eftectively  paces  both 
load-application  and  strain-rate  from  zero  to 
a maximum  lead  of  26.6  kN  (6000  Ib). 

For  load-rate  control,  a commercially  avail- 
able, motion  pacer  unit  is  attached  to  the  bot- 
tom spring  plate  of  the  static  loading  device. 
The  pacer  is  used  in  conjunction  with  a manual 
hydraulic  flow  control  v.alve.  which  controls 
the  rate  at  which  the  hydraulic  ram  compresses 
the  spring  of  the  static  loading  device.  For 
specimen  strain-rate  control,  the  motion  pacer 
is  attached  to  the  top  plate  of  the  sf  »tic  loading 
device.  In  this  mode  of  operation,  cross-head 
motion  is  paced. 

Source:  R.  D.  Lloyd  and  G.  V.  Sneesby  of 
North  .American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
lMFS-2000) 

So  further  documentation  is  available. 
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HIGH-ACCURACY  FLEXURE  TEST  FUiTURE 


The  illustrated  flexure  test  fixture  avoids 
many  of  the  problems  encountered  with  conven- 
tional four-point  loading  fixtures;  problems  such 
as  inaccuracy  in  parallelism  of  the  four  pins, 


To  correct  the  problem  of  parallelism, 
the  inner  load  pins  are  relocated  on  the  base 
plate  in  machined  V-grooves.  The  load  is 
applied  through  hardened  balls  mounted  on  the 


. Guide  Indent  For  Hardened  Ball 


Fixture  Plate 


Outer  Span  Load  Bar 


Pivot 


Load  Application  Balls 


Locating  Pins 


Load  pins 


errors  in  spaciilg  and  centering  of  the  pins, 
inaccuracy  in  applying  the  load  at  the  center- 
line  of  the  specimen,  and  difficulties  in  assur- 
ing the  perpendicularity  of  the  specimen  in  re- 
lation to  the  loading  pins.  Since  any  error  in 
the  measurement  of  material  properties  can  be 
detrimental  to  reliability,  elimination  of  these 
sources  of  error  is  important. 

A standard  die  set  normally  used  for  stamping 
small  components  forms  the  basic  guide  for  the 
fixture.  The  preloaded  linear  ball  bearings  in 
the  die  set  are  reworked  to  provide  a slight 
clearance.  This  ensure.^,  a fixed  spacing  and 
improves  the  accuracy  of  the  load  application 
point.  To  further  ensure  that  this  point  is  on 
the  centerline  of  the  specimi.ii,  a hardened  ball 
is  inserted  in  the  top  of  the  fixture  at  the 
precise  centerline  of  the  specimen. 


outer  span  load  bar.  This  arrangement  eliminates 
any  twisting  action  that  might  be  caused  either 
by  lack  of  parallelism  in  the  load  application 
points  or  by  a twisted  specimen. 

To  ensure  that  the  load  is  applied  at  the  center 
of  the  specimen,  vertical  locating  pins  position 
the  specimen  so  that  it  is  perpendicular  to  the 
fixed  load  pins  and  centered  under  the  moveable 
loading  balls. 

Source:  G.  W.  Ellenburg  and  E.  M.  Duran  of 
Westinghouse  Astronuclear  Laboratory 
under  contract  to 
AEC-NASA  Space  Nuclear  Systems  Office 

(NUC- 10246) 

Circle  7 on  Reader  Service  Card. 


MATERIAL  STRENGTH  TESTING 


II 


LOAD  CELL  CALIBRATOR 


hydraulic  Ram 


The  illustrated  device  permits  the  use  of  a 
standard  proving  ring  as  a calibration  transfer 
device  for  calibrating  load  cells  of  220  to  2200  N 
(50  to  500  lb)  capacity.  Prior  to  the  construction 
of  this  device,  such  low-capacity  load  cells  were 
calibrated  using  weights  as  transfer  standards. 
The  device,  similar,  except  in  size,  to  a com- 
mercially available  force  calibrator,  is  small 
enough  to  permit  handling  lov^-capacity  load 
cells  conveniently. 

Source:  S.  C.  Stene  and  E.  R.  Lebs  of 
North  American  Rockwell  Corp. 

under  contract  to 
Manned  Spacecraft  Center 
(MSC-11«65) 

Circle  S m Reader  Service  Card. 


TESTING  WELD  STRENGTH  AND  MECHANICAL  PROPERTIES 
OF  22!9-T81  ALUMINLIM  ALLOT 


Welding,  fracture,  tensile-strength,  and  fatigue 
tests  performed  on  2219-T8!  aluminum  alloy 
have  resulted  in  improved  knowledge  of  the 
mechanical  properties  of  this  alloy.  Among  the 
important  results  are  the  following:  |T)  The 
yield  strength  of  2219-T81  sheet  and  plate 
decreases  significantly  when  welded.  The  re- 
duction of  yield  strength  is  much  greater  than 
the  corresponding  reduction  in  ultimate 
strength.  |2)  Toughness  of  base  metal  2219-T8I 
sheet  and  plate  increases  with  a decrease  in  tem- 
perature. Plane  stress  and  plane  strain  fracture 
toughness  of  the  heat-affected  zone  (HAZ)  in- 
creases v»ith  a decrease  in  temperature;  the 
HAZ  is  less  tough  than  the  base  metal  but 
tougher  than  any  other  zone.  The  weld  metal 
region  has  the  lowest  fracture  toughness  of 
any  of  the  regions  tested.  (3)  The  weld  area 
fracture  toughness  (plane  stress  or  plane  strain) 
of  automatically  welded  2219-T81  sheet  or 
plate  decreases  significantly  between  78  and  20 


K.  (4)  The  behavior  of  welded  2219-Tbl  alu- 
minum plate  is  quite  erratic  after  three  repair 
welds  have  been  made.  The  toughness  values 
of  repair  welded  2219-TSl  aluminum  can  be 
substantially  lower  than  those  of  the  new  welds. 
(5)  Cyclic  flaw  growth  rates  are  generally 
higher  on  the  weld  metal  than  on  any  other 
region  tested.  (6)  At  normal  operating  stresses, 
the  critical  flaw  size  for  2219-T81  parent 
metal  and  welds  is  quite  large,  given  the  standard 
2:1  weld  land  buildup.  (7)  Due  to  the  very 
low  possible  toughness  of  repair  welds,  it  is 
recommended  that  repair  welding  be  kept  to  a 
minimum  with  2219-T81  aluminum,  because 
serious  material  property  degradation  is 
possidk  .All  repair  welds  (except  for  the  flaw 
simulation  tests)  on  this  p'^ogram  meet  all 
government  specifications  for  welds.  (8)  Tungsten 
inclusions  considerably  reduce  ,he  fracture 
toughness  of  the  welds.  Such  inclusions  should 
be  removed  wherever  possible. 
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TESTING  METHODS  AND  TECHNIQ'UES; 
STRENGTH  OF  MATERIALS  AND  COMFONENTS 


The  following  documentation  may  be  obtained 
from: 

National  Technical  Information  Service 
Springfield,  Virginia  22151 
Single  document  price  $3.00 
(or  microfiche  $0.65) 


Reference: 

NASA-CR-72097  (N67-17619).  A Sur- 
vey of  Welding  and  Inspection  Tech- 
niques for  2219-T81  Aluminum  Alloy 
Source:  W.  E.  Witzell  and  C.  J.  Kropp  of 
General  Dynamics/C onvair 
under  contract  to 
Lewis  Research  Center 
(LEW- 10479) 


TORSION  SYSTEM  FOR  MULTIPLE-STRESS-REVERSAL  CREEP  TESTING 


A novel  torsion  system  provides  exploratory 
data  on  accelerated  creep  due  to  multiple  si  ress 
reversals.  Conventional  creep  and  rela.xation 
testing  is  static  and  offers  little  information  on 
the  creep  behavior  ot  metals  under  cyclic 
load.  Previously,  a constant-torque  pulley  and 
dead  weight  system  had  been  used  to  repeatedly 
reverse  shear  stress  on  tubular  specimens,  but 
this  proved  to  be  slow  and  complicated.  Push- 
pull  equipment  had  also  been  used,  but  this 
technique  was  inherently  limited  to  small 
strains  because  of  such  defon.iational  instabilities 
as  necking  and  buckling. 

Torsional  testing  of  tubular  specimens  appears 
best  suited  for  reversed-stress  creep  tests,  since 
large  strains  are  obtainable  while  specimen 
geometry  is  maintained.  .Although  truly  uniform 
stress  distribution  is  sacrificed,  the  necking, 
instability,  and  nonuniformities  in  stress  and 
strain  encountered  in  other  tests  are  reduced. 

In  the  test  system,  torsional  loads  are  measured 
by  usit.g  the  elastic  response  of  a shaft.  The 
amount  of  windup,  directly  proportional  to  the 
torque,  is  measured  by  a pair  of  linear  variable 
differential  transformers  (LVDT’s)  mounted 
in  a holding  fixture.  Electronic  functions  are 


provided  by  a load  controller.  Torque  is  applied 
by  a hydraulic  rotary  actuator  connected  to  a 
torque  cell  and  mounted  in  a load  frame.  Fluid 
flow  to  the  actuator  chambers  is  controlled 
by  a servovalve,  and  pressure  variations  at  the 
valve  manifold  are  minimized  by  an  accumu- 
lator. The  shearing  strain  is  calculated  from 
measurements  of  the  relative  angle  of  rotation 
of  two  specimen  cross  sections. 

In  system  operation,  two  coUars  arc  clamped 
around  the  specimen  to  fasten  arms  to  the  sec- 
tions of  interest.  These  arms  are  connected  to 
two  coa.xial  cylinders  that  are  free  to  move 
(rotate  and  translate)  both  about  each  other  and 
about  the  bearing  race  on  the  torque  cell. 
Relative  rotation  of  the  two  section  clamps  is 
translated  into  a one-to-one  relative  rotation  of 
the  coaxial  cylinders  and  is  measured  with  a 
rotary  variable  differential  transformer  (RVDT). 

Source:  P.  A.  Lilienthal  of 
University  of  Illinois 
under  a grant  from 
NASA  Headquarters 
(HQN-10039) 

Circle  9 on  Reader  Service  Card. 


TESTING  THE  ROOM-TEMPERATURE  AGING  PROPERTIES 
OF  TENS  50«T4»  ALUMINUM  ALuOY 


In  an  attempt  to  determine  the  effects  of 
room-temperature  aging  on  the  mechanical 
properties  of  oil-quenched  Tens  50  aluminum 


alloy,  a total  of  twenty-four  0.63  cm  (0.250  in.) 
diameter  tensile  test  bars  were  machined  from 
four  Tens  50  aluminum  alloy  “Premium 


MATERIAL  STRENGTH  TESTING 


i: 


Strength  — Grade  1”  castings.  The  castings  v.ere 
all  produced  with  the  same  mold  design  and 
from  the  same  Sadie  of  metal.  The  machined 
test  bars  were  solution  heat  treated  for  12  hours 
at  865  K and  then  oil  quenched.  Two  test  bars 
were  used  for  each  test.  The  first  two  bars  were 
tested  after  30  minutes  and  the  last  two  bars  were 
tested  after  24  hours. 

The  results  indicated  that  room  temperature 


aging  of  Tens  50  alloy  is  a slow  process,  prob- 
ably requiring  several  days  before  uiinimum 
strength  requirements  are  met  or  exceeded. 

Source:  R E.  Zuech  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-18931) 

No  further  ducunwotaiion  h available. 


Section  2.  Fracture  and  Fatigue  Testing 

FATIGCE  TESTING  OF  1100-H14  .\Ll!MINUM  ALLOY 


An  investigation  of  the  fatigue  properties  of 
pure  (1100)  aluminum  in  various  gaseous  en- 
vironments has  shown  that  the  fatigue  life  of 
the  metal  is  greater  in  vacuum  than  it  is  in 
air,  by  a factor  of  about  3:2.  The  effects  of 
residual  concentrations  of  oxygen,  water  vapor, 
and  hydrogen  on  fatigue  life  have  also  been 
investigated. 

Fatigue  tests  were  conducted  in  partial 
pressure  and  vacuum  environments,  using  modi- 
fied ASTM  constant  stress  bend  specinrens  in 
the  cantilever  mode  of  reverse  bending.  The 
fatigue  life  data  were  plotted  as  a function  of  sur- 
face strain  amplitude  calculated  from  fixed 
deflection  amplitudes.  Outer  surface  stress 


amplitudes  were  calculated  from  the  elastic 
strain  levels,  assuming  negligible  fatigue 
hardening.  Preliminary  studies  have  shown 
that  the  1100-H14  aluminum  used  in  this 
series  of  fatigue  tests  exhibits  very  little  strain 
hardening  and  maintains  an  essentially  elastic 
stress-strain  response  in  bending. 

Source:  M.  J.  Hordon,  M.  A.  Wright  and 

M.  E.  Reed  of 
National  Research  Corp. 
under  contract  to 
NASA  Headquarters 
(HQN-10197) 

Circle  10  on  Reader  Service  Card. 


LOW-CVCLE  FATIGUE  TESTS  ON  NICKEL  ALLOYS  625 
AND  HASTELLOY  C 


Low-te«nperature,  low  cycle,  flexural  fatigue 
tests  have  been  performed  on  two  prominent 
nickel  alloys  to  determine  short-term  de- 
formation and  change  in  load-carrying  ability. 
Flexural  reverse-bending  fatigue  tests  were 
conducted  on  Alloy  625  and  Hastelloy  C at 
speeds  up  to  30  cycles  per  minute,  with  nia.vi- 
mum  deflections  of  ±2.41  cm  in  a total  specimen 
length  of  12.7  cm. 


For  each  alloy,  two  strain  gages  were  cemented 
to  each  of  two  specimens,  at  8. 1 cm  and  3.45  cm 
from  the  moving  end  of  the  specimen.  With  the 
first  specimen  of  each  pair,  the  gages  were  con- 
nected to  an  X-Y  recorder;  the  second  set  of 
gages  was  connected  to  an  oscilloscope. 
•A  standard  tensile  testing  nmchuie  was  used 
to  deflect  each  specimen  2.41  cm  in  tension  and 
in  compression. 


14 


TESTING  METHODS  AND  TECHNIQUES: 
STRENGTH  OF  MATERIALS  AND  COMPONENTS 


The  conclusions  reached  were  as  follows:  (1) 
Alloy  625  strain  softened  from  0.45%  to 
0.41%  during  cycling.  Similar  post-yield  strains 
were  measured  at  both  gages  mounted  in  the  con- 
stant stress  area  of  the  specimen.  (2)  Hastelloy  C 
strain  hardened  from  0.523?  to  0.72%<  during  cy- 
cling. Higher  strains  were  measured  near  the  mid- 
length  of  the  specimen,  rather  than  at  the 
moving  end.  (3)  Greater  strain-measuring  ac- 


curacy was  obtained  with  the  X-Y  recorder 
technique  than  with  the  oscilloscope. 

Source.  C.  S.  Shira  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS- 18933) 

Circle  it  on  Header  Service  Card. 


FATIGUE  DATA  OBTAINED  FROM  PROGRAMMED  HYDRAULIC 

LOADING  SYSTEM 


The  servocontrolled  hydra' .He  loading  system 
diagrammed  in  the  figure  uses  load  distribution 
data  obtained  from  actual  case  histories  as  input 
to  a realistic  fatigue  testing  system.  Where 


previous  fatigue  testing  methods  were  generally 
limited  to  constant  amplitude  cyclic  loading, 
this  system  can  apply  up  to  55  discrete  non- 
cyclic,  individually  adjustable  loads  iti  any  de- 
sired sequence.  The  system  thus  makes  available, 
for  the  first  time,  a high-speed  test  system  to 


obtain  accurate  material  strength  data  for  actual, 
in-service  loading  conditions. 

As  shown,  the  system  comprises  four  main 
subsystems,  performing  the  functions  of  input 
and  command,  programmed-accessory  control, 
specimen  loading,  and  monitoring.  The  input 
section  generates  loading  command  signals,  which 
are  introduced  at  the  summing  point  in  the  servo 
load  section  along  with  the  actual  load  signal 
derived  from  calibrated  strain  gages.  The 
amplified  error  signal  output  from  the  summing 
point  controls  the  servo  valve,  which  in  turn  con- 
trols oil  flow  to  the  hydraulic  ram.  The  ram- 
generated force  on  the  test  specimen  is  mechani- 
cally coupled  back  to  the  strain  gages,  thus 
reducing  the  error  signal  magnitude.  .^\s  the  error 
reaches  zero,  a null  detector  generates  a signal 
which  advances  the  input  section  to  the  next 
command. 

The  input  section,  in  addition  to  selecting 
load  commands,  controls  the  programmed* 
accessories  section.  This  section  comprises 
a temperature  programmer,  a recorder  pro- 
grammer, and  a load-hold  timer.  The  temperature 
programmer  turns  on  and  turns  off  an  automatic 
temperature  controller,  which  controls  the  power 
to  heaters  mounted  on  both  sides  of  the  specimen. 
The  recorder  programmer  supplies  p'wer  to  an 
oscillograph  recorder  and  a timer  that  deter- 
mines record  length.  The  load-hold  timer  in- 
terrupts the  cycle,  allowing  an  existing  load 
to  be  maintained  for  a preset  interval. 

In  the  monitor  section,  the  load  command 
signal  is  displayed  on  an  oscillograph  n corder 
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and  a calibration  readout  unit,  together  with  the 
signal  from  a second  strain-gage  bridge.  The 
section  also  includes  readout  instrumentation 
needed  to  calibrate  and  monitor  performance. 


Source;  W.  T.  Davis 
Langley  Research  Center 
( LA  R- 10042) 

Circle  1 2 on  Remit  r'^  Service  Card. 


HYDRAULIC  SERVO  SYSTEM  INCREASES  EATIGUE-TESTING  ACCURACY 


The  fatigue  testing  system  shown  in  the  figure 
has  improved  the  accuracy  of  loads  applied  to 
a standard  fatigue  specimen.  The  system  con- 
sists of  a proportional  loop  hydraulic  system  and 
an  error-sensing  electronic  control  loop. 

The  proportional  loop  contains  a servo 
amplifier  with  a limit  control,  a servo  valve  which 
drives  a piston,  a velocity  sensor,  a force  sensor, 
and  the  fatigue  specimen.  Frequency  control 
is  obtained  by  setting  the  limits  on  the  servo 
amplifier.  This  is  the  normal  assembly  used  for 
fatigue  loading  of  a specimen. 

To  increase  the  axuracy  of  the  system,  an 
error-sensing  electronic  control  loop  is  added  to 
the  proportional  loop.  This  control  loop  con- 
sists of  a signal  generator,  a force  voltage  tracker 
and  storer,  an  error  detection  comparator 
an  error  integrator,  SPDT  switches,  and  a cons- 
mand  signal  generator. 

The  electronic  error  sensor  tracks  and  stores 
the  force  sensor's  output  voltage  to  the  point 


where  the  velocity  changes  sign  (i.e..  the  point 
of  ma.ximum  force).  The  stored  output  voltages 
are  then  compared  with  the  desired  command 
reference  voltages  in  the  error  detection  com- 
parator. An  error  signal  generated  for  each  peak 
is  integrated  and  added  to  the  appropriate  com- 
mand voltage  level,  and  the  composite  command 
signal  is  fed  to  the  proportional  loop  hydraulic 
system. 

The  velocity  sensor  of  the  proportional  loop 
system  triggers  the  signal  generator  which  drives 
the  SPDT  switches.  These  switches,  SI  and  S2, 
appropriately  channel  the  inputs  and  outputs  of 
the  error  sensing  electronic  control  loop  to 
achieve  two  proper  feedback  voltages  One  of 
these  is  selected  by  switch  S3  and  fed  into  the 
proportional  loop. 

Source;  G.  V.  Di.xon  and  K.  S.  Kibler 
Langley  Research  Center 
tLAR.217) 

No  turther  documeniation  h available- 
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FATIGUE  TESTER  WITH  FLEX  PLATES  AND  BARS 
GIVES  TRUE  AXIAL  MOTION 


The  lever-type  load-amplifying  fatigue-tester 
shown  in  the  figure  can  apply  a load  to  a 
test  specimen,  with  true  axial  motion.  Operating 
at  speeds  from  100  to  900  cycles  per  minute, 
the  machine  can  achieve  a load  amplification 
ratio  of  up  to  5 to  1. 


A variable  speed  motor  and  a commercially 
available  cam  operate  the  lever  arm.  The  arm 
applies  an  axial  load  to  the  specimen  under 
test  through  two  frictionless  flex  plates,  one  to 
take  the  place  of  the  usual  knife  blade  pivot, 
and  the  other  to  take  the  place  of  the  usual 
bearing  on  the  load  bar.  Parallel  flex  bars  link 
a loading  yoke  and  the  flex  plates  to  a support 
column,  to  achieve  true  axial  motion  of  the 
load  against  the  test  specimen. 

Source:  C.  D.  Kurinko  and 
T.  F.  Hengstenberg  of 
Westinghouse  Astronuclejr  Laboratory 
under  contract  to 
AEC-NASA  Space  Nuclear  Systems  Office 

(NUC-0021) 

Circle  IS  on  Reader  Service  Card. 


AUTOMATIC,  NONDESTRUCTIVE  MONITORING 
OF  FATIGUE-CRACK  GROWTH 


An  ultrasonic  system  automatically  detects  and 
records  the  propagation  of  a fatigue  crack  in  a 
test  specimen.  The  system  employs  ultrasonic 
reflection  techniques  to  monitor  the  location  of 
the  tip  of  a propagating  fatigue  crack.  A piezo- 
electric transducer  generates  an  ultrasonic  beam, 
which  is  coupled  through  water  to  a test  speci- 
men. fhe  beam  is  partially  reflected  from  the 
crack  tip,  and  again  from  a reference  reflector 
plate  that  is  mounted  behind  the  area  containing 
the  fatigue  ciack.  The  tranducer's  position  is 
adjusted  until  the  two  reflected  signal  amplitudes 
are  equal.  Further  growth  of  the  fatigue  crack 
causes  an  imbalance  in  the  reflected  signal 
amplitudes  and  produces  an  error  voltage.  This 
error  voltage  activates  a servomotor,  which  moves 
the  transducer  across  the  specimen  surface 
until  the  reflected  signals  are  again  balanced. 
The  distance  the  transducer  moves  is  equal  to 
the  advance  of  the  fatigue  crack. 


In  a typical  setup,  a 0.318  cm  thick  aluminum 
alloy  plate,  with  a 0.396  cm  diameter  hole  in 
the  center  to  simulate  a^  crack-starting  notch, 
is  used  as  a test  specimen.  A 0.318  by  1.588 
cm  reflector  plate  of  the  same  alloy  is  clamped 
to  the  specimen  on  one  side  of  the  hole.  The 
reflector  plate  extends  across  the  width  of  the 
specimen  and  is  ultrasonically  coupled  to  it  by 
a film  of  oil.  The  ultrasonic  transducer  unit 
is  positioned  to  face  the  reflector  plate  on  the 
opposite  side  of  the  hole  and  aligned  to  travel 
parallel  to  the  reflector  plate.  The  transducer 
unit  comprises  a 5.0  MHz  piezoelectric- 
crystal,  a water-filled  hollow  plastic  block,  anJ 
a servo-drive  motor.  An  O-ring  gasket  seals  the 
ends  of  the  water  column  which  ultrasonically 
couples  the  transducer  to  the  specimen.  The 
transducer  is  pivot-mounted  so  that  the  injec- 
tion angle  of  the  ultrasonic  beam  can  be  varied. 
A lead  screw,  coupled  to  the  servo-motor  through 
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a flexible  shaft,  guides  the  transducer  across  the 
specimen. 

Tests  were  conducted  on  a specimen  into 
which  a slot  was  being  machined  to  simulate 
the  propagation  of  a fatigue  crack.  Increments 
as  smalt  as  0.003  cm  were  detected  and  auto- 
matically tracked.  The  repeatability  of  the 
system  was  ±0.013  cm  for  a number  of  speci- 
mens tested. 


Source;  F.  Hoppe  and  N.  S.  Inman  of 
Fairchild  Hiller  Corp. 
under  contract  to 
Langley  Research  Center 
(LAR-1J091) 

Ciftie  14  on  Reader  Service  Card. 


FATIGUE  CRACKS  DETECTED  AND  MEASURED 
WITHOUT  TEST  INTERRUPTION 


An  ultrasonic  flaw  detector,  involving  modified 
transducers  clamped  to  the  specimens,  non- 
deslructively  detects  fatigue  cracks.  The  system 
provides  a permanent,  continuous  record  of 
cracks  encountered  throughout  fatigue  tests, 
without  any  need  to  interrupt  or  interfere  with 
the  tests. 

Detecting  fatigue  cracks  by  the  reflection  of 
ultrasonic  energy  is  similar  to  detecting  distant 
objects  by  using  radar.  Acoustic  energy  generated 
by  an  ultrasonic  transducer  is  transmitted  into 
the  test  specimen  in  the  form  of  pulsed  en- 
velopes of  high-frequencj  waves.  After  the  pulse 
is  transmitted,  the  same  transducer  acts  as  a 
receiver  for  energy  reflected  from  any  dis- 


continuity, such  as  that  formed  by  the  metal-air 
interface  of  a fatigue  crack.  The  amount  of 
energy  reflected  from  a crack  is  related  to  the 
crack  area,  the  intensity  of  the  incident  ultra- 
sonic wave,  and  the  orientation  of  the  crack. 

The  oscillograph  readout  is  coupled  to  a gat- 
ing circuit,  permitting  a permanent  record  to  be 
made  of  signals  received  frcni  flaws  in  a selected 
portion  of  the  specimen  while  the  test  is 
running. 

Source:  S.  J.  Klima.  D.  J.  Lesco,  and 
J C.  Freche 
Lewis  Research  Center 
(LEW-266) 

Circle  15  ait  Reader  Service  Card 


ANALYSIS  OF  FLOW-INDUCED  FATIGUE  IN  BELLOWS 


-An  insestigation  of  bellows  failure  caused  by 
flow-induced  fatigue  has  yielded  increased  under- 
standing of  the  mechanism  of  vibration  genera- 
tion and  amplification  in  bellows,  and  has  pointed 
the  way  toward  a solution  to  the  problem  of 
bellows  fatigue. 

Fatigue  failures  are  experienced  in  bellows 
carrying  fluids  at  high  speed.  Such  failures 
commoniy  occur  when  bellows  are  subjected 
to  flow  speeds  around  Mach  0.3,  but  the 
principles  governing  this  behavior  are  not  well 
understood.  Although  a rigorous  analysis  of 
this  problem  is  difficult,  much  insight  can  be 
obtained  qualitatively. 


It  can  be  assumed  that  flow  through  a bellows 
generates  random  sound  waves  in  the  fluid 
from  repeated  sources.  For  example,  sound 
generated  by  the  disturbance  m flow  past  a 
convolution  root  will  be  generated  at  repeated 
intervals,  corresponding  to  the  convolution 
spacing,  along  the  bellows.  Under  these  condi- 
tions, certain  wa'elengths  of  sound  will  be 
amplified  and  others  cancelled.  Because  the 
sound  travels  along  the  bellows  in  both  direc- 
tions, standing  waves  can  be  produced. 

Because  convolutions  are  essentially  springs, 
they  must  be  affected  to  some  extent  by  any 
varying  force  such  as  sound  waves.  The  extent 
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can  be  expected  to  range  from  zero  (if  the 
natural  frequency  of  the  bellows  structure 
opposes  and  cancels  the  sound  frequency)  to 
a very  large  magnitude  (if  the  natural  frequency 
of  the  bellows  reinforces  the  sound  vibration). 
This  relationship  can  explain  the  erratic  fatigue 
results  achieved  in  experiments. 

Using  the  above  assumptions,  the  sonic  condi- 
tion can  be  examined  in  a little  more  detail. 
Consider  first  only  a single  source  of  sound 
(one  root).  An  unknown  spectrum  of  wave- 
lengths will  be  propagated  in  all  directions  at 
the  speed  of  sound  in  the  fluid.  Doppler  shift 
will  cause  the  spectrum  to  be  shifted  toward 
longer  wavelengths  in  the  direction  of  flow, 
and  toward  shorte.'  wavelengths  in  the  opposite 
direction. 

The  amplitude  of  any  given  sound  wave  will 
decay  exponentially  as  it  travels,  but  if  the 
wave  arrives  at  atiotb^r  source  of  sound  before 
dying  out,  its  residual  amplitude  will  add  to 
any  wave  from  the  new  source  with  which  it  is 
in  phase.  Analysis  of  this  phenomenon,  with 
respect  to  the  constructive  interference  of  waves 
generated  by  flow  past  bellows  convolution 
roots,  yields  a critical  flow  speed  which  coin- 
cides with  that  found  by  experience  to  be  most 
prone  to  cause  fatigue  failures. 

With  the  general  nature  of  the  sound  wave 
established,  its  effects  on  the  bellows  structure 


can  be  examined.  The  standing  wave  will  tend 
to  cause  each  root  to  oscillate  back  and  forth  x* 
rad  out  of  phase  with  each  neighboring  root. 
The  result  will  be  a flexing  of  each  crest.  This 
mode  of  vibration  explains  the  metallographic 
observation  that  the  crests  of  fatigue-failed 
bellows  are  heavily  cold  worked  while  roots 
are  undisturbed.  The  natural  frequency  of  the 
bellows  in  this  type  of  vibrating  motion  is 
therefore  critical. 

The  above  analysis  appears  qualitatively 
correct.  Additional  work  should  be  performed 
to  derive  a quantitative  expression  that  would 
show  rate  of  sound  amplification.  This  is 
suggested  because  one  obvious  technique  for 
allowing  higher  flow  velocities  would  be  to 
introduce  a one-half  wavelength  interruption 
in  the  convolutions  at  an  interval  just  less  than 
the  number  of  convolutions  at  which  the  sound 
intensity  would  reach  a dangerous  level.  This 
would  cause  destructive  interference  between 
the  two  standing  waves  and  would  eliminate 
the  vibrations. 

Source:  R.  G.  Cron  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-18178) 

Circle  16  on  Reader  Service  Card. 


CRYOSTAT  MODIFIED  FOR  ROTATING-BEAM  FATIGUE  TEST 


To  perform  a rotating-beam  fatigue  test  in  a 
cryogenic  environment,  a stainless  steel  Dewar  is 
modified  by  adding  extended  specimen-support- 
ing members  and  specially  designed  rotary  seals. 
Since  the  test  specimen  must  be  rotated  at 
speeds  up  to  10,(X)0  rpm,  successfully  sealing  the 
cryogenic  environment  becomes  a critical 
consideration.  This  is  accomplished  by  using 
radially  stacked,  bellows-mounted  graphite  sea's 
on  opposite  sides  of  the  Dewar,  with  the  speci- 
men, in  its  supporting  members,  between  the 
seals  in  the  cryogenic  environment.  The  Dewar 
is  supported  on  a platform  that  may  be  adjusted 
in  elev'i'ion  so  that  no  extraneous  weight  will 
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load  the  bpecimen  during  test.  Automatic  control 
of  liquid  level  in  the  Dewar,  and  a shut-off 
switch  actuated  by  test  specimein  ^ailuIe,  permit 
unattended  operation  for  considerable  periods. 


Source:  T.  F.  Durham  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
lMFS-435) 

Nu  further  documentatiun  h available. 


FATIGUE  IN  REINFORCED  CONCRETE  BEAMS  UNDER  DYNAMIC  LOAD 


Investigation  of  the  strength  properties  of 
reinforced  concrete  beams  subjected  to  vibra- 
tional stresses  has  led  to  increased  knowledge 
of  the  dynamic  properties  of  concrete  Such 
knowledge  is  needed  for  the  design  of  buildings 
frequently  subjected  to  high-intensity  vibra- 
tions. Buildings  located  near  missile  launching 
pads  and  jet  air  fields  are  obvious  examples. 

One  hundred  specially  designed,  scaled,  rein- 
forced concrete  beams  were  tested.  Fifteen  were 
tested  to  determine  their  static  strengths.  The 
remaining  beams  were  tested  under  sinusoidal 
and  random  vibrations  to  determine  their 
dynamic  fatigue  characteristics.  The  beams  were 
mounted,  one  at  a time,  on  an  electromagnetic 
shaker  and  were  vibrated  at  their  supports. 
Desired  stress  levels  were  maintained  by  moni- 
toring the  input  signal  to  the  shaker.  The  num- 
ber of  vibration  cycles  was  established  up  to 
the  moment  of  the  specimen's  failure.  The  rein- 
forcing wires  imbedded  in  the  concrete  beams 


were  also  tested  by  a tensile  machine  to  deter- 
mine their  yield  and  uluinate  tensile  strengths 
and  tc  obtain  a better  analytical  understanding 
of  the  strength  of  the  reinforced  concrete  speci- 
mens. 

The  following  documentation  may  be  obtained 
from. 

National  Technical  Information  Serv  ice 
Springfield,  Virginia  32151 
Single  document  price  $3.00 
(or  microfiche  $0.65) 

Reference: 

NASA-CR-79530  (N67-I1684)  Fatigue 
of  Reinforced  Concrete  Due  to  Sinus- 
oidal and  Random  Loadings 

Source:  G.  C.  Chan  of 
Wyle  Laboratories 
under  contract  to 
Marshall  Space  Flight  Center 
(MFS- 14980) 


SURVEY  OF  FRACTURE  TESTING  METHODS 


A comprehensive  survey  lias  been  prepared 
on  current  fracture-toughness  testing  methods 
that  are  based  on  linear-elastic  fracture  mechanics. 
General  principles  of  the  basic,  two-dimensional 
crack,  stress-field  model  are  discussed  in  rela- 
tion to  real  three-dimensional  specimens.  The 
designs  and  necessary  dimensions  of  specimens 
for  mixed  mode  and  opening  mode  (plane 
strain)  crack-toughness  measurements  are  con- 
sidered in  del'll!  Test  procedures  and  instru- 


mentation methods  are  described,  and  expres- 
sions for  the  calculation  of  urack-toughness 
values  are  given  for  the  common  types  of 
specimens. 

Source:  J.  E.  Srawley.  M.  H.  Jones,  and 
W.  F.  Brown,  Jr. 
Lewis  Research  Center 
(LEW- 10379) 

Circle  I an  Reader  Service  Card. 
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CRAC4CS  OF  KNOWN  SIZE  INDUCED  IN  METAL  SAMPLES 
FOR  FRACTURE  MECHANICS  STUDIES 


A technique  for  inducing  controlled  cracks 
in  metal  test  samples  for  fracture  mechanics 
studies  uses  standard  vibrational  fatigue  cycling 
apparatus  together  with  an  eddy-current 
crack-growth  monitoring  device.  Previous 
methods,  that  used  tensile  loading  followed 
by  metallographic  sectioning  of  the  sample  to 
verify  crack  size,  were  much  slower  and  more 
difficult  to  control  than  this  new  tecnnique. 

The  parameters  of  the  fatigue  tester  are 
adjusted  to  induce  stresses  near  the  yield  point 
of  a test  sample.  The  monitor  is  then  used 
to  check  crack  growth.  The  measurements  may 


be  taken  eiiho  ii’:  intervals  during  the  fatiguing 
process,  or  on  u continuous  basis  by  directly 
attaching  the  device  to  the  saiuole.  In  either  case, 
the  sample  remains  installed  in  the  test  urea, 
and  the  final  degree  of  fatigue  attained  can  be 
controlled  within  close  tolerances. 

Source:  F.  H.  Stuckenberg  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-16640) 

No  further  documentation  is  available. 


FRACTURE  MECHANICS  TEST  METHOD 


A new  experimental  technique,  using  a 
specially  developed  crack-opening  displacement 
(COO)  gage  to  monitor  crack  growth,  improves 
control  over  the  degree  of  precracking  induced 


in  fatigue  lest  specimens.  This  in  turn  leads 
to  greater  uniformity  of  test  data. 

An  investigation  into  the  fracture  behavior 
of  welds  in  20I4-T65I  aluminum  alloy  plates 
utilized  precracked  specimens  with  machined, 
semielliptical  cracks  extending  part  way  through 
the  weld  thickness.  Attempts  to  reduce  the 
data,  assuming  linear-elastic  fracture  mechanisms, 
met  with  serious  difficulties.  Extensive  and 
irregular  precritical  crack  growth,  and  variations 
attributed  to  nonhomogeneity,  anisotropy, 
and  residual  stress  gradients,  led  to  the  con- 
clusion that  simplified  proof-test  logic  was  not 
applicable.  An  alternate  approach,  experimentally 
verifying  an  established  proof-test  margin,  was 
complicated  by  these  same  irregularity  factors. 
The  use  of  high-magnification  extensometers 
to  autographically  display  compliance  behavior 
during  proof-test  loading  of  precracked  test 
specimens  provided  experimental  verification 
of  the  source  of  the  problem;  i.e.,  irregular 
and  precritical  crack  growth. 

The  illusaated  COD  gage,  shown  mounted  on 
a test  specimen,  consists  of  a linear  variable 
differential  transformer  mounted  on  a bracket. 
Holders  are  attached  to  the  specimen  surface 
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spanning  the  machined  crack,  and  knife-edge 
clips  on  the  bracket  engage  the  notched  arms  of 
the  holders.  When  the  precracked  joint  is  placed 
under  load,  the  gage  measures  displacements 
which  are  primarily  due  to  the  behavior 
of  the  crack,  with  the  parent  metal  acting  es- 
sentially as  rigid  material. 


Source;  J.  E.  ColHpriest  and  D.  E.  Kizer  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-16786) 

Circle  Is  on  Reader  Service  Card. 


.ACCELERATED  STRESS  CORROSION  TEST  FOR  STEELS 
AND  NICKEL  ALLOYS 


The  stress  corrosion  susceptibility  of  a wide 
variety  of  steels  and  nickel  alloys  can  be 
rapidly  evaluated  using  a new  laboratory  test 
p-ocedure. 

Single-edge-notched  specimens  are  fatigue- 
cracked,  loaded  in  plane  tension,  and  immersed 
in  20%  by  weight  NaCl  solution  at  room  tem- 
perature. A computer  program  is  used  to  calcu- 
late approximate  loading  parameters,  and  required 
testing  time  is  limited  to  a maximum  of  1000 
hours.  Times  as  short  as  100  hours  may  be  used 
under  some  circumstances 

The  test  can  be  used  to  determine:  (1}  the 
stress-corrosion  susceptibility  of  matty  common 
high-strength  alloys;  (2)  the  effects  of  processing 
parameters  on  the  susceptibility  of  these  alloys; 
and  (3)  the  ac'ceptance  level  for  stress  corrosion 


resistance  of  the  alloys.  Preliminary  seacoast 
trials  have  verified  the  validity  of  the  test. 

The  same  basic  approach  to  the  development 
of  a stress-corrosion  test  has  been  used  before. 
However,  earlier  tests  were  based  on  the  use  of 
fatigue-cracked  cantilever  bend  specimens,  which 
required  individual  loading  fixtures.  Using  edge- 
notched  tensile  specimens  allows  a large  number 
of  specimens  to  be  loaded  in  series  and  tested 
simultaneously  in  a single,  dead- weight,  lever-arm 
loading  •system. 

Source:  .A  H.  Freedman  of 
Northrop  Corp. 
under  contract  to 
Marshall  Space  Flight  Center 
lMFS-13701) 

Circle  i*>‘un  Reader  Service  Card 


FAILURE  MODES  IN  POLYTETRAFLUOROETHVLENE  EXAMINED 
USING  FRACTOGRAPHY 


Fractographic  principles,  long  used  in  metal- 
lurgy can  now  be  applied  to  the  analysis 
of  ttie  microstructure  and  fracture  characteristics 
of  polytetrafluoroethylene  (PTFE).  Fractography 
is  a common  analytical  technique  for  studying 
the  fracture  face  of  a failed  metal  by  means  of 
both  macro-  and  microphotography.  The  minute 
topographical  features  revealed  in  the  fracto- 
graphs  are  then  compared  with  standards  pre- 
pared from  specimens  fractured  under  controlled 
conditions.  Similarity  between  a standard  and  a 
Iractograph  that  represents  an  actual  service  fail- 
ure is  used  to  determine  the  failure  mode. 


Notched  at.d  unnotched  samples  of  0.65  cm 
thick  PTFE  were  tested  in  tensile  and  fatigue 
testing  machines,  both  at  room  temperature  and 
at  the  temperature  of  liquid  nitrogen.  The 
test  conditions  approximated  the  most  extreme 
stress  and  cryogenic  environments  to  which  the 
PTFE  would  be  exposed  during  use.  Replicas 
of  the  fractured  surfaces  were  prepared  by  the 
commonly  used,  two-stage,  acetate  replica 
technique.  All  fractures  were  studied  in  two 
magnificaii on  ranges;  the  macrorange,  from  1 to 
10  ■ : an  1 the  niicrorange.  from  3500  to  15,000  • 
(with  the  electron  microscope I.  The  various 
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topographic  teatures  noted  on  the  fracture 
faces  were  defined  in  terms  of  observable 
patterns  ichevrons,  dimples,  tears,  ridges,  and 
striationsK  and  then  tabulated  for  all  samples. 

The  results  of  the  study  demonstrate  that 
fractography  can  be  used  to  analyze  fractured 


surfaces  of  PTFE  to  determine  modes  of  fail- 
ure in  this  material. 

Source:  B.  H.  Nerreu 
Marshall  Space  Flight  Center 
lMFS-20294) 

No  further  ilm  utueinatkhi  /s  available. 


STRESS  CR.AZING  OF  CHLOROTRIFLIIOROETHVLENE  POLYMER 
CAUSED  BY  HALOGENATED  SOLVENTS 


Polychlorotrifluoroethylene  film, commonly  used 
on  seals  and  bushings  in  valves,  has  been  found 
prone  to  stress  cazing  u.ider  exposure  to  hal- 
ogenafed  solvents. 

.After  bail  valve  lip  seals  in  service  were 
found  in  a stress  crazed  condition,  tests  were 
performed  to  determine  the  susceptibility  of 
the  film  to  stress  crazing.  Film  samples  3.8  by 
6.3  cm  in  size  were  stressed  by  attaching  various 
weights,  and  exposed  to  trichloroethylene  and 
trichlorotrifluoroethane  solvents.  Threshold 
levels  for  stress  crazing  were  found  to  range 
from  4.1  to  5.5  MN/m*  |600  to  8C'0  psi)  for 


various  combinations  of  solvent  and  film  thick- 
ness. 

It  was  concluded  that  valves  and  other  com- 
ponents using  polychlorotrifluoroethylene  seals 
should  never  be  cleaned  wish  halogenated  sol- 
vents without  disassembly  to  relieve  the  seals 
of  stress. 

Source:  »<.  E.  CierniaK  and  j.  H.  Lieb  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-19015) 

Circle  JO  on  Reader  Senicc  Card. 


\ RAPID  STRESS-CORPOSION  TEST  FOR  ALI  MINI  M ALLOYS 


Continuous  immersion  in  an  aqueous  sodium 
chloride-potassium  dicliiomate  i I’ . -NaCI  J'v- 
ksCi  sCI'l  solution  has  proven  to  be  an  effective 
sticss-...,irrosion  test  for  aluminum  alloys  which 
are  prone  to  genera!  corrosion  when  subjected 
to  standard  3.5‘.  NaCI  alternate-immersion  test- 
ing Because  of  the  minimal  general  corrosion 
ot  alloys  such  as  2024.  2014.  2219.  and  7075  in 
this  salt-dichromate  solution,  stress  corrosion 
failures  can  be  readily  detee’ed  by  low-power 
microscopic  examination  of  the  test  specimen. 
The  salt-dichromate  solution  test  » parEicularly 
well  suited  to  the  task  of  rapidly  separating 
various  lempeis  of  2024.  2219.  and  7075  alumi- 


num alloys  on  the  basis  of  their  relative  sus- 
ceptibilities to  stress-corrosion  cracking. 

Stressed  alloy  specimens,  e.g  . C-rings,  tensile 
rounds,  etc.,  are  immersed  in  the  salt-dichromate 
solution  at  a temperature  of  333  K ± 1 K.  The 
solution,  which  is  prepared  on  a weight  basis 
(U(-saIt  2‘i-dichromate»  using  reagent  grade 
chemicals  and  distilled  water,  should  exhibit  a 
pH  in  the  range  of  3.7  to  4.0.  The  test  solution 
ni"st  be  contained  in  an  inert  vessel,  preferably 
glass,  which  will  withstand  the  test  temperature. 

The  recommended  immersion  period  is  seven 
day  s,  but  this  period  may  be  extended  for  several 
weeks  without  danger  of  excessive  general  cor- 
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robion  of  the  specimens.  Failure  of  highly 
stressed  susceptible  alloys  and  tempers  generally 
occurs  during  the  first  few  hours  of  testing. 
Therefore,  specimens  should  be  inspected  at 
least  once  during  the  first  four  hours'  exposure, 
and  twice  a day  thereafter. 


Source:  W.  J.  Helfrich  of 
Kaiser  .\luminum  and  Chemical  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
!MFS-20!75) 

C in  ie  21  on  RfUi/er  Servu  e Card. 


CHLiVIICAL  MILLING  REVEALS  STRESS  CORROSION  CRACKS 
IN  HTANIIIM  ALLOYS 


A solution  of  the  type  used  for  the  chemical 
milling  of  titanium  alloys  may  be  used  tc*  re- 
veal stress  corrosion  cracks,  without  special 
surface  preparation.  The  solution  consists  oi'  10 
parts  HF  (concentrated),  60  parts  H-0-. 
(30'^c  concentration),  and  30  parts  HiO,  by 
volume.  The  surface  is  simply  rinsed  in  water 
and  dried,  swabbed  with  the  solution  for  (0  to 
30  seconds,  and  rinsed  again  in  water.  The  cracks 
can  then  be  observed  by  the  naked  eye  or  ai 
low  magnification.  The  technique  is  especially 


useful  with  large  specimens  or  hardvvare, 
where  polishing  would  be  impractical.  The  solu- 
tion may  also  be  useful  in  revealing  small 
machining  cracks  or  fatigue  cracks,  but  should  not 
be  used  when  the  examination  must  be 
totally  nondestructive. 

Source:  D.  N.  Braski 
Langley  Research  Center 
(LAR-10077) 

■Co  farther  doannentatioii  /s  amilahle 
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ABSTRACT 


Tliis  Report  defines  both  liquid  and  gaseous  zero  leakage  over  a 
pressure  range  from  1.0  and  0.1  psi,  respeetively,  to  10,000  psi.  Graphs 
are  iiiduded  for  clarity  and  use.  The  zero  liquid  leakage  graph  con- 
tains an  equivalent  gaseous  helium  test  leakage  curve.  A fluid  flow 
conversion  nomograpli  was  constiucted  from  certain  applications  of 
the  Poiseuille  equation  and  is  offered  to  help  simplify  efforts  of  specifi- 
cation writers  and  test  personnel  in  obtaining  equivalent  flow  rates 
between  fluids,  over  a vcide  range  of  pressures  and  temperatures.  Dis- 
cussions of  leak  test  methods  and  test  techniques  complete  the  Report. 
This  Repoit  is  important  to  such  current  programs  as  Mariner  and 
Surveyor. 


I.  INTRODUCTION 


As  spacecraft  missions  become  more  sophisticated,  and 
operate  for  increasing! greater  periods  of  time,  tlie  re- 
quirements for  improved  perfonnance  by  tire  systems 
and  components  become  tiglrter.  One  measure  of  perfor- 
mance is  the  alility  of  tl»e  fluid  flow  system,  or  indi- 
vidual component  to  perform  satisfactorily  mider  all 
predicted  conditions  witliout  failure,  which  includes 
witliout  e.xcessive  leakage. 

Excessive  gas  or  propellant  leaks  could:  fl) affect  the 
performance  of  an  onboard  scientific  experiment  located 
near  the  leak  exit;  1 2)  require  additional  attitude  control 
system  compensation  to  create  abnormal  increase  of  Oy 
eratiiig  fluid  consmnptioo;  (3j - re’tt  t hazardous  condi- 
tion resulting  from  in  the  sp;icecraft;  and 

4)  decrease  the  operating  fluid’s  reserve  to  eause  a sys- 
tem’s det  Leased  perfonnance,  or  even  a malfunction. 


The  viord  excessive  is  relative  to  the  size  of  tlie  system 
and  to  the  quantity  of  the  reserve  operating  fluids.  Tlie 
need  for  maximizing  tlie  payloads  is  a constant  system 
factor.  The  resulting  propulsion  system  requirements 
demand  economy  of  propellants  and  pressurizing  gases. 
The  requirement  for  extiemely  small,  or  no  leakage,  is 
fast  becoming  a prime  requisite. 

The  development  of  techniques  to  detect  leaking  fluids 
has  been  painfully  slow.  The  problem  has  been  compli- 
cated by  the  fact  tliat  many*  less-than-satisfactory  means  of 
defining  tlie  leakage  requirements  have  been  attempted 
for  the  sake  of  simplifying  design,  procurement,  and 
testing  specifications.  Early  definitions  of  the  term  zero 
leakage  w ere  vague,  and  did  not  suggest  any  leak  test 
procedure  as  the  basis  for  any  definition  which  could  be 
used  by  specification  writers  and  test  personnel. 
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II.  LEAK  DEFINITIONS  AND  UNITS  OF  MEASURE 


A.  Definitions 

The  coiiiusioii  tliat  exists  over  definitions  in  tlie  field 
of  leak  detection  deinands  tliat  certain  terms  be  defined 
before  continuing  furtlier. 

1.  Leak 

As  noted  in  Ref.  1:  “In  vacuum  technology  a hole,  or 
porosih-,  in  the  wall  of  an  enclosure  capable  of  passing 
gas  from  one  t :de  of  tJie  wall  to  tlie  otlier  under  action  of 
a pressuie  or  concentration  differential  existing  across 
the  wall.” 

For  the  purpose  of  tliis  Report  tlie  preceding  sliould  be 
amended  to: 

a crack,  liole,  or  porosity  in  the  wall  of  an  en- 
closure capable  (contraiy  to  intent)  of  passing 
fluid  from  one  side  of  tlie  wall  to  tlie  otlier  un- 
der action  of  a pressure  or  concenRation  differ- 
ential existing  across  tlie  wall. 

As  a rule,  althou.gh  a leak  may  lie  detected  duiing 
testing,  its  geonietn'  will  remain  unknown.  Leak  testing 
is  mandatory  tor  inspection  and  rate  measurement,  be- 
cause analysis  is  impossible. 


Units  of  Measure 

1.  Gas  Flow 

As  observed  in  Ref.  1:  “In  leak  detection  practice,  leak 
late  is  defined  as  tlie  rate  of  flow  (in  pressure- volume  units 
per  unit  time)  tlirougli  a Fak  witli  gas  at  a specified  lugli 
Pressure  (usually  atmospheric  pressure)  on  tlie  iiJet  side, 
ai  d ,gas  at  pressure  on  tlie  exit  side,  u hich  is  low  enougli 
to  have  negligible  effect  on  tlie  rate  of  flow.” 

In  this  Report,  tlie  unit  of  measure  for  g.is  flow,  only, 
shall  be  standard  cubic  centimeters  per  second  (std 
nil  /sec),  riie  word  staiulaitl  is  used  here  to  indicate  that 
the  llov\  nieasur  leiits  were  converted  to  standard  teni- 
perutiue  and  pi\>sure  (SlFi  conditions  and  to  show  the 
relationsliip  to  mass  Row.  The  following  equations  are 
presented  for  ill  j.aralioii  purposes: 


\V’  = 


PVM 

RT 


as  derived  from 


RT 


(1.) 


2.  Leak  Rate  and  Leakage 

In  defining  die  rate  of  flow  of  fluids  past  a leak,  the 
words  leak  rate  and  leakage  are  used  synonymously. 


2.  Liquid  Flow 

In  tin's  Report  the  liquid  flow,  IhfukI  leakage,  is  a 
volumetric  unit  of  measure,  cm  Vsec. 
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III.  ZERO  LIQUID  LEAKAGE 


A.  Definition 


Zero  liquid  leakage  is  that  value  of  liquid  leak  or  flow 
rate  at  which  the  surfac-e  tension  of  the  liquid  has  just 
overcome  the  pressure  acting  on  the  liquid.  Fig.  1,  and  no 
flow  oc-curs  — assuming  a given  pressure  and  leak  diame- 
ter. Experiments  conducted  (Ref.  2)  have  indicated  that 
generally  for  liquid  there  is  a range  of  values  at  each 
pressure  where  the  flow  rate  becomes  zero.  It  is  in  this 
range  that  each  liquid  has  its  own  zero  point  at  any 
given  pressure. 

B.  Discussion 

Figure  2 shows  the  two  major  liquid  flow  modes: 
turbulent  and  laminar.  The  equation  for  liquid  turbulent 
flow  is  (Ref.  2) 


BOTH  AT  I otm  AND  75»F 

R9.  2.  Corraiatad  Liquid  and  Gas  Flow  Modas 


SYSTEM  PRESSURE 


:aiaTai<i 

►TaTald 


external 

PRESSURE 

(VACUUM) 


LEAK  DIAMETER 


PATH 


Fig.  1 . Machanism  of  Clogging 


3 


JPL  TECHNICAL  REPORT  NO.  32-926 


Tile  equation  for  laminar  flow  is  (Ref.  41 


becomes 


4 


(3) 


K'SP 

Q = 

V 


How  rate  is  in  pressure-volunie/time  units. 

the  preceding  equations  are  presented  as  illusti'ations 
only,  and  are  not  to  be  used  for  calculations. 

.As  tile  Reynolds  Number  for  laminar  flow  decreases  as 
.1  Jesuit  of  increasing  \ iscosity,  sui'face  tension  becomes 
the  dominant  force  causing  cessation  of  flow.  .At  tins 
point,  zero  leakage  occurs.  Houever,  tlieie  is  a pecu'iaj- 
set  of  conditions  in  which  a liquid  Ji  tf.y  tile  vi  alls  of  the 
leak  path,  thus  eliminating  the  sui’face  tension  effects,  in 
tuin  peimit.mg  liquid  flow  to  continue  e\’en  fartliei’. 
.More  woj’k  is  >’equii*ed  to  inci’ease  knowledge  about  tliis 
effect.  It  will  be  shown  later  tliat  any  increased  pi'essui’e 
serves  to  lower  the  zeio  leak  point  foi’  a liquid. 

The  late  of  propellant  evaporation  tJirougli  tfie  leak 
path  to  a Vacuum  was  e.vamiiied  and  found  negliitihle 
compared  u ith  the  original  liquid  leak  rate. 

Figure  2 sliows  gaseous  Iielium  flow  rates  directh’ 
couelated  with  liquid  flow  rates  for  the  same  pressure 
and  temperature  (7.5'’F.  14.T  psi,«(.  This  simplified 
metliod  tor  correlating  liquid  and  gaseous  flow  rates 
was  developed  at  the  General  Electric  Company,  Ref.  S, 
and  presented  in  the  fonn  of  a nomograpli.  Tlie  nomo- 
giaph  Was  constructeil  from  the  lollowing  ecjuation,  and 
is  piesented  here  for  tlie  readers  interest  tuily. 

1 or  gas  flow  from  a higli  pressure  to  cTnosplieric 
pressure,  tlie  Poiseuille  equation  for  viscous  flow  is 

K 

C = - fP^  - 1) 

where  pressur  e units  are  in  atmospheres. 

For  gas  flow  from  a pressure,  generally,  but  rrot  nec- 
es^arily  atmospheric,  to  vacuum,  the  Poiseuille  equation 
becomes 


KP- 


For  esseirtially  incompre.ssible  liquid  flow  with  a 
known  pressme  differential,  the  Poiseuille  equation 


To  construct  the  nomo.grapli,  tlie  preceding  tliree 

equations,  using  a common  parameter  (A  Pi.  were  re- 
duced to  tlie  following  forms: 

K 

Q = — (A  Pi  (.S  P + 2)  (4) 

Q = - P-  (5) 

‘I 

und  A H ( (Si 

V 

Figure  3 shows  a simplified  versic*n  of  the  nomograpli 
vvith  a sample  problem  to  illustrate  its  use.  The  guide- 
lines witli  a slope  of  2:1  and  located  on  tile  riglit-liand 
side  represent  the  gas  flow  equations;  wliile  guidelines 
liaving  1:1  slope,  and  located  on  tlie  left-liand  side,  rep- 
resent tlie  liquid  flow  ec(Uation.  Correlating  one  fluid  to 
tlie  other  requires  dr.iwing  lines  parallel  to  the  nomo- 
grapli  guidelines.  Tlie  discontinuity  found  between  the 
gas  flow  and  liquid  flow  guidelines  is  only  the  result 
of  tlie  original  drawing  style.  However,  a transition 
between  gas  and  liquid  flows  is  illustrated  in  the 
nomograpli.  Hie  gradual  bend  represents  exliaustion  to 
atmosplieric  conditions.  .A  sliarp,  or  sudden  cliange  from 
liquid  to  gas,  or  vice  versa,  represents  c^vfiaustion  to 
vacuum. 

AA'orking  tlie  sample  problc-n’;  showai  in  Fig.  .3  will 
illustrate  tile  application  of  the  nomograph  to  predict 
the  equivalent  liquid  propellant  leak  rate  from  measured 
gaseous  test  lielimn  leakage  at  a seal. 

-Assume  tlie  following  conditions: 

1.  Caseous  lieliuin  leakage  past  a seal  at  S X lU  ■ std 

cm '/sec. 

2 Helium  test  pressure  of  1 atmosphere  (atm;  or  14.7 
psia  with  vacuum  on  downistream  side  of  the  leak, 
tl,e  AP  across  the  leak  being  14.7  psia. 

3.  Liquid  system  flow  pressure  of  10  atm  or  147  psia 
witli  vacuum  externally,  or  147  psia  AP  across  tlie 
leak. 

4.  Liquid  viscosity  of  S X RJ  ' centipoises  (cpI. 
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Fig.  4.  Fluid  Flow  Convcrsiun  Graph 
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i EQUIVALENT  HELIUM  FLOW,  sfd  cm’/sec 


Fig.  5.  Zero  Liquid  Leakage  With  Eifuivalent  Test  Helium  Flow 
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To  solve  the  problem  of  preclictint;  the  equivalent 
liquid  Uuk  nite  for  the  kuown  gaseous  leakage  at  tlie 
seal,  the  following  plots  are  made  on  'die  nomograph: 

1.  8 X 10  “ std  cinVsec  lielium  leakage  is  located  on 
the  riglit-hand  ordinate  (log  gas  flow). 

2.  horizontal  line  is  drawn  intersecting  the  helium 
viscosih'  \ alue  along  the  abscissa  (log  gas  viscosih’). 

8.  A line  parallel  witli  the  2:1  slope  is  extended  from 
the  helium  viscositv-  value  until  1 atm  pressure  is 
intersected  along  tile  A pressure  abscissa. 

4-  This  pressure  point  is  connected  with  die  liquid  sys- 
tem pressuie  I lO  atml  by  a liorizontal  line. 

•5.  .A  line  is  drawn  parallel  with  the  1:1  slope  graph 
lines  from  the  previousK  found  liquid  pressure  value 
until  »he  intersection  is  made  viUi  the  value  for  die 
liquid  viscositv*  along  the  log  liquid  viscositv  abscissa. 

6.  .A  horizontal  line  is  drawn  from  the  intersection  of 
liquid  flow  with  liquid  viscositv*  to  find  the  pre- 
dicted liquid  leakage  along  the  log  liquid  flow  oidi- 
nate;  3 X lU  ' cni'/day. 

While  Fig.  2 shows  a liquid-gas  coiTelation  at  1 atm 
pressure  and  7.5“  F,  Fig.  3 provides  a graphical  solution  for 
correlation  at  any  pressure.  Any  temperature  may  be  con- 
sidered merely  by  selecting  that  corresponding  value  of 
viscosity. 

Figure  4 is  a complete  fluid  flow  conversion  graph. 
Added  to  it  is  a transitional  flow  coniponeiit,  winch  in- 
cludes molecular  flow,  represented  by  the  factor. 

Figure  5 presents  two  zero  liquid  leakage  models  for 
most  liquid  propellants  and  fl  -a*  respective  equivalent 
lielium  test  gas  flow  rate  curves.  Tlie  upper  zero  leakage 
cur  ve  indicates  tlie  cuneiit  standard,  or  maximum  limit. 
It  is  based  on  one  experimental  test  point  developed 
earlier  by  the  General  Electric  Company,  vvliereby,  at 
1 atrn  of  piessure,  the  clogging,  or  zero  liquid  leakage 
point  tor  water  was  in  tlie  range  of  10*“  to  ID  ■ cm  /sec. 
Assuming  tlie  value  of  5 X 10  ’ cm  /sec  as  one  point  on 
the  curve,  tile  follcvving  mathematical  analysis  provides 
tliat  tile  required  curve  p;iss  tlirougli  tlie  point,  for  tlie 
purpose  of  e.xti'apolation  througli  the  desired  pressure 
range.  The  equivalent  helium  flow  rate  is  obtained  with 
tile  application  of  the  graph,  given  in  Fig.  4,  at  the  same 
point. 

The  second,  or  proposed  standard  curve  is  based  on 
later  e.xperijiiental  data  provided  by  Dr.  Man*  of  tlie 


General  Electiic  Company.  It  was  shown  Uiat  at  1 atm 
of  pressure,  the  clogging,  or  zero  leakage  point  for  water 
is  about  10  ■ cni/sec  of  equivalent  helium  flow.  Witli 
this  new  point  available,  tlie  new  zeio  liquid  leakage 
curve  was  obtained  by  employing  tlie  following  matlie- 
nntical  analysis.  Howev  er,  as  of  tliis  writing,  tlie  lower 
leakage  cun  e remains  as  tile  proposed  standard  for  fur- 
ther study  and  consideration.  The  desired  cunes  are 
straight  lines  as  shown  by  Eq.  (10)  and  (13).  The  slopes 
of  the  cui  ves  dravvni  through  tlie  selected  points  are  ob- 
tained from  tlie  foilowing  analysis. 

For  liquid  flow  to  start,  the  pressme  must  just  exceed 
tile  liquid  surface  tension.  Ref.  7,  or 

SP  = ~ (7) 

a 

vvhicli  gives. 


vvhere  y is  surface  tension  and  d is  leak  diameter.  Since 
from  Eq.  (3).  s;  d*  (AP),  then  substituting  in  d 


I. 


!i)d 


(4y)* 

(AP)‘ 


(AP) 


(9) 


(4y)* 

(AP)' 


(10) 


Hence,  the  slope  of  the  icro  liquid  Icukuiic  curve  v.  itli  re- 
spect to  pressure  is  —.3:1. 

The  equivalent  gas  flow  based  on  surface  tension  of 
the  liipiid,  or  ratlier  based  on  its  start  of  flow  because  of 
just  overconiing  tlie  surface  tension  y effect,  is  found  in 
a like  manner. 
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or  filial?/ 


(APr 


(13) 


Hence,  the  slope  of  tlie  equivalent  gas  flow  curve  with 
resiiect  to  pressure  is  —2:1. 

Th«.refore,  from  the  preceding  discussion,  it  is  now 
possible  to  specify  a zero  liquid  leakage  value  for  liquid 
propellant  systems  and  components.  The  curves  in  Fig.  5 
define  zero  liquid  leakage  in  terms  of  liquid  flow  rate 


and  also  suggest  the  means  of  precision  testing,  an 
objective  stated  in  tlie  Introduction,  lentil  instimnents 
capable  ol  measurmg  extremely  finite  liquid  flov,  rates 
are  developed,  the  use  of  helium  gas  as  a detecting 
medium  will  provide  a precision  technique.  The  helimn 
sxiectronieter  type  of  leak  detector  affords  tlie  means  of 
detecting  the  low  flows  of  helium  wiiicli  aie  equivalent 
to  tile  required  zero  leakage,  or  ratlier  tliat  amount  of 
equivalent  gas  flovv,  at  any  given  pressure,  wliere  liquid 
flow  ceases.  In  this  manner,  tlie  specification  writers  and 
tile  testing  personnel  now  have  a practical  definition  for 
zero  liquid  leakage. 


9V.  ZERO  GAS  LEAKAGE 


A.  Definition 

Zero  gas  leakage  as  such  does  not  exist  as  far  as  labora- 
tor\'  measurements  have  thus  far  been  able  to  determine 
because  of  the  limitations  of  laboratory  instruments. 
Therefore  an  arbitrary  cune  was  constructed  as  shown 
in  Fig.  6 for  use  as  a specification  stand:u-d. 


6.  Discussion 

Figure  6 is  a straight,  sloped  cui-ve  with  a discontinuity," 
at  the  leakage  value  of  1 X 10  * std  tniVsec  at  wliicii 
point  tlie  line  is  translated  but  maintains  its  original 
slope. 

The  lower  portion  of  tlie  curve  is  based  on  tlie  basic 
point  of  1 std  cinVyr  at  1 atm  differential  pressure. 
Otlier  points  making  up  tliat  portion  of  tlie  curve  were 
obtained  horn  tlie  coirelatioii  of  tlie  1 std  cm /yr  with 
equivalent  flow"  rates  at  tlie  other  pressures  using  tlie  fluid 
conversion  graph.  However,  the  knowledge  of  future 
propulsion  si  stem  requirements  dictated  tliat  the  maxi- 
ininn  acceptable  equivalent  leakage,  as  originally  con- 
structed, was  too  great  at  the  higher  pressures.  Hence 


tlie  arbitrary  decision  was  made  to  sliift  a part  of  tlie 
curve  upward  at  1 X lU  ' std  cm  Ysec. 
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V.  LEAK  TEST  TECHNIQUES 


Two  Upes  of  external  leakb  exist  in  most  How  systems: 

( 1 1 permeation  tlirougli  plastie  and  elastic  muteriuls 
and,  (2)  viscous  flow  as  through  a pitJio!-*.  The  latter 
form  of  leak  is  tlie  type  to  permit  an  equivalent  liquid 
flow.  Howe\er,  tile  first  form  (permeation)  is  detectable 
during  tlie  bell  jar  type  of  helium  mass  spectrometer  leak 
testing  and  can  lead  to  a false  picture  when  coi  verting 
the  total  helium  leakage  to  equivalent  propellant  leak- 
age. Permeation  leakage  is  tlie  passage  or  migration  rate 
of  atomic  lielium  (b\-  various  mechanisms)  througli  the 
materials,  being  first  adsorbed  into  the  surf  aces  of  tlie  ma- 
terials under  a pressure-tv  pe  or  concentration-gradient 
driving  meclianism  and  finally  desorbed  out  of  the  ex- 
ternal sui'face.  Tlie  basic  identifying  cliaracteristic  of  this 
kind  of  leak  is  a gradiialh  increasing  rate  of  change  with 
respect  to  time.  .“V  strip-chart  recorder  wired  to  tile  mass 
sp(  etronieter  target  output  voltage  displays  tlie  cliar- 
acteristic  whenever  it  occurs,  and  also  simplifies  leak  test 
monitoring.  A second  identifying  characteristic  is  that  at 
any  given  pressure,  every  plastic  and  elastomer  has  a he- 
lium saturation  or  leveling-out  point  past  whicli  the  leak 
rate  will  not  increase.  This  salient  feature  can  be  used 
as  a final  verification  foi  permeation  leakage.  If  repeated 
testing  is  <equired.  and  the  testing  cycle  is  a matter  of 
only  a few  liours,  the  original  starting  test  pressure  must 
be  low.  enougli  to  permit  saturation  to  occur.  A conve- 
nient rule  for  increasing  test  pressure  levels  during  re- 
petitive testing  within  hours  of  eatii  other  is  2.\  over  the 
previous  value.  Hovvewr,  with  tlie  removal  of  helium 
pressure,  the  lielium  concentration  will  eventually  decay 
from  witliin  tlie  plastic  or  elastomer.  The  time  for  helimn 
concentration  decay  can  be  calculated.  If  one  can  tol- 
erate the  long  period  of  time  between  tests,  which  may 
range  from  an  hour  to  a day,  then  tlie  test  can  be  re- 
peated at  the  same  pressure  as  in  the  original  test. 

The  identifying  characteristic  of  the  viscous  leak  is  the 
relatively  constant  rate  of  fluid  flow.  However,  because 
the  leak  path  can  be  very  tortuous  to  the  flow  of  a test 
gas,  the  time  required  to  traverse  tlie  path  may  take 
hours,  even  at  pressuies  greater  tlian  3000  psi.  There- 
fore, precise  leak  tests  should  consmne  at  least  3-4  hr 
of  continuous  monitoring.  When  recording  the  leak  char- 
acteristic, tlie  sudden  change  of  leak  rate  to  a higlier  but 
fairly'  const  uit  value  is  indicative  of  additional  helium 
from  another  viscous  leak  path. 

It  is  tills  last  type  of  leak  that  will  produce  tlie  liquid 
propellant  leak  in  a propellant  subsystem.  Therefore,  it  is 


now  possible  to  correlate  tlie  leak  trom  gaseous  helium 
in  terms  of  equiv  aleiit  units  of  propellant  in  accordance 
vvitli  the  procedure  prev  iously  descrilied.  It  is  important 
tliat  initial  leak  testing  sliould  first  employ  a g.is,  ratlier 
than  1 liquid,  in  order  not  to  clog  tlie  leak  paths. 

Experiments  have  been  conducted  wliich  show  tliat  the 
zero  leak  condition  for  liquids  is  between  10''*  and  lU  ' 
cm  7sec  of  liquids  with  surface  tension  lieing  the  criterion 
for  the  exact  number.  E.xperimeiits  are  currently  under 
way  to  find  the  zero  leak  point  tor  liquids,  under  N.\SA 
Contracts  No.  N.AS  7-396  and  -434. 

Discrepancies  appear  at  times  between  analytical  and 
empirical  leakage  data.  Tliese  may  be  caused:  (1)  liy  tlie 
lack  of  sufficient  experimental  data  to  support  fully  cer- 
tain analytical  tecliniques;  (2)  by  tlie  actual  leak-test 
inetliods  and  tecliniques;  and  (3)  by  the  fact  that  flow 
systems  tlieniselves  are  not  designed  to  include  plans 
concerning  future  leak  checks.  While  experimental  evi- 
dence is  currently  building  up  in  support  of  the  analyti- 
cal metliods  used  herein,  the  comparable  work  in  the 
field  is  not  keeping  pace.  Not  enough  work  is  being 
accomplislied  at  the  system  level  to  hnprove  tlie  accu- 
racy of  actual  test  data;  methods  tliat  are  not  amenable 
to  precision  continue  to  be  employed  because  of  poor 
planning  and  lack  of  patience  in  the  test  execution. 

A number  of  leak-testing  techniques,  summarized  in 
Fig.  7,  have  been  used  for  some  time.  The  more  common 
ones  are: 

1.  Soap  solution  (maximum  test  seiisiinity  to  10  * std 
cmVsec). 

2.  Helium  mass  spectrometer  probe  or  “snifier.”  (Maxi- 
mum test  sensitivity  quite  variable  from  10  ' to  10  “ 
std  einVsec.) 

3.  Bell  jar  or  other  such  container  witli  a lielium  mass 
spectrometer  (maximum  test  sensitivity  better  tlian 
10  " std  cm  ysec). 

4.  Methods  2 and  3 employ  a mixture  of  nitrogen  and 
lielium  gases.  The  helium  detection  sensitivity  is 
degraded  by  tlie  volume  ratio  of  the  gases  in  order 
to  use  the  preceding  techniques  for  detection  of 
gross  leaks. 

Use  of  the  first  two  techniques  does  not  assure  the 
operator  that  lie  is  measming  all  of  tlie  escaping  helium. 
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Although  tile  tliird  technique  makes  tlie  most  accurate 
determination,  it  is  not  easily  adapted  to  field  use. 

Chemical  test  papers  lia\  e been  die  most  widely  used 
indication  of  5 . pellant  leakage  at  tiie  system  level  in  the 
field.  Wliile  tl»e  test  papers  may  be  as  sensitive  as  iO  " to 
10  ' cmVsec,  the  titration  of  the  paper  proves  somewhat 
tricky  and  the  results  are  not  always  consistent.  To  date, 
diere  is  no  simple  mediod  to  measure  total  liquid  propel- 
lant leakage;  however,  some  promising  techniques  have 
been  observed  exi?erimentally.  Kef.  8. 

The  importance  of  iemperature  effects  should  alw'ays 
be  considered.  The  leak  flow  rate  changes  1)  directly 
witli  such  geometiy  alterations  as  expansioo  and  con- 
tr-iction  of  cross  sections,  and  2)  inversely  witli  viscosit>*- 
The  change  in  viscosity  produces  the  greater  effect. 
Because  it  can  be  shown  diat  laminar  flow  varies  in- 
versely widi  viscosity,  a lower  temperature  rec[uiies  a 
greater  equivalent  helium  leak  for  a giv  en  liquid  propel- 
lant leak.  Also,  for  liigher  temperature  operation,  a 
smaller  equivalent  helium  leak  is  required  for  a given 
proiiellant  leak. 


Gaseous  nitrogen  may  be  used  in  lieu  of  helium  for 
tests  vviiere  gross  leaks  are  expected.  It  is  possible  to  test 
for  proiJellaiit  leakage  in  terms  of  equivalent  nitrogen 
leakage  using  the  fluid  flow  conversion  graph,  e.g.,  Fig.  4. 
,\s  with  helium  testing,  st  is  still  necessary  to  capture  all 
of  the  leaking  nitrogen  gas,  but  Uie  vacuum  systems  of 
die  mass  spectrometer  are  not  necessary  if  the  is 
passed  up  a precision-bore  glass  tube  against  a low-mass 
piston,  where  the  rate  of  ascent  equals  die  leak  rate  (less 
the  gravitational  effects*.  If  leakage  is  measured  in  diis 
manner,  N-  is  more  desirable  than  helium  because  it  will 
not  pemieate  dirough  the  piston  material,  e.g..  a soap 
solution  film,  and  because  die  laminar  flow  condition  is 
viscosity  dependent;  therefore  this  may  result  in  a 10' . 
sensitivity  increase. 

In  die  final  analysis,  some  fonn  of  total  gas  leakage 
measurement  teclinique  must  be  used  for  correlation 
witli  liquid  leakage.  In  light  of  tliis,  the  work  prev  iously 
accomplished  at  JPL  undertakes  to  fill  the  lack  of  such 
iiiformation.  The  nmnbers  described  in  diis  analysis  re- 
sulted from  use  of  tlie  fluids  conversion  chart  as  origi- 
nated and  copyrighted  by  die  General  Electric  Company. 


NOMENCLATURE 


d diameter  of  leak  padi 
f friction  factor,  flow  passage 
K,K'  conductivity 
M molecular  weight 
P pressure 
Q flow  rate 
R gas  constant 
T absolute  temperature 
V volmiie 
W mass  of  the  gas 


y surface  tension 
t leiigdi  of  leak  path 
7}  viscosity 
p deiisitv- 
od  proportionality 

Subscripts 

1 down  stream  conditions 

2 up  stream  conditions 
V volume  conditions 
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1.2. 4. 3.  ZERO  LEAKAGE 


Nothing  made  by  man  can  be  considered  to  be  absolutely  leak- 
tight.  Even  in  the  absence  of  minute  porosity,  the  permeation  of 
certain  gases  through  crystals,  polymers,  and  glasses  still  occurs. 
Leak  tightness  is,  therefore,  a relative  item.  It  is  necessary 
to  establish  a practical  leakage  level  for  any  given  component 
under  test.  Because  leak  tightness  is  a relative  term  and  has  no 
absolute  meaning,  the  sensitivity  of  the  equipment  involved  is 
a practical  guide.  A preliminary  decision  has  to  be  made  concerning 
the  definition  of  leak  tightness  for  the  particular  situation. 

Any  increase  in  sensitivity  of  a technique  brings  with  it  an  in- 
crease in  the  expenditure  of  time  and,  therefore,  an  increase  in 
cost.  This  Increase  in  cost  reaches  a maximum  when  the  specifi- 
cation reads  in  one  of  the  following  ways; 

• No  detectable  leakage 

• No  measurable  leakage 

• No  leakage 

• Zero  leakage 

Such  a specification  is  not  only  expensive,  but  also  very 
confusing  unless  the  method  is  precisely  described.  With  speci- 
fications such  as  above,  the  operator  is  always  v;orking  against 
background  instrument  noise.  He  is  continually  forced  to  make  a 
decision  as  to  whether  the  reading  he  is  obtaining  is  caused  by 
the  random  iluctuatlons  of  his  Instruments  or  by  the  actual  detec- 
tion of  specific  leakage.  It  is  much  easier  to  discriminate 
whether  a measured  leakage  is  above  or  below  a given  standard 
than  to  discriminate  leakage  from  random  instrument  noise.  It 
is  therefore  suggested  that  zero  leakage  be  defined  as  a measur- 
able quantitative  value  that  is  insignificant  in  the  operation  of 
the  system.  Such  a procedure  carries  with  it  the  added  advantage 
that  the  system  or  the  measurement  sensitivity  can  be  compared 
with  a standard,  and  in  that  way  a qualification  of  the  system 
can  Le  made  during  the  test  operation. 

The  Jet  Pj opulsion  Laboratory,  for  example,  requires  that 
certain  components  have  zero  liquid  leakage.  However,  they 
define  this  term  (Ref.  ;0)  by  the  operating  pressure  ol  the 
system  and  the  maximum  measured  gas  leakage. 
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Section  1.4 


FLOW  CHARACTERISTICS 


1.4.1.  GAS  FLOW 

Mass  transfer  atcrlbuted  to  leakage  can  occur  in  two  modes: 
pneumatic  flow  aisd  permeation.  Pneumatic  flow  occurs  when  leak- 
age is  by  passage  of  fluid  through  finite  holes.  Permeation  is 
passage  of  a fluid  into,  through,  and  out  of  a solid  barrier 
having  no  holes  large  enough  to  permit  more  Lhan  a small  fraction 
of  the  molecules  to  pass  through  any  one  hole. 

1.4. 1.1.  PNEUMATIC  FLOWS 

Pneumatic  gas  flow  which  occurs  in  a leak  may  be  placed  in 
four  categories:  laminar,  molecular,  turbulent  and  choked.  Table 3 

shows  the  appro.ximate  types  of  flow  modes:  10'“ ^ to  10~® 

atm  cc/sec  for  laminar,  above  lO"''^  atm  cc/sec  for  turbulent  and 
below  10~^  atm  cc/sec  for  molecular  type  of  flow.  As  may  be  seen 
from  the  table,  laminar  flow  is  predominant  in  the  area  of  leak- 
age interest. 


1.4. 1.1.1.  Laminar  Flow 

The  laminar  flow  of  a fluid  in  a pipe  is  defined  as  a con- 
dition where  the  velocity  distribution  of  the  fluid  in  the  cross- 
section  of  the  pipe  is  parabolic.  Laminar  flow  is  one  of  the  two 
classes  of  viscous  flow,  the  other  class  being  turbulent  flow. 
Because  turbulent  flow  is  rarely  encountered  in  leaks,  the  term 
viscous  flow  is  sometimes  incoi'rectly  used  to  describe  laminar 
flow  in  leak  detection  work. 


The  most  familiar  laminai*  flow  equation  is  one  developed  by 
Poiseuille  (Ref.  27).  For  the  flow  thi’ough  a straight  tube  of 
circular  cross-section,  this  equation  is: 


Q 

where  Q 
d 
i 

P, 


IT 

■§ 


riT 


fi  -■’?l 


Equation  1.4-1 


leakage  rate 
diameter  of  the  leak 
length  of  the  leak 

upstream  pressure,  P^  ~ downstream  pressure 

viscosity  of  the  gas  P +P 

arithmetic  mean  between  Pg  and  Pj  = — ^ ^ 


In  the  range  where  this  equation  is  applicable,  it  has  been 
substantially  vei’ified  experimentally.  The  above  equation  is 
applicable  where  the  length  and  diameter  of  the  fiov?  passage  are 
known.  This  is  not  the  case  for  most  leaks,  but  the  equation 
may  be  rewritten  in  this  form: 
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Table  3 

PROPERTIES  OF  THE  VARIOUS  FLOWS 


Turbulent* 

Choked* 

Leakage 

> 10“*atm 

region 

cc/sec 

Flow- 

Q « (P  2 _ p 

Q « P, 

pressure 

relation- 

X. 

ship 

Flow- 

property 

relation- 

ship 

Laminar* 

Molecular 

Permeation 

10"^  to 
10”6  atm 
cc/sec 

< I0“®atm 
cc/sec 

Dependent  on 
thickness 

Q«(pf  - l|) 

Q«(Pj-P2> 

«“(Pj  - Pg) 

Q«  1. 

«-vT 

Varies  with 
gas  and 
material 

Pj  ” Upstream  pressure 
V>2  “ Downstream  pressure 


* Ideal  gas,  compressible  flow.  For  turbulent  flow,  constant 
friction  factor  is  assumed. 


Q = K 


Equation  1.4-2 


'’a  - %) 


ri 


where  K represents  the  constants  in  the  above  equations 
and  the  two  geometry  factors. 


K 


- IT 

“ •g 


1 

I 


Equation  1.4-3 


Laminar  flow  takes  place  when  the  Reynolds*  number  of  flow 
is  lower  than  a defined  critical  value.  The  Reynolds'  number  is 
a unitless  quantity  which  defines  the  flow  conditions  and  is 
given  by: 

dPF 

^’Re  ~Tj~  Equation  1.4-4 

where  = Reynolds'  number 

p = fluid  density 
Ti  = absolute  viscosity 

F = average  flow  velocity  across  a plane  in  the  tube 

By  substituting  the  ideal  gas  equation  in  the  above  foi’mula, 
the  expression  for  the  Reynolds*  number  for  an  ideal  gas  becomes; 

^Re  ° I (ft^j  Equation  1.4-5 

where  M = molecular  weight 
R = gas  constant 
T = absolute  temperature 

The  critical  value  of  Reynolds*  number  has  been  shown  to  be 
dependent  upon  the  entrance  conditions,  roughness  of  the  walls 
of  a tube,  and  shape  of  the  flow  path.  In  general,  for  smooth 
tubes  with  well-rounded  entrances,  the  critical  value  is  about 
1.200.  For  flow  corrections  necessitated  by  turns,  constrictions, 
and  surface  roughness  refei*  to  Ref.  28  and  29. 


The  kinetic  theory  states  that  the  viscosity  of  a gas  is 
given  by  the  relationship  (Ref.  30): 


N = mT 
3 


Equation  1.4-6 


where  F = average  velocity  of  the  individual  molecules 
m = molecular  mass 
o = molecular  diameter 


The  average  velocity  of  a molecule  is; 


F = 


8RT 

itM 


1/2 


Equation  1.4-7 
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the  mass  ol  the  individual  molecules  is; 


Equation  1.4-8 


where  ^ Avogadro's  number;  i.e.  number  ol  molecules/mole 
Substituting  Equation  1.4-7  and  1.1-8  in  Equation  1.4-6; 


2(MRT)^^^ 


Equation  1.4-9 


This  equation  shows  that  the  viscosity  of  a gas  is  inde- 
pendent of  pressure  and  4s  proportional  to  the  square  root  ot  tem- 
perature . 

The  two  most  important  characteristics  of  laminar  leaks  are 
that  the  flow  is  proportional  to  the  difference  between  the  squares 
of  the  pressures  upstream  and  downstream  of  the  leak  and  that  the 
leakage  is  inversely  proportional  to  the  leaking  gas  viscosity. 

Table  4 shows  the  viscosity  of  most  gases  is  similar.  Therefore, 
a change  of  gas  will  not  markedly  Increase  the  sensitivity  of  the 
leak  detection  method  unless  this  change  of  gas  Implies  a change 
ot  instrument  sensitivity.  However,  as  shown  on  Figure  12,  Increas- 
ing the  pressure  difference  across  the  leak  by  a factor  of  a little 
over  three  will  increase  the  flow  rate  through  this  leak  by  a fac- 
tor of  ten.  Obviously  then,  when  the  leaks  to  be  measured  are  in 
the  laminar  flow  range,  the  simplest  method  of  Increasing  detection 
sensitivity  is  by  an  increase  ol  pressure  across  the  leak. 

1.4. 1.1. 2.  Molecular  Flow 

Molecular  flow  Is  flow  through  a duct  under  conditions 
where  the  mean  free  path  is  greater  than  the  largest  dimension 
of  a transverse  section  of  the  duct.  (Ref.  13)  In  such  a flow, 
each  atom  moves  independently  by  random  movement.  Net  flow  is 
from  volume  ot  high  concentration  to  one  of  low  concentration. 

The  mean  free  path  is  the  average  distance  that  a molecule 
travels  between  successive  collisions  with  the  other  molecules 
of  an  ensemble.  The  mean  free  path  X is; 

X = — i _ Equation  1.4-10 


where  n = number  of  molecules  in  a unit  volume 
o = molecular  diameter 

If  n * gA’^/MV  Equation  1.4-11 

where  g = mass  of  the  gas 

A^  = Avogadro's  number;  i.e.  number  of  molecules/mole 
M = molecular  weight  of  the  gas 
V = volume 
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Table  4 


VISCOSITY  OF  GASES  AT  0 C 
(Ref.  29) 


Gas 

Acetylene 

Air 

Ammonia 

Argon 

Benzene 

Carbon  dioxide 
Carbon  disulfide 
Carbon  monoxide 
Ethane 

Ethyl  alcohol 
Ethylene 

Halogenated  hydrocarbon  F-11 

Halogenated  hydrocarbon  F-12 

Halogenated  hydrocarbon  F-21 

Halogenated  hydrocarbon  F-22 

Halogenated  hydrocarbon  F-113 

Helium 

Hydrogen 

Hydrogen  sulfide 

Methane 

Nitric  oxide 

Nitrogen 

Nitrous  oxide 

Oxygen 

Propane 

Sulfur  dioxide 

Water 

Xenon 


Viscosity.  Centipoises 
0,0092 
0.0169 
0.0094 
0.0208 
0. 0069 
0.0135 
0.0089 
0.0171 
0.0085 
0.0082 
0.0093 
0,0103 
0,0118 
0.0108 
0.0120 
0.0098 
0.0178 
0.0083 
0.0118 
0.0100 
0.0178 
0.C168 
0.0133 
0, 0191 
0.0077 
0.0116 
0.0088 
0,0210 
t .C  Cc  9 
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LEAKAGE  , otm  cc/sec 


PRESSURE  ACROSS  LEAK  , psi 


Figure  12. 


Laminar  Flow  in  a Typical  Hardware  Leak.  (Reprinted 


from  J.W.  Marr 
Liquid  Rocket 


Study  of  Dynamic  and  Static  Seals  for 
igi nes , FI na 1 Deport  Phase  It. 


and  replacing  V from  the  ideal  gas  law  with  the  value  in  Equation 
1.4-11: 


>•  = - « Equation  1.4-12 

Equation  1.4-12  shows  that  at  constant  pressure  the  mean 
free  path  is  proportional  to  temperature.  However,  if  the  amount 
of  gas  in  a volume  is  kept  constant,  the  mean  free  path  is  inde- 
pendent of  temperature  (Equation  1.4-10). 

The  magnitude  of  molecular  diameters  and  mean  tree  paths  is 
shown  in  Table  6.  As  a convenient  calculation  guide,  the  mean 
free  path  of  air  at  I'oora  tempera tme  is: 


5 X 10' 

p 


X air 

when  P is  expressed  in  torr. 


centimeters 


Equation  1.4-13 


The  ox'iginal  mathematical  derivations  of  molecular  flow  are 
attributed  to  Knudsen  (Ref.  32).  The  rate  of  flow  in  a long  pipe 
is : 


Q 


Iff 

“5“ 


d" 

T" 


(Pj  - Pj) 


Equation  1.4-14 


where  d = 
SL  = 

P2  and  Pj  = 


diameter  of  the  pipe 
length  of  the  pipe 
pressui’es  at  the  two  ends 


For  this  formula  to  apply,  the  pipe  must  be  of  a circular 
cross-section.  For  pipes  and  ducts  of  a non-circular  cross- 
section  the  conductance  is  less  than  for  pipes  of  circular  cross- 
section  and  equal  area.  Equation  1.4-14  applies  only  if  the  pipe 
is  much  longer  than  its  diameter.  Any  difficulty  experienced  by 
a molecule  in  entering  the  pipe  must  be  negligibly  small  compared 
to  the  difficulty  in  traversing  its  length.  If  difficulty  is 
experienced  in  entering  the  pipe,  the  kinetic  theory  shows  that 
the  rate  of  free  molecular  escape  of  gas  from  the  container  into 
a small  aperture  of  area  A is: 


A (Pj  - Pj) 


Equation  1.4-15 


In  the  case  of  an  aperture,  the  opening  does  not  have  to  be 
circular  to  use  Equation  1.4-15. 

In  molecular  flow,  the  conductance  of  lines  and  apertures 
is  independent  of  pressure.  Calculations  may  be  made  of  the 
effect  of  turns,  apei*tures,  and  change  in  pipe  diameter  to  calcu- 
late the  overall  flow  in  a leak.  Formulas  are  available  in  the 
literature  (Ref,  30  and  33)  on  the  effect  of  structure  on  the  flow 
rate . 


m 


Table  5 


MEAN  FREE  PATHS  AND  MOLECULAR  DIAMETERS 
FOR  VARIOUS  MOLECULES  (Ref.  30) 


Molecule 

-Mean  Free  Path 
cm  X 10”**  at  1 Torr  and  25  C 

Molecular  Diameter 
cm  X 10'® 

»2 

9.31 

2.75 

He 

14.72 

2. 18 

Ne 

10.45 

2.60 

A 

5.31 

3.67 

02 

5.40 

3.64 

COo 

3.34 

4.65 

H2O 

3.37 

4.68 

benzene 

1.34 

7.65 

methane 

4.15 

4. 19 

ethane 

2.53 

5.37 

propane 

1.82 

6.32 

n-butane 

1.46 

7.06 

n-pentane 

1.19 

7.82 

n- hexane 

1.03 

8.42 
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These  equations  demonstrate  the  general  form.  They  are  not 
applicable  in  most  leakage  situations,  because  the  leak  length 
and  diameter  are  not  known.  The  molecular  flow  of  a gas  mixture 
is  inversely  proportional  to  the  square  root  of  their  individual 
masses.  Therefore  a certain  amount  of  separation  takes  place 
through  a leak. 

Since,  in  molecular  flow  the  molecules  travel  independently 
ot  each  other,  it  is  possible  for  random  molecules  to  travel  from 
a part  of  a system  at  low  pressure  to  another  part  of  the  system 
at  a higher  pressure.  When  an  ultra-high-vacuum  system  is  being 
tested  by  a mass  spectrometer  leak  detector,  the  mass  spectro- 
meter leak  detector  operates  at  a pressure  of  10~^  torr  where  the 
ultra-high  vacuum  system  might  be  operating  at  a pressure  of 
10~9  torr.  When  tracer  gas  enters  the  ultra-high- vacuum  system 
through  a leak,  it  will  eventually  arrive  from  the  10”^  torr  system 
to  the  mass  spectrcneter  operating  at  10”^  torr  by  the  process  ol 
molecular  flow.  This  does  not  infer  that  the  total  flow  is  from 
a system  at  low  pressure  to  one  at  high  pressure,  because  the 
mass  spectrometer  operating  at  10”^  torr  is  sending  gas  molecules 
into  the  system  at  the  lower  pressure.  In  the  summation  of  the 
flows,  the  total  flow  is  from  the  high-pressure  system  to  the 
low-pressure  one.  The  high-pressure  syste.a  is  contributing 
gas  molecules  to  the  ultra- high- vacuum  system.  Tracer  gas  flow 
in  the  direction  opposing  the  major  flow  of  molecules  is  possible 
because  of  the  random  mode  of  molecular  flow.  The  gas  molecules, 
when  traveling  from  one  system  to  the  other,  do  not  come  in 
contact  with  molecules  traveling  in  the  other  direction. 

1.4. 1.1. 3.  Transition  Flow 

The  transition  from  laminar  flow  to  molecular  flow  is 
gradual.  The  mathematical  treatment  of  this  region  is  extremely 
difficult.  However,  a treatment  of  this  region  is  necessary 
because  a leak  from  a volume  to  a vacuum  necessarily  involves 
a transition  from  laminar  to  molecular  flow.  Equation  1.4-14 
shows  that  the  conductivity  of  a passage  in  molecular  flow  is 
proportional  to  the  cube  of  the  passage  diameter  and  independent 
of  pressure.  Conversely,  Equation  1.4-1  shows  that  the  con- 
ductivity of  the  same  passage  in  laminar  flow  is  proportional 
to  the  fourth  power  of  the  diameter  of  passage,  and  proportional 
to  the  pressure. 

Knudsen  (Ref.  32)  derived  a semiempirical  formula  for  the 
flow  of  gases  through  long  tubes  in  the  transition  region.  This 
formula  is: 


Cv 


IT  idf  ^a 

spl  TU 


2 ffRT  d^ 
“M  T" 


1 + 


1+1.24 


E- 

RT 


M a 

RT  — 


Equation  1.4-16 
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The  formula  is  valid  providing  that: 

1.  The  flow  is  not  turbulent  in  any  part  of  the  pipe. 

2.  The  pressure  difference  between  the  ends  is  not  so 
great  that  the  mechanism  of  the  flow  (i.e.  laminar  or 
molecular)  changes  along  the  pipe. 

Although  the  first  of  these  conditions  is  usually  satisfied 
in  the  leak,  the  second  generally  is  not;  that  is,  the  transition 
from  laminar  to  molecular  flow  does  take  place.  The  above  equation 
at  low  pressures  becomes  an  equation  of  molecular  flow;  whereas, 
at  high  pressure  this  equation  reduces  to  one  of  strictly  laminar 
flow. 


Knudsen  used  the  above  equation  to  represent  his  experi- 
mental data.  This  equation  has  the  effect  of  molecular  flow 
added  to  the  effect  of  laminar  flow;  consequently,  it  is  not  an 
actual  representation  of  the  flow  mechanism  taking  place  in 
the  leak.  The  phenomenon  is  better  visualized  by  realizing  that 
both  are  occurring  at  the  same  time. 


Burrows  (Ref.  34)  combined  the  equation  for  laminar  flow 
(Equation  1.4-1)  with  thq  one  for  molecular  flow  (Equation  1.4-14) 
to  obtain  a general  equation: 


4 P. 


^ “ *5  l|)  pT 


X Equation  1.4-1 


In  a way  this  equation  is  an  accurate  representation  of  the  events 
occurring  in  the  leak.  Both  laminar  and  molecular  flow  always 
occur  in  a leak.  However,  laminar  flow  is  insignificant  at  low 
pressures  and  the  molecular  flow  mode  contributes  little  to 
total  flow  at  high  pressures. 

The  above  equation  is  not  completely  accurate  because  of 
a "slipping"  of  molecules  (Ref.  35)  in  transition  flow.  In 
laminar  flow,  the  velocity  of  the  molecular  layers  is  proportional 
to  their  distance  from  the  wall,  the  first  layer  being  stationary. 
In  the  transition  region  slipping  of  the  gas  over  the  walls  of 
the  tube  occurs;  that  is,  the  flow  velocity  at  the  walls  is  not 
zero.  At  pressures  below  the  viscous  limit,  the  slip  correction 
becomes  an  appreciable  contribution  to  the  total  conductance. 


With  further  reduction  in  pressure,  the  dependence  of  the 
conductance  on  pressure  becomes  more  complex.  The  flow  character- 
istics begin  a progressive  change  from  those  of  viscous  slip  flow 
to  those  of  molecular  flow,  where  the  conductance  becomes  indepen- 
dent of  the  pressure.  The  complete  transition  from  viscous  to 
molecular  flow  takes  place  over  roughly  two  orders  of  magnitude 
change  in  pressure.  This  effect  of  slip  can  change  the  predicted 
flow  rate  by  at  least  20  percent.  Because  of  this  effect. 

Equation  1.4-16  better  represents  flow  in  the  transition  region. 
However,  it  is  not  capable  of  handling  the  total  transition  region 
(Ref.  30). 
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other  authors  have  (Ref.  34)  attempted  to  derive  equations 
to  represent  this  phenomenon  of  transition  from  one  type  of  flow 
to  another.  One  siirnle  method  (Ref.  37)  is  to  calculate  laminar 
flow  through  one  section  of  the  tube,  molecular  flow  through  an- 
other, and  approximate  the  in-between  region. 

1.4. 1.1. 4.  Turbulent  Flow 

In  viscous  flow  above  a critical  value  of  the  Reynolds* 
number  (about  2100  in  the  case  of  circular  pipe  flow),  flow 
becomes  unstable,  resulting  in  innumerable  eddies  or  vortexes 
in  the  flow.  Any  particle  in  turbulent  flou'  follows  a very 
erratic  path,  whereas  in  laminar  flow  the  particle  follows  a 
smooth  line. 


The  laws  for  turbulent  flow  are  quite  different  from  the 
laws  for  laminar  flow.  The  equation  relating  mass  flow  rate  (Q) 
in  units  of  pressure  x volume/time  may  be  written: 


Q = ird 


5/2 


RT(Pj^  - Pg^) 

i6fm  I 


1/2 


Equation  1.4-18 


where  f,  the  friction  factor,  is  defined  on  page  125  of  Ref.  28. 
The  friction  factor  depends  on  roughness  of  the  charnel  walls, 
and  can  be  considered  a constant  in  fully  developed  turbulent 
flow. 


Turbulent  flow,  because  it  requires  I'elatively  high  velocity, 
occurs  only  in  rather  large  leaks. 

1.4. 1.1.5.  Choked  Flow 

Choked  flow,  or  sonic  flow,  as  it  is  sometimes  called,  oc- 
curs under  certain  conditions  of  geometry  and  pressure.  Assume 
a passage  in  the  form  of  an  orifice  or  a venturi,  and  assume  that 
the  pressure  upstream  is  kept  constant.  If  the  pressure  down- 
stream is  gradually  lowered,  the  velocity  through  the  ttxroat  or 
orifice  will  increase  until  it  reaches  the  speed  of  sound  through 
the  fluid.  The  downstream  pressure  at  the  time  the  orifice 
velocity  reaches  the  speed  of  sound  is  called  the  critical 
pressure.  If  the  downstream  pressure  is  lowered  below  this 
critical  pressure,  no  further  increase  in  orifice  velocity  can 
occur,  with  the  consequence  that  the  mass  flow  rate  has  reached 
its  maximum.  This  condition  is  known  as  "dhoked"  or  "sonic" 
flow. 


Choked  flow  can  occur  under  the  following  two  conditions. 

(1)  the  flow  passage  must  be  in  the  form  of  an  orifice  or  venturi 
in  which  only  negligible  frictional  losses  occur  upstream  of  the 
orifice  or  throat  of  the  venturi;  (2)  the  ratio  of  downstream  to 
upstream  pressure  must  be  below  a certain  "critical"  value,  which 
Is 
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c Y + 1 

The  velocity  ot  sound  tluough  a gas  can  be  written: 

Rr 


Equation  1.4-19 


J. 


1 


V 1 


M 


Equation  1.4-20 


where  velocity  sound 


Tj  ~ absolute  temperature  upstream  ol  the  oriiice 
where  the  velocity  is  low 


p /p 


Equation  1.4-21 


where  Cp  = heat  capacity  at  constant  pressure 
= heat  capacity  at  constant  volume 

The  mass  How  rate  under  a choked  flow  condition  is: 


Y + 1 

r-r 


ffd^P,  C,,  / , „ . 

« ■ -rr  / 

where  cl  = orifice  diameter 
Pj  = upstream  pressure 

Cq  = orifice  discharge  coefficient 


Equation  1.4-22 


For  an  ideal  monatomic  gas,  the  value  of  v is  1.67.  For  poly- 
atomic molecules,  the  heat  energy  supplies  is  used  tor  increasing 
not  only  the  kinetic  energy  of  translation,  but  also  the  kinetic- 
energy  of  rotation  and  vibration.  Since  the  same  amount  of 
extra  energy  is  required  at  both  constant  pressure  and  constant 
volume,  vdecreases  with  molecular  complexity.  Characteristic- 
values  of  N are  shown  in  Table  6.  Additional  values  may  be 
calculated  (Ref.  38)  or  obtained  from  other  references  (Ref.  3 ). 

Because  of  the  stringent  requirements,  choked  How  is  rarely 
encountered  as  the  predominant  flow  mode,  except  in  very  large 
leaks. 
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Table  G 


MOLAR  HEAT  CAPACITY  OF  GASES 


(In  calories  per  mole  at  25  C and  1 atm) 


Gas 


C 


V 


C 


He 


IL 


COg 

NH3 

ethane 

propane 


4.97 

4.97 

0.90 

7.05 

6.94 

8.96 

8.63 

12.71 

17.60 


2.98 

2.98 

4.91 

s.oi; 

4.95 

6.92 
6.57 

10.65 

15.60 


1.67 

1.67 

1.41 

1.40 

1.40 

1.29 

1.31 

1.19 

1.13 
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1 . 4 . 1 . 1 . 6 . Distinction  Between  Modes  of  Flow 

Equations  have  been  presented  for  the  various  possible  modes 
of  flow  that  can  be  encountered  in  a leak.  The  following  rules 
may  be  used  to  predict  the  mode  most  1 >ely  to  occur.  In  distin- 
guishing between  laminar  and  molecular  flow,  the  si^e  of  the 
passa;^e  and  the  mean  free  path  are  the  two  important  parameters. 
The  distinction  may  be  specified  by  a dimensionless  parameter 
called  the  Knudsen  number.  The  Knudsen  number  is  defined  as  the 
ratio  of  the  mean  free  path  of  the  molecule  to  a characteristic 
dimension  of  the  channel  through  which  the  gas  is  flowing. 


Njj  = ^ Equation  1.4-23 

where  N = Knudsen  number 
X = mean  free  path 
d = channel  diameter 


The  type  of  flow  e,  untered  in  the  various  Knudsen  number 
ranges  is  shown  in  Equation  1.4-24. 


^ <0.01  laminar  flow 

^ > l.OO  raoleculai’  flow  Equation  1.4-24 

0.01  ^ ^ ^ 1.00  transition  flow 


Flow  in  the  viscous  region  is  determined  by  the  Reynolds*  number 
which  was  described  in  Equation  1.4-5. 


N, 


Re 


dr  F 
b 


Q 


4M 

■ffriRl* 


Equation  1.4-5 


The  distinction  between  laminar  and  tui*bulent  flow  is  shown  in 
Equation  1.4-25 


Njj^>2100  Turbulent  flow 

NrJ^  1200  Viscous  flow  Equation  1.4-25 

1200<  < 2100  Either  turbulent  or  viscous 

depending  on  duct  conditions 

Choked  flow  takes  place  when  the  pressure  ratio  between  outlet  and 
inlet  reaches  a certain  minimum  value.  This,  of  course,  is 
dependent  on  other  characteristics  such  as  apertui*e  dimension,  etc. 
The  formula  for  the  critical  pressure  ratio  is  defined  by  Equa- 
tion 1.4-26. 
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1- 


Equation  1.4-26 


Tli<:>  critical  latio  below  which  choked  Mow  takes  place  is: 


'/(  >-l) 


+ 1 


Equation  1.4-19 


Choked  Mow  cannot  take  place  when  P.  is  so  low  that  molecular 
1 low  exists. 


1.4. 1.2.  PERMEATION 


Permeation  is  passage  of  a fluid  into,  thiough,  and  out  of 
a solid  barrier  having  no  holes  large  enough  to  permit  more  than 
a small  fraction  of  the  molecules  to  pass  through  any  one  hole. 

The  process  always  Involves  diffusion  through  a solid  and  may 
involve  other  phenomena  such  as  adsoiption,  dissociation,  migration 
and  desorption. 


The  general  formula  for  permeation  is: 

AP 

Kp  A ~ Equation  1,4-27 

rate  of  mass  flow 
permeation  rate  constant 

area  normal  to  Mow 
pressure  di’op  along  the  flow  path 
length  of  flow  path 

I this  case  does  not  represent  absolute  pressures, 
but  the  difference  in  partial  pressure  of  the  leaking  fluid  between 
the  iwo  sides  of  the  barrier.  The  permeation  rates  for  seme 
characteristic  materials  are  shown  in  Tables  7-10  (Ref.  40). 
Additional  data  may  be  obtained  in  other  tabulations  (Ret.  41)  and 
the  original  references  mentioned  within. 

In  these  tables,  where  sufficient  data  is  available  to 
allow  calculation,  the  permeability  is  given  in  parametric  form: 


q = 

where  q = 

K = 

P 

A = 
i = 

The  AP  in 


logip  Kp  = A - B/T  Equation  i.4-28 

where  the  units  of  Kp  are  in  cc(STP)  - mm-'cm^-sec-atm  in  the  case  of 
polymers  and  glasses  and  cc(STP)  - mra/cra'^-sec (atm) ^ in  the  case  of 
metals;  T is  in  K.  This  assumes  the  Arrhenius  type  exponential  law 
IS  lol lowed  in  termperature  and  that  the  permeation  rate  is  propor- 
tional to  the  pressure  difference  across  the  membrane  in  the  case  of 
polymei's  and  glasses,  and  to  the  difference  in  the  square  root  of 
the  pressure  in  the  case  of  metais.  Although  these  assumptions  are 
often  safe,  there  are  many  exceptions.  For  convenience  in  quick  com- 
parisois  the  permeability  at  25  C (77  F),  P„_.  is  also  given  in  these 
tables.  Note  that  values  for  "A**  in  the  taBTes  are  given  as  the 
sum  of  two  numbers,  and  that  "F*  in  the  tables  corresponds  to  K . 

P 
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Table  7 


PERMEABILITY  OF  POLYMERIC  MATERIALS  TO  Hg.  He.  Ng, 
P in  cc(STP)-mm/cm^-sec-atm,  B in 


Og  and  COg 


H3 


MA  rtiOAL 

ritAtJt  fJAML 

»jM  Coi*£ 

A 

b 

A 

■ ItabLvr 

i'.'yy 

.0 

*1.  l40-i 

KulibiT  Hj,  -%  ..■chj-.'j  «*Ji' 

Plicillu*  l4d=H;^; 
PliclUtu  FM  -j 

M- 

1-21 

1 y S t’ tit»  Ji  cm.'* 
P'.'JvHbUUdieiif* 
hydf'-’^clUtciJI 

‘ livOi  '.■jjjI 

M- :j4Jl 

I44j 

32 

M-  241  ‘0 

P jlvtdliUcU*:.l  l«4tttRcj;c* 

Mftlivl  Mjbtv* 



|i’4b 

13 

M-«y2'2 

*di)2un>j| 

tUiityi  1 uL-bvt  * 

Ol*?'-* 

4.y 

y-  ;-44'| 

I'clvU-ytidlcnv" 

d.  my'.>i 

avtvluutU  tie} 

Pci  t'UiUii 

K' 

jjO'i 

y.i'.tyy- j 

8ycai‘  Oil  1C> 

'■-‘-ly?  *►.* 

3.4 

y-3M4‘l 

itvou  OH  jS 

u-utu-i 

1 ’y.' 

y 

M- 302- 1 

P*j!\ui.  ut.;(liciu.*'vtyrcnc.* 

Uunj  Si  OH'S 

U-4yl'l 

Utj'J 

3'J-  -i 

y.  U4-y 

P'jJv»cnJcJ-  ucnc) 

ticci»f  ciic  *j 

y.s*^4-l 

l.‘:y 

iO-  3 

PoIvSAUJyl  vliIui-tdL" 
uicbivL^^vVlate*)* 

MU'iuLmu  Mjt 

u- ivO'P 

iy4;.. 

4-1 

1'  1.  ali'«!|n->V'‘utfbiC'.* 

tiilctLcl  b 

y. 

2310 

F2 

P 1 . .jinfOt*" 

Vuloiru'vtu*  A 

iuH? 

I'ctvcOivIciie 

I'densUv 

t»fc24£»j 
AU8i.jii  14 

lyji 

0 uo 

y. 002- i 

*dt-aSlty  U.  y»J4* 

Or  ex 

•»- 144-2 

P .-Htctljylcuc  cim.'cl 

MyUt  A 

>j  fj?«'4 

i;j0i 

ictc|ihth4titet 

PvIVstylcJU' 

Uev/  Dy4t 

y MV7=y 

'•’2 

03  r. 

PcUttiiVl  -t:dcj»«Jc 
‘ Lioi- 

Oc-.:.>  Ibi 

y.  dlW‘S 
M.  S4y-!:5 

41y 

210 

2-0 
MO  ■? 

Poiyvmvi  *ichic»idt* 

ii4fceiitc  vuiy3i) 

.-.  i 

y^vv.  AcetaPf  S'O 

‘ CHdl-' 

Pciv-  ttiviitjeuc  t.  itie  ’ — ‘ 

P:*!'.  ((■;  a)j*'.Uict«ui* 
r'j|y«tctraflyo<'.*«:-tl»yl*.iie4 

Nytu  »J 
fcfivl* 

0 i.t?4  = l 

l02i 

4 3 

y . you 

13 

0 y42-2 

PclyJchl-jrctftf Jo*;-» 
OlbvleiicS 

itlHicuc  t^A-t 

<■)-  74 

plabtHCVyv'J 

V.  HJ'j'y 

Jiily 

2...  4 i 

■>  OU-'i 

tlhvy  vcll<xl'-w 

Lt*iy..v4  fJi|H 

0 H;j.4 

■...  T 

k4ilai>tlC*£C>J4 

CcU''J  ,*sv  aCcUitc 
fl-aaiUCUcd* 

!!4l.* 

C vlIr^JcSc  uCvLttc’ilialviMU- 

KvliiioF  U 

y.  ZM  • ? 

ii33 

10  t 

i’.S33-3 

LC'lPiil  . iv  uitt'ute 


IR 

«2 

*-■*2 

CO2 

b 

A 

b 

10 

’ A 

b 

»‘2S 

' .4 

b 

I42U 

23 

y.«72-0 

2y3j 

0. 0 

y yo3=i 

1442 

is 

0.s5t;=i 

1355 

0 134-*.* 

2227 

U- 3^5' 1 

2ls5 

y • 

0-707'2 

IBS'-' 

0.40 

i»;y=! 

i»7y 

0 724-1 

I7y2 

U-  302-1 

1331 

11.3 

0 030-2 

1130 

i«5t; 

I.'-O 

0-0^0=  i 

2447 

3 0 

y.  214-0* 

2141 

6-6 

y y4»:*-o 

iwt 

1442 

11 

y.  342*2 

2yy0 

y 30 

0.310*1 

2400 

1.0 

0 002-2 

1442 

172!;; 

S.O 

y .•4y»l 

2yvy 

u.  22 

y 

2330 

0-yy 

o-iy|=o 

22y.’ 

1S3‘.« 

0-V 

H y4l*l 

2404 

y.<j9 

y 3yO'M 

2054 

3-2 

M 402-0 

lMl4 

l4!J*j 

12-y 

y. S42'M 

2103 

1 y2 

M iw=o 

loiy 

0 2 

0 *110-1 

153*1 

HJH'i 

5.2 

M-37Si2 

3y»u 

y.  10 

*.♦  002*1 

2622 

U.73 

0.453*1 

2254 

loiv 

7. 3 

a MiB4*l 

2iiyy 

0-40 

y !.<4y  -M 

2204 

l.*« 

O-'jSoH* 

loov 

1442 

17.3 

y-yjy-n 

iyyi 

4-W 

0 477=1 

16y3 

13 

0 146-0 

1246 

3 4 

H 

2310 

y.yy 

y.732‘*j 

2163 

3.0 

0.31m  0 

IM5-* 

y.  2 

0.  iwo-y 

2S6« 

0.70 

0-  M3'2-i* 

2l4l 

M*  353*2 

2yf>j 

0-22 

o.ii30-i 

2513 

y-'j|y*l 

2'.’y0 

y-37 

0-*»33*l 

2362 

1.15 

0.012*1 

2054 

1314 

3-  7'3 

0. 024-1 

25'»y 

0-74 

0.022*0 

2223 

2.20 

y.tx*l*y 

2032 

133  J 

y y7 

y.w4'i 

2070 

0 It 

O.OSl-2 

1030 

0. 31 

0.710=3 

1573 

11U3 

'■<  ''4 

**-  yyO'O 

IO?i' 

0 K»J3l 

0 y6i»-0 

I3y« 

0 oly 

0 5o-*-4 

135*J 

!■;  <ri:5=7 

■13 

0 02 

0 233 -s 

-iu 

is.  3 

0 170- 3 

2iy 

0 011-7 

0 Myo**; 

217 

-132 

0 472=3 

7yy 

I0':r.4 

■l.s 

y yj3*2 

20-2L! 

y 37 

0 033*0 

2320 

i-4 

0 150*0 

loll 

y.yii 

y OOy^i 

3071 

y yyu44 

0 022*1 

3474 

0 !A»I6 

0 350-0 

jy«» 

0 Swj-y 

2447 

y-!j004 

0 0y3*2 

2273 

0.O23 

0 UM5*t 

2120 

531) 

2.4 

7 6 

*i  yyy-y 

300y 

y . y‘32v* 

0 040 -1 

2514 

0 020 

0 94y-4 

1513 

1433 

ly  7 

y yJi*l 

3021 

0 y'54 

0 3y>-o 

2333 

0 3» 

0 017. i 

2346 

y 7B7-4 

'■<05 

‘3  0 

0 022-3 

024 

is  1 

0 324 -3 

305 

yyi‘.y4 

142:.' 

y 17 

y 3w-4 

1033 

0 02 

0 073-1 

1536 

iM3S 

M y 

y.  Toc-2 

1710 

l.i 

H.y4l-2 

1370 

2.0 

y 404-3 

021 

y ui>2 

0 23 

0 44y*i 

2401 

1 2 

y 3M*.i-y 

1006 

3.2 

y.  00 

1 5 

-Aiab, ...gyufyi.,  H I-  iLJ.iU  tvi,' 

.•!-*  »N...  CK  M»Vv  '.-J 


'j 

y.  71 
lai 
3»:«  y 

11 

i *# 

14  I 

y4 

iy 


H I 


M 4y 
4 } 

tj  Mj4 

y yyj 

y ii 
I 4 


»!4 


l.K 


56 


Table  8 

PERMEABILITY  OF  POLYMERIC  MATERIALS  TO  PROPANE  AND  TO  WATER 


P In 


MATERIAL 

Natural  Rubber 
Rubber  HydrocMorlde 
Polylbutadieiie),  hydrogenated 
Polyllsobutylene) 

Polytchloi  oprene) 
Polylaikylpolysulfldel 
Polyethyleneldenslty  0. 922) 
(density  U.9I4) 
(density  0.960) 
(density  0. 964) 
Polypropylene  (d  = 0. 907) 
Polylethylene  glycol  terephthalate) 
Polystyrene 
Poly(vinyl  chloride) 

Poly(vlnyl  chloride-acetate: 
Polylvlnylldene  chloride) 
Polyamide 

Polylclilorotrtfluoroethylene) 

Ethyl  cellulose  (plasticized) 
Cellulose  acetate 

(plus  IS%DBP) 
Cellulose  nitrate 
Poly(methylniethacrylate) 


(STP)-mm/cM  -sec- atm, 


TRADE  NAME  **20 

OR  CODE 

A B 


Pliofilm  NO 
Hydfopol 
Butyl  rubber 
Neoprene  ON 
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0 
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0 
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0 

Luclte 


B in  K 

PROPANE 
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A 
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98.8 
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no 
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7.5 

53-516** 
0. 22 
9880 
4180 
5620 
4800 
2200 


Report  No.  CH  53^13.  


**Humldlt>  dependent. 


P25  10 
128 

41 

1-3 
5.5 
1.  1 


0.41 


0. 0U027 


2.8 
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Table  9 


PERMEABILITY  OF  GLASSES 
P in  cc  (STP)-mm/cm^-sec-at!n.  B in^K 


SVyTEM 

A 
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Table  10 

PERMEABILITY  OF 
2 

In  cc  (STP)-nun/cni  -sec 

METALS 

r ^1/2 

(atm)  , 

B in 

SVSTEM 
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If  any  system  is  to  be  relatively  leaktight.  the  materials 
of  construction  have  to  exclude  leakage  by  permeability.  As  an 
example,  the  permeation  rate  at  room  temperature  of  a natural 
X'ubber  gasket  0.1  inch  thick,  0,1  inch  wide,  and  5 inches  in 
diameter  with  a one-atmosphere  hydrogen  pressure  differential 
is  l.b  X 10*"^  atm  cc/sec.  In  some  uses,  this  permeation  might 
represent  an  unacceptable  leakage  rate. 

Permeation  presents  a problem  in  leak  checking  equipment 
where  the  construction  materials  have  a high  permeability  to 
the  tracer  gas.  For  example,  if  a component  containing  a rubber 
diaphragm  one  millimeter  thick  and  one  square  inch  in  surface 
area  is  leak  checked  using  helium  gas,  a leakage  of  approximately 
1 X 10~^  atm  cc/sec  will  be  measured  across  the  diaphragm.  This 
leakage  is  due  to  permeation  of  helium  through  the  diaphragm  and 
not  any  actual  holes.  It  represents  the  maximum  sensitivity  ot 
helium  leak  testing  that  can  be  performed  on  this  component. 

However,  if  the  component  is  to  be  used  with  another  fluid  to 
which  the  membrane  is  impermeable,  the  apparent  leakage  due  to 
permeation  measured  during  leak  testing  has  little  meaning  under 
operating  conditions. 

Another  example  of  this  type  of  false  reading  is  a rubber 
0-ring.  Depending  on  material,  a rubber  0-ring  usually  represents 
a permeability  of  approximately  10~^  atm  cc/sec  atm  per  linear 
inch  of  exposed  surface.  Figure  13  is  an  example  of  the  permea- 
tion I’ates  of  0-rings  of  various  materials.  This  permeability 
does  not  have  to  be  taken  into  consideration  during  routine 
leak  checking  if  leakage  measurement  occurs  in  a time  too  short 
to  permit  the  saturation  and  mass  transfer  of  helium  through  the 
0-ring . 

To  eliminate  permeability  as  a factor  in  leakage  measurement, 
three  procedures  may  be  used. 

1.  The  leakage  measurement  may  be  taken  rapidly,  not  allow- 
ing the  material  to  be  saturated  with  gas  this  is 
only  possible  if  the  material  is  relatively  thick. 

For  example,  a rubber  diaphragm  will  rapidly  saturate 
and  almost  Imtied lately  show  leakage  On  the  other  hand, 
0-rlngs  are  relatively  thick  and  will  not  saturate 
rapidly  enough  to  give  a reading  within  a reasonable 
period  of  time  (five  minutes).  If  the  dittusivity 
and  solubility  of  the  fluid  in  the  material  is  known, 
it  is  possible  to  calculate  the  rate  of  increase  of 
leakage.  This  calculation  is  described  by  Baer  (Ref.  41) 
However,  in  many  cases  (where  the  leakage  path  is 
long)  this  calculation  is  not  necessary.  Rather  than 
calculations,  experimental  results  can  determine  very 
quickly  if  leakage  through  a thick  gasket  Is  inconse- 
quential for  short-time  periods. 

2.  The  maximum  permeability  oi  all  components  and  the 
resulting  mass  transfer  produced  during  leak  testing 
may  be  calculated.  Equation  1.4-27  is  used  tor  these 
calculations.  In  this  way,  the  permeability  v»alue  will  be 
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PERMEATION  RATE  , TORR  1/sec 


Figure  ID.  Permeation  Rate  Versus  Time  of  Rubber  Gasket 
for  a 4x4mm  Cross  Section.  (Reprinted  with 
permission  from  I.  Kobayeshi  and  H.  Yada. 
"Leak  Test  of  Rubber  Gaskets,"  Fundamental 
Problems  in  Vacuum  Techniques,  VoFr'l , Perga- 
mon  Press,  London,  i960,  p.  248. ) 
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known  and  only  leakage  above  this  value  will  be  con- 
sidered as  leakage  flow. 


3.  The  last  method  and  the  most  difficult  one  is  to  quanti- 
tatively raeasui’e  the  leakage  at  various  pressure  differ- 
entials. Pi'oviding  the  leak  being  measured  is  pneumatic 
(i.e.  it  is  thx’ough  a liole  in  the  component)  and  laminai', 
the  flow  is  proportional  to  the  square  of  the  pressure 
differential  across  the  leak.  How'ever,  if  the  flow 
is  strictly  due  to  permeation,  then  the  flow  thi'ough 
the  leak  will  be  directly  proportional  to  the  difference 
in  concentration  across  the  leak.  In  this  way.  the 
presence  of  holes  in  the  component  can  be  di  f fex’ent  iated 
from  peimeation. 

1.4.2.  LIQUID  FLOW 

The  flow  of  a liquid  through  a leak  may  be  one  of  two  modes: 
laminar  ox‘  turbulent.  The  flow  chai  acter  1st  ics  and  the  require- 
ments for  attaining  the  flow  modes  are  similar  loi*  gases  and 
liquids.  The  criterion  is  a certain  Reynolds’  number.  The 
viscous  flow  equations  for  gas  are  different  from  those  for 
liquids  because  ol  the  modifications  necessary  due  to  gas  com- 
pressibi llty . 

1 . 4 . 2 . 1 , LAMINAR  FLOW 

Poiseui lie's  equation  foi‘  laminar  flow  leakage  is; 

, 4 P - 

% = I b)  Equation  1.4-29 

whex*e  Q^^  = volume  flow  in  units  of  volume  pel  unit  time. 

1.4. 2. 2.  TURBULENT  FLOW 

Turbulent  flow  equation  for  a liquid  can  be  expressed; 

Q.  =4  -\/^l  ■ % Equation  1.4-30 

V 4 V -2pTI 

Turbulent  flow  occurs  only  in  very  large  liquid  leaks. 

1.4.3.  CORRELATION  BETWEEN  FLOW  TYPES 

1.4.3. 1.  CONVERSION  OF  FLOW  RATES  FOR  VARYING  GASES 

The  equations  discussed  thus  far  show  the  flow  relationship 
in  ideal  cases.  Leaks,  however,  are  not  intentional  and,  there- 
fore, far  from  ideal.  They  are  not  the  long  straight  tubes  feu* 
which  equations  are  easy  to  obtain.  The  general  approach  to 
leakage  correlation  is  to  predict  which  flow  mode  occurs  and  to 
predict  changes  which  will  occur  upon  change  in  conditions  within 
the  flow  mode. 
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Table  3 shows  the  properties  of  the  various  flow  leaks  and  how 
fluid  parameters  influence  the  flow  rate.  This  table  is  derived 
from  the  various  flow  equations  presented  in  the  text. 

As  may  be  seen  from  Table  3 the  influence  of  varying  the  gas 
is  not  so  great  as  that  of  varying  the  flow  mode.  Once  the  flow 
mode  is  determined,  the  conversion  to  another  gas  should  be  rela- 
tively easy  to  make,  providing  the  relationships  in  the  above  table 
are  in  fact  correct.  The  major  difficulty  is  identifying  the  pre- 
dominant flow  mode. 


The  data  necessary  for  the  conversion  is  relatively  easy  to  ob- 
tain. For  example,  the  viscosity  of  many  gases  is  published.  Even 
if  the  viscosity  is  not  known,  approximation  should  not  produce  a 
large  error.  As  shown  in  Table  4,  the  viscosity  of  gases  at  con- 
stant temperature  varies  by  less  than  half  an  order  of  magnitude  be- 
tween the  most  viscous  and  the  least  viscous. 

For  molecular  flow,  the  molecular  weight  of  the  gases  is 
easily  available  and  should  cause  no  problem  in  the  conversion. 

If  choked  flow  does  occur,  gamma,  necessary  for  conversion  of 
choked  flow  leakage,  is  1.67  for  monatomic  gases  and  rapidly 
approaches  one  as  the  complexity  of  the  gas  molecule  Increases. 

Working  with  a variety  of  leaks  of  different  sizes  and  under 
different  conditions,  some  of  the  flow  modes  may  readily  be  elimina- 
ted. For  example,  if  the  leak  rate  is  small,  it  is  relatively  easy 
to  assume  that  no  turbulent  flow  will  take  place.  If  the  leak  is 
one  going  from  high  pressure  to  a slightly  lower  pressure,  but  not 
a vacuum,  it  is  likely  that  molecular  flow  is  not  the  flow  mechanism. 
In  the  above  case,  the  flow  may  be  of  a laminar  nature  and  therefore 
conversion  to  a second  flow  pressure  is  relatively  easy.  Choked 
flow  is  rarely  encountered  in  small  leaks. 


Another  example  - convert  one  leakage  rate  flowing  into  a 
vacuum  to  an  anticipated  rate  for  a different  pressure  into  the 
same  vacuum.  Calculations  described  in  Ref.  34,  show  that  if  the 
leak  is  of  relatively  small  size  (10~®  atm  cc/sec  or  less)  molec- 
ular flow  will  play  a major  rolCgin  such  a leak.  However,  should 
the  leak  be  relatively  large  (10”  atm  cc/sec  or  greater),  the 
leakage  will  be  predominately  of  laminar  nature.  If  one  can 
accurately  predict  the  type  of  flow  which  will  predominate  in  a 
leak,  one  could  therefore  make  accurate  conversions  to  a different 
set  of  conditions.  Unfortunately,  the  state-of-the-art  is  such  that 
these  predictions  are  usually  not  possible. 


Many  authors  (Ref.  30,  34,37,  and  43)  have 
following  predominant  flow  modes  in  leaks; 
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Assuming  the  flow  mode  has  been  identified,  the  following  are 
sample  calculations  for  correlation  of  flow  rates  with  the  use  of 
different  gases  and  pressure. 

This  sample  calculation  Is  for  laminar  flow.  The  general 
equation  for  laminar  flow  is: 

4 P + P 

" 8 2 V2  / (P2  - ^l>  Equation  1.4-1 

where  Q - leakage  (mass  flow  In  units  of  pressure  x 
(volume/time) 

d ~ average  diameter  of  leak 
Pg  " pressure  on  the  entrance  side  of  the  leak 
pf  - pressure  on  the  exit  side  of  the  leak 
tt  - viscosity  and  the  leaking  fluid  or  fluid  mixtures 
£ - leak  length 

The  dimensions  of  d and  £ are  usually  not  known.  An  appar- 
ent conductance  K may  be  calculated  by  the^formula,  where  this 
apparent  conductance  is  the  product  of  n | and  any  unit  conver- 
sion factors.  From  this  calculation,  an  apparent  geometry  factor 
can  be  calculated. 


K 


_ n 


Equation  1.4-3 


If  K is  calculated  only  for  conversion  from  one  flow  to  another,  the 
constant  does  not  have  to  be  in  compatible  units,  providing  that 
the  same  units  are  used  both  in  solving  for  K and  using  the  K in 
correlation  equations. 

Using  the  apparent  conductance  K calculated  above,  the  flow  of 
any  gas  at  operating  pressure  may  be  predicted  using  Equation  1.4-2. 

Q - ^ (Pl^  - Equation  1.4-2 


A similar  apparent  conductance  may  be  calculated  for  other  flow 
modes  using  the  equations  given  earlier  in  this  section.  Such 
calculations  are  correct  only  if  the  flow  mode  has  been  correctly 
chosen. 


When  there  is  doubt  about  the  correctness  of  flow  identifi- 
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Correlation  should  be  performed  so  that,  if  an  error  is  made, 
actual  leakage  will  be  no  greater  than  that  predicted  in  the 
correlation.  Correlation  of  leaks  resulting  from  increased 
pressure  across  a leak  is  not  recommended.  Reasons  for  this 
statement  are  given  in  Section  1.4.4. 

1,4. 3, 2.  CONVERSION  BETWEEN  GASES  AND  LIQUIDS 

It  is  possible  to  predict  liquid  leakage  from  leakage  meas- 
ured under  other  known  conditions.  This  method  is  generally 
applicable  on  a leak  or  series  of  leaks,  most  of  which  have  a 
conductance  between  1 and  10'‘®  atm  cc/sec  atm.  The  procedure 
consists  of  calculating  an  apparent  conductance  of  the  leak  and. 
by  assuming  laminar  flow  conditions,  calculating  the  expected 
leakage.  The  derivation  of  the  equation  is  as  follows. 


The  equations  for  flow  of  gases: 

0 - -8  (^r  w "“i  - V 

and  for  liquids: 


Q. 


IT 

■g 


r\  i 


both  have  the  similar  geometry  factor  E; 


K 


TT  /d  j 1 

8 ill  1 


Equation  1.4-1 


Equation  1.4-29 


Equation  1.4-3 


In  substituting  the  geometry  factor,  the  equations  reduce  to; 


Q = - P (P,  - P„1  Equation  1.4-2 

Tj  a 1 ^ 

for  gases  and: 

Qy  = (Pj  ” Equation  1.4-31 

for  liquids.  In  use,  the  system  leakage  is  measured  and  Equation 

1.4- 2  is  solved  for  K.  This  calculated  K is  then  used  in  Equation 

1.4- 31  so  that  the  liquid  leakage  may  be  predicted.  Such  a pro- 
cedure will  be  accurate  only  in  laminar  flow  leaks.  Should  the 
measured  leakage  be  molecular  rather  than  laminar,  the  error  intro- 
duced in  the  calculation  will  predict  a greater  liquid  leakage 
than  will  actually  be  found.  The  equation  may  therefoi‘e  be  used 
with  confidence,  since  any  error  will  add  a margin  of  safety  into 
the  results. 

The  following  restrictions  apply  to  the  use  of  the  above 
method: 
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1.  The  leakage  is  the  result  of  a finite  hole  or  holes?  and 
not  the  result  of  permeation. 

2.  The  gas  flow  is  laminar,  i.e.  the  flow  through  the 

leak  is  in  the  range  of  1 to  10“^  atm  cc/sec  or  is  made 
up  of  a number  of  leaks  in  that  flow  range. 

3.  The  calculations  should  at  best  be  considered  accurate 
to  only  a factor  of  two.  Error  in  both  the  measure- 
ments and  the  deviations  from  the  flow  equations  preclude 
more  accurate  solution. 

If  Equations  1.4-2  and  1.4-31  are  combined,  the  ratio  of 
gas  to  liquid  leakage  through  the  same  leak  at  the  same  pressure 
is : 


'liq. 


gas 


Equation  1.4-32 


This  is  a convenient  method  of  determining  what  liquid  leak- 
age will  exist  if  the  gas  leakage  is  measui*ed  at  the  same  pressure. 


Experiments  were  recently  performed  (Ref.  44)  to  check  the 
validity  of  the  above  correlation.  Liquid  leakage  was  measured 
for  leaks  with  previously  measured  gas  leak  i*ates.  It  was  found 
that  leaks  having  a gas  conductance  in  the  10~3  atm  cc/sec  range 
had  a liquid  leakage  approximately  one-half  that  predicted  by 
Equations  1.4-31  or  1.4-32.  Leaks  in  the  10~4  atm  cc/sec  range 
leaked  liquid  at  a rate  approximately  one-tenth  the  rate  predicted 
by  theory.  Liquid  leakage  in  leaks  in  the  10“^  atm  cc/sec  atm 
range  were  approximately  one- twentieth  of  that  predicted  by  the 
above  equations. 


Based  on  the  above,  it  would  appear  that  the  equations  for 
correlation  will  produce  conservative  answers,  i . e . the  actual 
liquid  leakage  will  always  be  smaller  than  that  predicted  by 
theory. 

It  is  believed  that  the  liquid  flow  is  lower  than  calculated 
for  two  reasons: 


1.  No  correction  was  made  for  any  molecular  flow 
component  of  the  measured  gas  leakage. 

2.  Pnysical  adsorption  completely  immobilized  a layer 
of  liquid  adjacent  to  the  leak  wall  and  therefore 
reduced  the  apparent  leak  diameter. 

1 4.3.3.  GRAPHICAL  CORRELATION 

Santeler  and  Moller  (Ref.  43)  used  the  above  equations  to 
construct  a graph  for  solution  of  these  correlations.  Such  a 
graph  is  shown  on  Figure  14.  The  application  of  this  graphical 
method  is  discussed  in  the  following  paragraphs. 
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Figure  14.  Fluid  Flow  Conversion  Graph 


1 . 4 . o . 3 . 1 . General  Description 


Using  the  equations  previously  discussed  the  nomograph 
(Figure  14)  was  constructed.  In  the  nomograph.  AP  Is  plotted  on 
the  lower  axis.  The  respective  gas  and  liquid  flows  are  on  the 
right  and  left  margins.  The  horizontal  guide  lines  are  charac- 
teristic of  a given  geometry  independent  of  pressure  or  type  of 
gas.  That  is,  they  represent  the  K factor  in  the  equations.  On 
the  left  the  d:j.agonal  lines  are  a 45  degree  slope  which  fits  the 
relation  Q = ~ AP  for  liquids.  On  the  righf  side  the  slope 
becomes  2:1  wnich  satisfies  the  relation  Q AP^.  In  order  to 
handle  different  gases  and  liquids,  two  viscosity  scales  were 
added  to  the  graph.  The  scale  on  the  right  is  for  gases  while 
the  left  scale  is  for  liquids.  This  liquid  viscosity  scale  has 
been  selected  and  oriented  on  the  graph  so  that  its  decade 
extensions  coincide  with  the  pressure  decades.  This  permits  easy 
eAtiapolations  co  higher  values  of  liquid  viscosity. 

For  gaseous  flow  the  units  are  atm  cc/sec  while  for  liquid 
flow  the  units  are  cc/day.  Pressure  is  expressed  in  atmospheres 
and  length  in  centimeters.  The  units  used  for  the  viscosity  of 
both  liquids  and  gases  are  centiposies. 

In  any  use  of  the  graph  to  make  a conversion  from  one  set  of 
pressure  and  flow  conditions  for  a given  gas  or  liquid  to  another 
set  of  pressure  and  flow  conditions  for  a new  gas  or  liquid,  enter 
the  graph  at  the  right  side  at  the  log  of  the  given  gas  flow  or 
at  the  left  side  at  the  log  of  the  given  liquid  flow.  Move  horizon- 
tally to  the  viscosity  of  the  given  liquid  or  to  the  log  ^ p2  of 
the  given  ga.j.  Then  move  parallel  to  the  diagonal  slope  lines 
to  the  given  differential  pressure  (log  AP) . 


In  all  cases  involving  liquids,  the  diagonal  movement  will 
be  along  a straight  line,  as  evidenced  by  the  lines  leading  from 
the  lef":  side  of  the  graph.  Also,  diagonal  movement  is  along 
a straight  line  for  gases  if  the  gas  flow  is  to  a vacuum.  The 
curved  portions  of  the  diagonal  slope  lines  are  used  only  in 
cases  involving  gas  differential  pressures  with  no  flow  to  a 
vacuum. 

After  the  given  differential  pressure  is  located  by  keeping 
these  slope  restrictions  in  mind,  move  horizontally  to  the  new 
differential  pressure  (log  AP) . 

Then  move  parallel  to  the  diagonal  slope  lines  to  the  log 
of  the  new  liquid  viscosity  (i.e.,  up  and  to  the  left  along  a „ 
straight  line),  or,  in  the  case  of  a new  gas,  to  the  log  ol  f P*^ 
(i.e.,  down  and  to  the  right).  Stop  at  the  horizontal  line-  which 
intersects  the  new  viscosity  or  the  aewT  P^.  The  hcrizoivtal  line 
is  the  desired  log  of  the  new  gas  or  the  new  liquid  ilow  rate  as 
determined  by  the  graph 

1 , 4 . 3 . 3 . 2 . Corrections  Fox*  Molecular  and  Transitional  Flow 

Only  laminar  flow  has  been  considered  thus  far.  Leaks  in 
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size  of  10“4  atm  cc/sec  and  smaller  can  be  in  the  transition  range 
between  laminar  and  molecular  flow.  Very  small  leaks  around  10”§ 
and  10“  10.  are  oredomiiiately  molecular . The  use  of  a laminar 
Cioiiversion  for  leaks  of  either  of  these  types  could  result  in 
considerable  error,  since  molecular  flow  is  a linear  function  of 
pressure  rather  than  the  squared  function  for  which  the  graph  is 
constructed.  To  make  this  graph  applicable  to  the  conversion  of 
leaks  which  fall  in  these  two  ranges,  a correction  factor  must 
be  applied.  It  would  be  desirable  if  this  factor  could  be  applied 
directly  on  the  basis  of  the  leak  size,  but  unfortunately , this 
is  not  the  nature  of  gas  flov.'.  It  is  perfectly  feasible  for  one 
leak  to  be  in  laminar  flow  while  a second  leak  which  passes  an 
identical  gas  flo’.v  under  the  same  pressure  conditions  could  be  in 
molecular  flow.  With  a change  in  pressure  conditions,  the  flow 
of  gas  thiough  the  two  leaks  will  become  widely  different.  To 
apply  a.  correction  for  molecular  flow,  either  the  radius  or 
length  of  the  leak  must  be  estimated.  In  this  handbook,  the 
correction  will  be  based  on  an  assumed  length  of  the  leak.  The 
reasons  for  this  selection  are  two-fold:  (1)  the  length  has  a 

linear  effect  on  the  equations  foi-  both  laminar  and  molecular 
flow  and  (2)  it  is  much  easier  by  visual  inspection  to  predict 
a probable  length  cd  leak.  Certainly,  considerable  error  might 
exist  in  this  estimate  of  length,  since  the  actual  flow  path  may 
vary  from  essentially  an  orifice  to  a long  winding  i'estriction. 

A correction  on  the  basis  of  an  assumed  1*  ugth  alone  is  not 
sufficient.  The  assumption  of  a value  for  the  length  permits  an 
estimate  of  the  extent  to  which  transition  or  molecular  flow 
exists,  but  a pressure  correction  must  then  be  applied  to  account 
for  the  changed  flow  condition. 

2 

As  a parameter  for  gas  flow,  the  expression  i P*"  where  f is 
the  length  in  centimeters,  'in.i  p is  the  inlet  pressure  in  atmos- 
pheres has  been  chosen.  The  fimily  of  lines  on  the  right  side  of 
Figure  14  has  been  dra’?  .‘or  dry  air.  The  viscosity  correction 
has  reduced  to  a scale  the  upper  right  margin, 

2 

1 , 4 , 3 . 3 , 3 , Sample  Sol  o .s  I -i^ornorating  thef  P Correction 

Next,  consider  how  these  extra  factors  are  used.  Assume 
that  a gas  leakage  of  10“®  has  been  measured  with  the  conditions 
of  air  at  one  atmosphere  to  vacuum.  It  is  desired  to  know  what  the 
air  leakage  would  be  for  pressure  conditions  of  132  psi  gage,  or 
10  atmospheres  absolute,  to  vacuum.  The  solution  is  shown  in 
Figure  14.  A value  must  first  be  assumed  fori  , for  instance, 

= 0,1  cm.  The  inlet  pressure  for  the  test  conditions  w‘as  one 
atmosphere.  Therefore  tP^  = 0.1,  Starting  with  the  flow  of 
10~®  atm  cc/sec,  move  to  the  line  log  f P^  = -1>  then  up  to  2:1 
sloped  line  to  the  pressure  of  one  atmosphere.  Here  obtain  the 
horizontal  characteristic  line  and  move  to  the  new  pressure 
differential  condition  of  10  atmospheres.  Since  the  low  side 
pressure  is  still  a vacuum,  follow  downi  the  2:1  slope.  Since 
the  pressm*e  conditions  have  changed,  i p2  has  changed  to  10 
rather  than  0.1.  By  going  to  the  log  J'p2  = i line,  the  corrected 
flow  of  4 X 10”^  atm  cc/sec  is  obtained.  Had  the  existence  of 
laminar  flow  been  assumed,  uncorrected  solution  would  have  been 
obtained.  That  Is,  the  expected  flow  viould  have  been  1 x 10“*^ 
atm  cc/sec. 
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1.4, 3. 3, 4.  Turbulent  Flow  Limitations 


The  graph  is  developed  on  the  basis  oi  laminar  blow  and 
corrected  for  conditions  of  transition  and  molecular  flow.  There 
remains  only  to  explore  the  opposite  end  of  the  scale,  at  high 
flow  rates,  to  determine  undei’  what  conditions  turbulence  can 
occur . 

The  point  or  region  of  tran.sition  from  viscous  laminar  flow 
to  turbulent  flow  has  never  been  accurately  established.  In  past 
practice,  transition  has  been  considered  to  begin  at  a Reynolds' 
numtei  - defined  as[  I-  of  approximately  2100.  Theoretical  con- 
siderations of  the  nature  of  the  flow  at  this  point  of  transition 
indicate  turbulence  should  occur'  when  the  flow  in  atm  cc/sec 
exceeds  1.2  times  the  length  of  the  leak  In  ceutiraeters . This 
crltei'ion  for  incipient  turbulence  has  been  included  on  the  con- 
version graph  by  the  Equation  Q - 1.2£. 

1.4.4.  ANOMALOUS  LEAKS 

Four*  types  of  leaks  were  encountered  which  did  not  fit  in 
the  categories  already  discussed.  These  were  check  valve  leaks, 
surface  flow  leaks,  self-cleaning  leaks,  and  geometry  change 
leaks  The  errors  in  leak  measurement  due  to  the  presence  of 
these  types  of  leaks  could  be  greater  than  any  errors  due  to  the 
miscalculation  discussed  in  the  flow  sections. 

1.4. 4.1.  CHECK  VAL¥E  LEAKS 

During  a study  (Ref.  45)  of  leakage  phenomena,  e.xamples  of 
check  valve  and  geometry  change  leaks  were  found. 

Figure  15  is  a plot  of  the  leakage-pressure  differential  ob- 
tained on  a damaged  needle  valve.  It  was  observed  that  although 
the  typical  laminar  flow  curve  was  obtained  at  a high  pressure 
differential,  below  this  pressure,  the  leakage  abruptly  stopped. 
Upon  increasing  the  pressure,  the  leak  I’eappeared . This  phenomenon 
was  repeatable. 

This  type  of  leak  would  be  pax’ticularly  hard  to  detect 
since  the  leak  cannot  be  seexi  below  a critical  pressure. 

1.4. 4. 2.  geometry  CHANGE  IN  LE.AKS 

The  shape  of  a leak  may  change  with  changes  in  system  pres- 
sure. As  pressure  increases,  the  e.xpanslon  of  system  parts  result- 
ing from  stresses  induced  by  the  increased  pressure  can  cause 
leakage  rates  of  known  leaks  to  increase  beyond  the  predictions 
of  laminar  flow  theory.  An  example  of  this  Increase  of  leak  rate 
with  geometry  change  is  shown  in  Figure  16, 

1 . 4 . 4 . 3 . SELF-CLEANING  LEAKS 

In  performing  work  on  project  NAS  8-4012  (Ref.  46),  gaskets 
under  compression  are  subjected  to  a high  helium  pressure  and  the 
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Figui’e  15.  Check-valve  Effect  in  a Hardware  Leak.  (Reprinted 
from  J.W.  Marr.  Study  of  Static  and  Dynamic  Seals 
in  Liquid  Rocket  'Engines.  Final  Report  Phase  il. 
Contract  ms  7-lW.  dTeF.  45)) 
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Figure  16. 
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Geometry  Change  in  a Gasket  Leak  (Reprinted  from 
F.  O.  Rathbun,  Jr. , Design  Criteria  for  Zero- 
leakage  Connectors  for~Launch  Vehictes.  Report  o 
N^ional  Aeronautics  and  space  Administration 
Contract  NAS  8-4012,  for  George  C.  Marshall  Space 
Flight  Center,  December  1 I63.  (Ref.  46)) 


leakage  quantitatively  determined.  It  was  difficult  to  explain 
why  slope  of  the  pressure- leakage  line  should  be  greater  than 
two,  since  no  flow  regime  would  produce  such  a slope.  However, 
these  curves  consist  of  a series  of  lines  with  a slope  corres- 
ponding to  that  for  laminar  flow. 

Since  the  increase  could  result  from  a permaneni  deforma- 
tion of  the  gasket,  an  experiment  was  run  using  an  aluminum 
gasket  too  sturdy  to  be  deformed.  Figure  17  shows  the  data 
obtained  during  this  experiment.  During  the  original  increase 
in  pressure,  the  leakage  increased  at  a rate  greater  than  the 
square  of  the  pressure  increase.  However,  upon  releasing  the 
pressure,  the  leakage  decrease  was  proportional  to  the  square  of 
the  pressure  decrease.  A second  increase  in  pressure  produced 
an  increase  which  retraced  the  leakage  encountered  during  the 
pressure  decrease. 

It  is  believed  that  the  original  pressure  increased  cleaned 
the  leakage  passages.  Further  pressure  cycling  does  not  effect 
the  maximum  leakage.  This  suggests  that  whenever  possible,  leak 
testing  should  be  done  at  the  proposed  operating  pressure,  in 
order  that  potential  leaks  may  be  formed  and  observed. 

1.4. 4. 4.  ABSORBED  OR  SURFACE  FLOW  LEAKS 

The  flow  of  gases  and  non-condensing  vapors  through  fine 
capillaries  and  micropores  cannot  be  dealt  with  by  means  of 
simple  methods  analogous  to  those  applicable  to  molecular  and 
laminar  flow  (Ref.  34).  The  narrow  passages  and  large  surface 
areas  involved  cause  surface  adsorption  and  surface  flow  to 
become  important  factors.  The  adsorption  may  be  physical,  where 
only  relatively  weak  van  der  Waals  attractions  are  involved,  or 
the  adsorption  may  be  regarded  as  chemical,  where  the  surface 
of  the  solid  provides  binding  sites  for  the  atoms,  and  the  electronic- 
structure  of  the  solid  permits  the  formation  of  a chemisorption 
bond.  The  nature  of  the  binding  sites, the  bonds  between  the 
gas  atoms, and  the  surface  influences  the  degree  of  surface  migra- 
tion of  the  atoms. 

The  flow  along  a fine  capillary  or  micropore  is  assumed  to 
consist  of  two  mechanisms  working  simultaneously: 

1.  Molecular  flow  along  the  bore  of  the  capillary,  whereby 
molecules  are  supposed  to  collide  with  the  wall,  re- 
evaporate, and  collide  with  the  wall  again  without  inter- 
molecular  collisions,  and 

2.  Surface  flow  along  the  wall  of  the  capillary,  whereby 
molecules  are  adsorbed  and  diffuse  along  the  surface  of 
the  wall. 

Both  these  mechanisms  promote  gas  flow  from  regions  of  higher 
gas  concentrations  to  regions  of  lower  gas  concentrations. 
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LEAKAGE  , atm  cc/sec 


Figure  17.  Self-cleaning  Effect  in  Leaks.  (Reprinted  from  F.O. 

Rathbun,  Jr.,  Design  Criteria  for  Zero- leak age 
Connectors  for  Launch  Vehicles.  Report  on  National 
Aeronautics  and  Space  Administration  Contract  NAS 
8-4012,  for  George  C.  Marshall  Space  Flight  Center. 
December  1963.  (Ref,  46) ) 
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For  a given  set  ot  conditions,  the  proportion  of  molecules 
that  follow  the  above  mechanisms  depends  on  a variety  of  factors. 
These  factors  include: 

• The  sticking  probability  (the  probability  that  a 
molecule  striking  the  surface  will  become  adsorbed) 

• The  length  of  time  the  molecule  remains  adsorbed 
(the  mean  surface  lifetime  of  the  molecules 

• The  coefficient  of  surface  diffusion  of  the 
molecules 

These  features  are,  in  turn,  influenced  by  other  characteristics, 
such  as  the  number  of  sites  occupied  by  the  adsorbed  molecules 
of  whether  a complete  monolayer  is  involved. 

The  neai'er  the  properties  of  a gas  approach  those  ol  a 
condensable  vapor,  the  greater  the  proportion  of  surface  flow. 
Therefore,  a reduction  of  temperature  or  an  increase  of  pressure 
may  sometimes  promote  a total  flow  in  excess  of  that  predicted 
by  the  laminar-molecule  theory. 

Although  the  final  leak  rate  achieved  with  a condensable 
gas  will  be  higher  than  predicted  from  flow  theory,  Hayashi 
(Ref.  47)  predicted  that  there  will  be  an  initial  delay  of  flow 
due  to  condensation  of  the  tracer  gas  on  the  leak  surfaces.  This 
delay  is  important  if  a tracer  probe  technique  is  used  for  test- 
ing. For  example,  if  butane,  a readily  condensable  gas,  is  used 
in  a tracer  probe,  some  small  leaks  will  be  missed  because  of 
the  delay  caused  by  the  adsorption.  Two  remedies  can  be  suggested 
to  counter  this  problem. 

1.  The  use  of  a non-condensable  gas. 

2.  The  use  of  a detector  probe  with  condensable  gases. 

With  use  of  a detector  probe,  the  gas  is  continually 

in  contact  with  the  leak  and  equilibrium  is  established. 

1.4.5.  LEAK  CLOGGING 

1.4. 5.1.  SURFACE  TENSION  AND  WETTING 

Very  small  holes  that  may  give  rise  to  appreciable  leakage 
rates  of  gas  under  high  vacuum  conditions  are  sometimes  partially 
or  wholly  blocked  by  solid  particles  having  sizes  in  the  micron 

range,  or  by  liquids  as  a result  of  surface  tension  effects. 

The  blockage  may  be  of  a temporary  nature  and  so  give  rise  to 
misleading  test  results. 

Preferably  the  system  should  be  kept  out  of  contact  with 
sources  that  may  cause  blockage  until  after  proving  and  rectifica- 
tion have  been  completed.  These  ideal  conditions  cannot  always 
be  met  in  practice.  A phenomenon  frequently  observed  is,  that 
if  a container  to  be  tested  for  leaks  has  at  any  time  after  manu- 
facture been  in  contact  with  a liquid,  no  leaks  small  in  size 
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(i .e. , 10"7  atm  cc/sec  or  smaller)  will  be  found.  The  small 
leaks  are  clogged  with  liquid  because  of  surface  tension.  If  water 
has  entered  a capillary  tube,  the  pressure  necessary  to  force  it 
out  of  the  tube  is  given  by  the  following  equation  (Ref,  48): 

P = Equation  1.4-33 


where  = surface  tension  of  the  liquid  usually  expressed 
in  dynes  per  centimeter 
d = tube  diameter  in  centimeters 
P = pressure  expressed  in  dynes/cra^  * 


A leak  with  a diameter  of  1 x 10“'^  centimeter  will  have  a leakage 
rate  for  helium  approximately  1 x 10~^ i atm/sec.  If  water, 
with  a surface  tension  of  72  dynes/cm,  enters  such  a leak,  the 
pressure  required  to  force  it  out  is  approximately  2,8  atmospheres. 
Since  the  pressure  differential  during  leak  testing  is  only  1 at- 
mosphere, this  leak  is  essentially  clogged  by  the  use  of  water. 

In  actual  conditions,  clogging  is  more  likely  to  take  place  than 


in  the  above  example.  Most  leaks  are  neither  circular  nor 
regular  in  diameter.  They  usually  contain  constrictions  and 
occasionally  consist  of  slits.  The  rate  of  flow  in  a leak  is 
approximately  proportional  to  the  leak  cross-sections. 

If  clogging  were  to  take  place,  the  pressure  required  to 
remove  a liquid  is  inversely  proportional  to  the  smallest  dimension 
in  the  cross-section.  Therefore,  clogging  of  an  orifice  or  of  a 
slit  is  more  likely  to  take  place  than  may  be  assumed  from  the 
above  example.  If  the  leak  in  the  above  example  were  in  fact  a 
slit  with  the  ratio  of  width  to  height  of  10  to  1.  the  pressure 
necessary  to  remove  water  from  such  a slit  would  be  approximately 
28  atmospheres.  Leakage  would  be  of  the  same  order  of  ragnitude 
as  mentioned  in  the  above  example. 


Clogging  by  surface  tension  can  occur  in  several  different 
ways.  As  a first  breakdown,  the  clogging  can  be  divided  into 
two  fmnns  - with  liquid  in  the  system  and  with  gas  in  the  system 
after  it  has  been  in  contact  with  liquid. 

With  liquid  in  the  system,  clogging  can  occur  if  the  surf- 
ace of  the  leak  is  not  wet  by  the  liquid.  In  that  case,  no 
liquid  will  flow  even  though  a hole  exists.  On  the  other  hand, 
if  the  liquid  wets  the  leak,  the  equilibrium  flow  rate  through  the 
leak  will  be  that  predicted  by  flow  theory.  This  type  of  clogging 
can  not  be  predicted  or  depended  on  as  a permanent  phenomenon, 
since  the  wetting  properties  of  the  leak  might  be  different  from 
the  bulk  surface  and  might  change  with  oxidation,  weathering  and 
other  treatment. 


After  the  liquid  has  been  i*emoved  from  the  system,  clogging 
can  occur  fx'om  liquid  remaining  in  the  leak.  It  is  immaterial 


»dae  atmosphere  is  equal  to  1.063759  x lO****  dvnes/cm^ 
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whether  the  liquid  wets  the  surface.  Clogging  as  a result  of 
the  liquid  surface  tension  occurs  in  either  case. 


Unfortunately,  cloggipg  is  not  of  a permanent  nature.  If 
the  temperature  of  the  container  is  raised,  the  surface  tension 
of  the  liquid  decreases  and  quite  possibly  the  liquid  Inside  the 
leak  evaporates. 

Leakage  much  smaller  than  10“®  atm  cc/sec  is  rarely  seen. 
Such  leakages  are  in  the  range  of  detectability,  bit  are  a rare 
phenomenon.  They  are  found  on  new  systems  which  have  never  been 
in  contact  with  liquid.  These  leaks  have  to  be  carefully  treated 
or  they  will  clog  during  normal  handling.  It  way  be  calculated 
that  a leak  10“ ® atm  cc/sec  has  a diameter  in  the  order  of  10~^ 
centimeter.  To  place  this  number  in  dimensions  of  atomic  size, 
its  diameter  is  about  1,000  Angstrom  units.*  Molecules  of 
contaminants  (for  e:tample,  either  band  or  machine  oil),  are  in 
the  order  of  100  Angstroms  in  length.  Should  these  molecules 
be  adsorbed  in  the  leak,  they  would  reduce  the  size  of  the  hole 
and  therefore  reduce  the  leak  rate  to  a point  of  apparent 
clogging.  According  to  the  equation  for  molecular  flow  (Equa- 
tion 1.4-14),  the  flow  which  should  predominate  in  this  range  is 
proportional  to  the  cube  of  the  leak  diametei*.  Therelore,  a 
small  decrease  in  leak  diameter  will  produce  a drastic  decrease 
in  leakage. 

1,4. 5. 2.  PRESSURE  REMOVAL  AND  EVAPORATION 

A pressurizing  test  may  suffer  some  restriction  in  its 
application  to  certain  types  of  vacuum  equipment,  because  the 
design  may  permit  use  of  only  small  over-pressures.  In  tfese 
applications  the  presence  of  water  may  easily  block  a leakage 
path  owing  to  its  high  surface  tension.  For  example,  when  a 
particular  capillary  contains  water  that  wets  the  capillary  wall, 
this  capillary  will  be  completely  blocked  against  a gas  pressure 
difference  of  1 1/2  atm.  A thin  mineral  oil  would  be  more  easily 
moved  in  such  a capillary,  requiring  only  about  1/2  atm.  Even 
though  the  applied  pressure  difference  may  be  sufficient  to  move 
the  oil,  the  viscosities  of  oils  are  relatively  high  so  that 
in  practice,  an  oil  may  usually  be  regarded  as  permanently  block- 
ing a capillary  of  any  appreciable  length.  This  is  due  to  the 
extremelj!'  slow  rate  of  flow  of  oil.  Consequently,  an  oil  should 
never  be  used  for  pressure  testing  before  leak  testing. 

On  the  other  hand,  water  will  evaporate  much  more  readily 
into  a vacuum  than  would  a mineral  oil  because  of  the  higher 
vapor  pressure  cf  water.  The  rate  of  evaporation  is  accelerated 
if  the  temperature  is  raised.  For  leak  testing  evacuated  systems, 
a number  of  points  should  be  considered. 

• A preliminary  water  px*essure  test  is  permissible, 
but  not  recommended. 


♦One  centimeter  is  equal  to  10®  Angsti'om  units 
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• oil  should  never  be  used  for  over-pressure  test. 

• A compressed  air  test  should  never  follow  a water 
pressure  test  before  vacuum  testing  for  leaks.  This 
is  because  the  residual  water  that  is  held  in  small 
capillaries  may  be  forced  back  by  the  compressed  air 
into  larger  voids.  Under  vacuum  conditions,  the 
liquid  would  evaporate  slowly  through  the  capillary 
restriction. 

• Even  a preliminary  water  pressure  test  is  inadvisable 
for  ultra-high  vacuum  systems . In  such  a system 
detection  of  very  small  leaks  through  fine  capillaries 
becomes  essential  and  the  time  required  to  ensure 
clearance  of  such  capillaries  <by  evaporation  of  the 
residual  water)  may  become  unduly  prolonged. 

To  summarize,  when  a liquid  is  in  a capillary,  the  liquid 
that  has  the  lower  surface  tension  is  more  readily  moved  by  a 
gas- pressure  differeuice,  while  a liquid  that  has  a higher  vapor 
pressure  is  more  readily  evaporated  out.  As  a consequence, 
capillaries  that  may  be  blocked  by  water  under  the  conditions  of 
an  over-i pressure  test,  may  often  be  readily  cleared  by  evapora- 
tion of  the  water  into  a vacuum.  Moreover,  apparatus  which  must 
undergo  a rigorous  check  for  leaks  must  be  dried  in  a vacuum 
because  small  leaks  are  readily  clogged  by  the  water  adsorbed 
on  the  walls. 

Following  the  general  rule,  it  is  preferable  that  the  vessel 
or  component  to  be  leak-tested  should  be  kept  out  of  contact 
with  sources  that  may  cause  blockage,  until  after  leak-testing 
and  leak-recti^ ■ cation  have  been  completed. 

Solid  particles  in  the  millimeter  size- range  are  not.  in 
general,  a source  of  trouble.  But  solid  particles  in  the  micron 
range  may  enter  and  block  a capillary  temporarily.  They  may 
subsequently  be  displaced,  giving  rise  to  an  intermittent  leak 
that  is  difficult  to  establish  and  locate.  Blockage  by  solid 
particles  may  occur,  for  example,  if  the  fluid  used  in  connec- 
tion with  magnetic  crack-detection  work  is  applied  before  testing 
for  leaks.  Magnetic  fluid  contains  iron  particles,  of  which  the 
greater  proportion  are  usually  in  the  2 1/2-  to- 10-micron  size- 
range,  and  are,  therefore,  comparable  with  the  cross-sectional 
dimensions  of  the  capillaries  considered  here. 

One  of  the  disadvantages  of  porosity  will  be  understood 
by  considering  the  effect  of  a hypothetical  condition  of  a 
thousand  capillaries  1/4  inch  long  situated  close  together  in 
parallel,  each  having  a radius  of  10“^  centimeter.  The  to:al 
leak  rate  through  this  assembly  v»*ould  be  approximately  1.3  x 10~^ 
torr  liter/sec — that  is,  about  the  same  order  of  leakage  t'S  a 
single  capillary  of  10"^  centimeter  radius.  However,  if  water 
has  access  to  the  porous  assembly,  the  pressure  difference 
required  to  remove  it  from  the  capillaries  would  be  ( from 
Equation  1.4-33) 
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2 X 72 


Equa  t on  1.4-34 


^ = 14  atm  or  210  Ib/in.^, 

1 X 10"^ 

that  is,  ten  times  the  pressure  difference  needed  to  remove  such 
blockage  from  a capillary  of  10“^  centimeter  radius. 

Small  holes  in  mlid  steel  vessels  or  components  may  become 
permanently  blocked  by  "rusting-up"  caused  by  moisture.  In 
practice  it  is  usually  impossible  to  prevent  atmospheric  moisture 
from  entering  caiiillaries.  Most  metals  are  attacked,  more  or 
less,  by  water  in  the  presence  of  air.  This  action  gives  rise 
to  an  oxide  film  that  has  a greater  specific  volume  than  the 
metal.  This  effect  applies  particularly  to  mild  steel  where 
the  oxide  film  has  a specific  volume  about  seven  times  greater 
than  that  of  the  parent  metal.  Consequently,  the  smaller  capillar- 
ies, which  have  the  greater  tendency  to  retain  water,  readily 
"rust-up,"  Stainless  steel  is  less  likely  to  be  affected  in  this 
way , 

When  a liquid  blocks  a capillary  its  removal  from  the  capillaiy 
may  be  influenced  by  any  one,  or  a combination,  of  the  following 
factors: 

• Wetting  combined  with  surface  tension,  which  resists 
motion. 

• Viscosity,  which  controls  the  tendency  to  flow, 

• Vapor  piessure,  which  controls  the  tendency  to 
evaporate 

Thus,  a thin  mineral  oil  in  a capillary  can  be  moved  with  a 
smaller  pressure  difference  than  when  water  is  present,  owiwg  to 
the  lower  surface  tension  of  the  oil.  Under  similar  conditions, 
a very  much  longer  time  would  be  taken  by'  the  oil  to  pass  out  of 
the  capillary,  because  of  its  greater  viscosity  compared  with 
water.  Burrows  (Ref.  34)  states  the  equation  needed  to  calculate 
the  evaporation  rate  and  liquid  flow  in  a capillary, 

1.4, 5. 3.  SAFETY 

Although  the  prevention  of  clogged  leaks  dictates  leak 
testing  be  done  prior  to  contact  of  the  system  with  liquid,  the 
need  for  safety  might  overrule  this  procedure.  Pressurizing 
a system  with  a liquid  does  not  create  the  e.xpiosion  hazard 
involved  with  gases  under  high  pressure.  Therefore,  safety 
requirements  may  dictate  pressure-testing  of  a system  with  a 
liquid  before  gases  are  introduced  tor  leak-testing. 

The  amount  of  energy  stored  in  a pressei ized  tank  is  a 
function  of  the  quantity  of  gas  contained  in  the  vessel.  Because 
of  this,  a high- volume,  low-pressure  vessel  can  contain  the  same 
stored  energy  as  a low- volume,  high-pressure  vessel  and,  there- 
fore, present  a hazard  of  similar  magnitude.  Because  of  the 
similarity  in  explosive  effect,  it  was  decided  to  equate  the 


78 


energy  available  In  the  tank  to  that  in  a quantity  of  TNT  (Ref.  49). 


The  hazard  potential  or  TNT  equivalent  of  a pressurized 
vessel  is  determined  by  the  calculation  of  the  amount  of  energy 
available  from  the  explosive  expansion  of  a volume  of  compressed 


Equation  1.4-35 


where  E = energy  (calories) , 

Pj  = original  (absolute)  pressure  of  the  compressed  gas. 
^2  ~ filial  or  atmospheric  pressure, 

R = molar  gas  constant  (1.987  cal/gm-mole  °K  for  an 


ideal  gas), 

V = pressure  vessel  volume  (ft'^). 


Tj^  = ambient  air  temperature  (®K)  , 


^2  ~ temperature  of  the  compressed  gas  (°K) . 


The  standard  for  energy  release  is  set  at  1,000,000,000 
cal/ ton  of  TNT  or  1,140  cal/gm. 

Once  the  energy  equivalent  has  been  established,  minimum 
safe  distance  for  non-operating  personnel  can  be  computed,  using 
over- pressure  data  from  reference  TNT  explosions  (Figure  18). 
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ENERGY  EQUIVALENT  DISTANCE  PEAK  OVERPRESSURE 
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Figure  18.  Nomograph  for  Calculating  Magnitude  of  Blast  Hazard 
from  Equivalent  Weights  of  TNT  (Reprinted  with 
permission  from  R.E.  Olson.  "Safety  Hazards  of  High 
Pressure  Leak  Checks",  paper  Presented  at  56th.  Air 
Force  Industry  Conference  on  Missile  Leaks  and  Spil’s. 
Los  Angeles,  Calif.) 
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DEFINITION  OF  ZERO- LEAKAGE 


In  references  where  "zero- leakage”  or  "no  leakage"  Is  stated,  it  is  not  known  precise- 
ly what  Is  meant  because  of  the  lack  of  an  accepted  definition  for  this  term.  In  general,  the 
zero- leakage  specification  Is  an  indication  to  use  polymeric  seats  and  seals.  Metal- to- metal 
seals  usually  fall  to  fulfill  this  requirement,  except  for  one-time  seal  applications  where 
metal  can  be  deformed  to  obtain  a leakage  of  less  than  10~°  atmospheric  cc/sec  helium. 

In  an  extensive  study  by  Advanced  Technology  Laboratories,  General  Electric 
Company,  Schenectady,  New  York,  zero- leakage  has  been  defined  to  be  a leakage  of  less  than 
10~8  atmospheric  cc/sec  helium.  Another  Industrial  source  Indicates  that,  while  zero- leak- 
age has  no  meaning,  It  may  be  considered  to  be  in  the  range  of  10*^  to  10'°  atmospheric 
cc/sec  helium.  At  NASA’s  Mann^  Spacecraft  Center  In  Houston,  Texas,  zero-leakage  is 
defined  as  no  more  than  1.4  x 10'^  standard  cc/sec  GN2  at  300  pslg  and  at  ambient  tempera- 
ture. Leakage  requirements  and  specifications  for  valves  for  unmanned  missions,  obtained 
from  Interviews  with  the  prime  manufacturers,  varied  from  1.15  x 10*^  standard  cc/sec  to 
0 for  NaO.,  and  from  8.3  x 10'^  standard  cc/sec  to  1.4  x 10'^  standard  cc/sec  for  other 
gases. 


GENERAL  APPROACHES 


Seals 


The  major  problems  encountered  with  valve  seals  result  from  the  extremes  In  tem- 
perature, pressure,  and  vibrational  environment  In  which  seals  must  function  reliably.  Gen- 
erally the  static  seals,  as  used  to  seal  flanges,  employ  either  the  "0”-rlng  or  the  self-load- 
ing principle.  In  both  cases,  an  Increase  In  fluid  pressure  causes  an  Increase  In  tightness  of 
the  seal.  This  also  applies  to  dynamic  seals,  such  as  those  used  In  a piston  ring,  but  the 
design  of  this  type  seal  is  quite  different.  Mechanical  seals  used  on  high  speed  rotating  shafts 
are  pressure  balanced  so  that  the  unit  load  on  the  face  Is  nearly  constant  over  the  fluid  pres- 
sure range  for  which  It  is  designed  to  operate.  The  secondary  seal  In  such  u mechanical 
sealing  arrangement  Is  usually  a plastic  material,  but  a weld^  metal  bellows  is  often  used  for 
a more  positive  secondary  seal.  Plastic  materials  usually  used  for  "0"-rlng  type  application 
are  the  fluorocarbon  plastics  (Teflon  and  Kel-F)*  because  of:  (1)  the  wide  temperature  range 
over  which  they  can  work  efficiently;  (2)  their  chemical  Inertness;  and  (3)  their  excellent 
wear  propertie®. 


* Teflon:  Trademark  for  tetrafluoroethylene  (TFE)  fluorocarbon  resin,  E.  I.  du  Pont  de 
Nemours  and  Company,  Inc. 

Kel-F:  Trade  name  for  a line  of  fluorocarbon  products,  Minnesota  Mining  and  Manufactur- 
ing Company,  Chemical  Division. 
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ABSTRACT 

An  existincf  Propulsion  Test  facility  was  modified  for 
use  as  a leal;  test  facility  for  acceptance  testing  of 
the  3000  psig  oxygen  and  nitrogen  gas  storage  tank  sys- 
tems used  on  tile  Skylab  Airlock  0-1  and  U-2  ttahiciesl 
Leak  rates  in  tile  range  of  lo~2  to  10-5  standard  cc/sec 
of  heli-jm  were  measured  remotely  from  an  explosion 
contairment  test  cell.  Selection  of  tile  test  site  was 
based  on  consideration  of  techniques,  equipment,  poten- 
tial test  hazards,  leal;  measurement  metliods,  and  the 
availability  of  existing  ap'plicable  equitiuent  from 
prior  test  programs.  Facility  design,  operating  exiieri- 
ence,  and  test  results  are  discussed. 

INTRODUCTION 


rhe  life  support  atmosphere  of  tlie  Skylab  orbital  Workshop 
IS  supplied  b/  six  oxygen  and  six  nitrogen  tank  assemldies 
mounted  on  the  Airlock.  Each  tank  is  pressurized  to  3000  psig 
witli  gas  prior  to  launch.  The  maximum  allow-able  equivalint 
helium  leak  rate  at  3000  psig  for  each  tank  assembly,  including 
its  valve  package,  is  10-2  standard  cc/sec. 

Altliougli  the  tanks  tlieaiselves  were  leak  checked  by  their 
suppliers  prior  to  delivery  to  MDC,  additlonar  hydrostatic  and 
leak  testing  was  required  after  installation  of  tlie  valve  pack- 
ages and  associated  pressure  transducers  at  MDG.  The  tant-.s  w-ere 
received  at  MDAC-E  and  the  valve  package  attached  by  brasiivt. 

The  brazed  joint  connection  was  designed  to  permit  replacement  of 
a defective  valve  package  without  danger  of  d.amag?ng  the  tan},  .ji 
valve  package.  The  leak  test  program  was  designed  to  assure  that 
tlie  entire  tajtk  assembly,  including  its  valve  package,  was  read” 
for  installation  on  tlie  Airlock  vehicle  witliout  the  necessit"  f>>i’ 
oubs^^-cjiient  leak  checking*  ^ 


*liiis  p'aper  is  related  to  work  performed  under  tlASA  I'ontrar-t- 
MAS  g-0555. 
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Although  numerous  smaller  high  pressure  tajil^s  had  been  p^res- 
sure  and  lea);  tested  in  previous  programs,  none  of  tliem  presentee 
as  much  damage  potential  in  tlae  event  of  tanfi  or  valv'e  package 
failure.  Therefore,  special  precautions  were  taken  to  reduce  tine 
risk  of  harm  to  personnel  and  facilities. 

TEST  SPECIMEN  DESCRIPTION  AND  SAI'ETY  CONSIDERATIONS 

The  oxygen  tanks  are  constructed  witli  a 321  stainless  steel 
liner  reinforced  by  a filament  woiaid  fiberglass-epoxg  shell 
bonded  to  tlie  liner.  The  nominal  external  dimensioiw  are  45  in. 
diameter  and  • t.  long.  MiniiwiM  internal  volume  is  S'*  ft^. 

The  tank  assemi  *iight  does  not  exceed  2S00  pounds.  Hitrogen 
tanks  are  fabrr  from  titanium  hemispheres  welded  together  at 

their  circumfet  -e.  The  nominal  external  diameter  of  each 
spherical  nitrogen  tank  is  41  in.,  and  tlie  minimuiii  internal 
volume  is  l'-).28  ft^;  tank  assembly  weight  did  not  exceed  393 
[i'Ounds.  T!‘e  tanks  and  their  control  valve  packages  were  hydro- 
statically tested,  prior  to  leak  measuremen  , witlv  Freon  PCA 
(Precision  Cleaning  Agent)  to  1.5o  times  tlie  3000  psig  working 
pressure  (or  approximately  4500  psig) . Tiie  nitroge»»  tank  design 
pressure  considerations  were  3u00  psig  v/orking,  5000  psig  proof, 
and  6600  psig  burst  at  70®F.  The  oxygen  tank  assembly  design 
pressure  considerations  ••ere  4500  psig  working,  7530  psig  proof 
and  10,000  psig  burst. 

Freon  PCA  was  used  for  three  reasons s (1)  to  avoid  poten- 
tial tank  weakening  which  can  ceur  if,  for  example,  metiiyl 
alcohol  is  used  to  hydrostatically  test  titanium  tanks  at  high 
pressure,  (2)  to  avoid  potential  corrosion  problems  of  valve 
packages  when  water  is  used,  and  t3)  to  permit  thorough  removal 
of  the  hydrostatic  test  fluid  after  testing.  The  nitrogen  tanks 
have  an  operating  temperature  range  of  -20  to  160 °F.  The  oxygen 
tanks  iiave  a similar  temperature  restriction  but  witJj  ai»  addi- 
tional requirement  to  avoid  temperature  changes  in  tlie  liner  of 
l^F  per  minute  or  more,  which  might  cause  debonding  of  the  tank 
liner  from  its  reinforcing  filament  wound  fiberglass-epoxy 
reinforcement. 

An  initial  examination  of  the  potential  hazards  of  leak 
testing  large  high  pressure  tanks  revealed  that  it  would  be  un- 
wise to  conduct  tlie  work  in  a conventional  building.  The  types 
of  tanks  to  be  tested  had  exhibited  excellent  safety  records  in 
previous  progTams  and  the  likeliliood  of  tank  rupture  was  consid- 
ered very  slight.  However,  tank  rupture  due  to  flaws,  human 
error,  or  any  otlier  cause  could  produce  catastrophic  results  in  a 
conventional  laboratory.  For  example,  calculations  indicated 
tliat  the  19.28  ft^  nitrogen  tank  at  3000  psig  containel  potential 
energy  equivalent  to  14.0  pounds  of  THT.  The  57  ft^  oxygen  tank 
at  3000  psig  contained  the  energy  of  approximately  41.0  pounds  of 
TNT,  altliough,  due  to  tlie  type  of  tank  construction,  tlie  energy 
might  be  released  at  a slightly  less  explosive  rate. 


The  iieed  to  pet  form  the  leaJ.  tests  in  e reittote  safe  facility 
became  evident.  A hi>:jh  pressiore  faei  test  facility  witli  a 7 ft 
diameter  vacuujFi  chaini'et  became  ataiiabie  trom  anotiier  pto'ijram. 

The  chainber  was  located  in  a test  cell  desianed  for  explosion 
containment.  C.ll  operations  could  be  nionitored  and  controlled 
from  an  adjacent  control  room.  A study  showed  ti-at  the  facility 
could  be  modified  economically  withih  tiie  availatile  schedule 
t iuie . 

The  test  ceii  chosen  had  been  desicmed  to  withstand  an  in- 
ternal pressure  225  psl  above  normal  atinosphoric  pressure  without 
ruptarina  the  walls  and  witliout  fore  Ina  tlie  doors  open.  Calcula- 
tions indicated  tiie  possibility  tlrat  in  the  event  of  a tank 
failure,  shrapnel  cculd  acouire  enouah  eneray  to  damaae  but  not 
iceitecrate  iilie  foot— thick  cell  walls  whicli  were  constructed  of 
concrete  with  two  independent  arids  of  1-1/4  in.  diameter  stee' 
rods  on  9 iij.  centers,  'fhe  cell  doors,  made  of  steel  I-beams 
with  welded  steel  facina  plates  and  filled  witli  concrete,  were 
secured  with  laassive  iockina  plates  at  tSseir  top  and  bottom. 

"art  of  the  control  cell  was  separated  from  the  test  cell  bv  two 
reinforced  concrete  walls,  one  on  each  side  of  ajj  access  hailway. 
rhe  most  conservative  caiculations  indicated  the  pcssibility  that 
impact  of  larae  pieces  of  shrapnel  witli  the  inside  surface  of  tlie 
test  cell  wall  miaht  cause  spallina  of  concrete  from  the  opposite 
side  of  the  wall.  Therefore,  a barrier  of  sand  baas  was  erected 
parallel  to  the  single  wall  separating  a portion  of  tiie  tost  cell 
from  the  control  cell. 

SURVEY  O?  LEAK  TEST  METHODS 

Various  xtfays  soare  considered  to  measure  leal,  rates  of  the 
tank  systems.  The  chamber  rate  of  pressura  rise  method  witli  the 
chaiiber  vacuum  pump  operating  v-as  found  to  be  too  insensitive  and 
unsteady  to  measure  10“'  standard  cc/sec  of  gas  leaiiaae  over  anv 
reasonable  time  span.  Chaiwt.er  leakage,  chaiiiber  outaassisig,  test 
article  outgassina,  chaidaer  temp'erature  cnanues,  and  taiik  s*“stem 
temperature  changes  (princip<ally  heatin-i  diirii.g  the  fillipa  pro- 
cessl  would  have  obscured  the  measurement  of  the  small  allowaftle 
leal.age, 

•romparison  of  tanl;  leaJ.age  into  a chaiiifier  v-ltli  leak.age  *-rc« 
a reference  tiunometer  was  found  to  be  tlieoreticallv  sensitive 
enough,  but  would  have  been  sut-ject  to  some  of  the  same  loiicer- 
tainties  as  for  the  chamber  rate  of  rise  metlxod.  In  both  cases, 
the  source  of  the  gas  could  not  be  deteriiuned  to  be  actual  tanli 
system  leakage  instead  of  a coiiiLdnation  of  iea'.age  and  outgassing. 

A variation  of  tSie  chamf.er  rate  of  p.ressure'rise  was  consid- 
ered in  which  the  chambet  would  be  evacuated  and  tSi-n  sealed  off 
from  its  pump,  its  rate  of  rise  due  to  lea!;age,  outgassing,  etc., 
would  be  measured  and  plotted  as  a fianction  of  tiiae.  Then  tlie 
tanl;  systeiw  would  be  pressurised  and  tiie  new  chaHiber  rate  of 
pressure  rise  would  be  plotted.  The  difference  in  tiie  slopes  of 
the  curves  would  be  interpreted  as  tanl:  system  leolrage.  This 
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nietliod  would  not  distinguish  accurately  between  actual  taii.  leat- 
aye  and  outgasslny  due  to  tanL  heatxiiy. 

Various  teciuiiques  of  bayglny  tlie  tanl^  syste  » to  collect 
heliuifi  leaJ.iny  from  the  tani^  system  were  cOi«sidei*t  1 » but  W’es'e 
found  to  be  too  insensitive  and  uncertain  for  yooJ  quantitative 
results.  Heiium  pereteation  tiirouyii  the  bay  and  heliuiu  nonmii- 
formities  witiiin  cite  bay  would  have  been  difficult  to  deterwine. 

« technique  was  considered  in  which  tiie  taiA  sy&teffl  would  be 
enclosed  within  an  Imier  chaiit'er  ccntaininy  * to  own  ion  yauye. 

The  inner  chataLier  would  be  within  a conventional  space  chasiber 
with  its  ion  yauye.  The  inner  chaitii:<er  would  have  a yas  ialeaJ: 
system  and  a solenoid  valve  between  tlie  inner  aiid  outer  cbaiabers. 
Dutiny  initial  evacuation  tiie  solenoid  valve  would  lie  open  to 
equalise  pressures  in  botli  chait'.ers;  then  the  solenoid  valve  woul* 
be  closed,  buriny  a leak  test,  the  rate  of  rise  of  the  inner 
chafifcer  relative  to  tiie  outer  ciiambei  would  be  a eieasure  of  the 
tank  system  ieakaye.  A measured  flow  of  yas  from  tiie  inlea.k  sys- 
tem would  be  used  for  reference  purposes  to  calibrate  the  lea), 
rate. 

A somewhat  similar  system  usiny  two  ion  yauyes  in  series, 
witli  a passaye  of  known  conductance  between  them,  could  be  u.-jed 
to  iiieas'iee  die  yas  flow  from  a test  article  is»  die  inner  chai.ber 
to  the  ter  cliaiaL<er.  This  principle  is  used  in  calit<ratiny 
ultraiuyh  vacuum  yauyes  by  extrapolation  of  tije  response  of  two 
standard  yauyes  operatlny  within  their  noiifial  rajiyes. 

All  of  the  mediiods  ttientioned  .above  in  tliis  section  .i.awe 
various  drawbacb.s ..  particularly  the  inabdlity  to  discinyuisn 
between  true  t.avii.  sysdan  Ieakaye  •an.l  yas  flow  from  other  sourcas 
such  as  outyassiny  of  tanf.  and  chamber  materials. 

The  inetiiod  selected  for  tiie  leal,  test  proyr.aiu  w.as  tSiat  of 
placiny  tite  tank  system  in  a vacuum  chaj'Sber,  i>ressuriciny  tiie 
t’Uik  with  a tslixture  of  lO'i  helium  and  yd%  nitroyeh,  and  thest 
lueasvriny  the  helium  )eal:i»ia  into  the  ehaiiber. 

i-i  furtlier  descripitlon  of  vori.jus  leaf;  detection  ioetiiods  used 
in  tiie  Space  Syste.ns  Laboratory  at  tlnC  ,«.as  been  presented 
elsewhere. ^ 

F.ACILITY  DESIGN  EEQIUREMENTS  AND  .ASSEMBLY 

A portion  of  tiie  proiiulsi an  test  facility  which  was  avail- 
.able  for  modification  for  lea',  tests  iiy  Is  sliown  in  p>ian  view  in 
Fiyure  1.  The  7 ft  diaaieter  vacuum  cli.aaber  in  Cell  b,  normaily 
evacuated  only  by  tiie  laecharical  pua)p*s  and  blowers  in  tile  .adja- 
cent vacua.i4  system  room,  was  aLO.-dified  to  pi’ovide  hiftie  vacuma  and 
leak  measurement  capability. 

The  tank  system  spied fications  required  tllat  each  tanf.,  in- 
«.  ludiny  valve  p3aGk.3.ye  and  pressure  and  temp-'erature  tr..ansducers , 
have  ian  equivalent  liellUEi  leaf:  rate  no  yreater  titan  10~“  standard 
cc/sec.  witli  tile  concurreiice  of  the  Airlock  Project,  a mixture 
of  iieliuia  and  nitroyen  was  di'-tsea  for  Jaaf;  testinys  tills  was  coti- 
sidored  acceptable  p>rovided  tiiat  the  tocal  yas  pressure  was  3000 
pjsiy  and  tliat  piropier  allowance  was  made  for  tiie  ratio  of  heliiUB 
to  siitroyen.  Since  actual  leafiaye  tl'.rouyh  p*assayes  of  fixed 
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FLOW  THROUGH  AND  BLOCKAGE  OF 
CAPILLARY  LEAKS 


By  G.  BURROWS,  A.MJ.Mech.E.  lAsiSociATG  MtMlJiiK)* 


SUMMARY 


To  lK-l|i  u>  uitUcr»tau(liiig  tlio  lll-lla^  iuur  of  smoll  looks  in  vacuum  ciiuirma-ut,  tik  various  t>|ics  of  gas  tiuw  that 
cifi  ••ccur  through  suialFborc  capillaries  arc  considered,  and  some  formulae  arc  derived  tiiat  represent  ttow 
rate.,  under  uitVerent  eonditauns.  'i'lic  factors  that  control  the  tlow  of  liquids  through  capillaries  are  reviewed, 
togctlicr  with  th->  hchaviour  to  be  cspcctcd  when  a volatile  liquid  evaporates  front  a capillary  into  a vacuum. 
The  limitations  iiuposed  by  porosities  are  examined,  taking  into  account  the  special  features  of  adsort<:>i  tlow. 
Some  Causes  of  e-apiilary  blockage  are  investigated,  Including  surface  tension  and  surface  adhesion  clfccts.  and 
the  conditions  under  vvnicti  the  uitlucncc  of  vjjco.'ity  exerts  a signiticaiit  restriction.  The  removal  of  such 
bloekase  by  a pressure  dlifcrcncc  and  by  evaporation  is  discussed. 


Introduction 

5 Vessels  and  coraponems  that  are  intended  for  use  under 

i aigh  vacuum  must  be  tested  for  leakage  before  being  put  into 
J service.  The  very  small  holes  tliat  can  cause  appreciable 

lakage  may  be  temporarily  blocked  during  the  test,  and  so 
give  rise  to  misleading  results.  Attention  will  tirst  be  drawn 
M some  simple  relationsiiips  that  govern  leakage  rates  through 
small  holes  or  capillaries.  The  causes  of  blockage  will  then 
te  discussed  and,  in  certain  instances,  methods  of  removing 
olockage  will  be  considered.  Although  some  aspects  of  these 
.subjects  have  been  previously  reviewed  by  Jean*  and  by 
Je  Bersuder,*  the  present  paper  shows  how  the  viscosities  of 
liquids  and  vapours  influence  their  flow-,  either  separately  or 
together,  through  small  leakage  paths,  and  how  the  total 
3o\v  of  gases  may  be  regarded  as  the  sum  of  their  laminar  and 
molecular  flows. 

Jas  Leakage  Rate  fur  a Given  Sire  of  Hole 

The  rate  of  flow  of  a gas  or  vapour  may  be  expressed  in 
the  form  {p  . Vj  per  second  for  a given  gas  at  a given  tem- 
perature, where  p is  in  pressure  units  and  F is  m volumetric 
inks.  The  values  of  leak  rates  applicable  to  vacuum  equip- 
aent  can  be  stated  in  torr-litre  per  second.  That  is,  the 
volumetric  flo  .v  is  stated  in  litics  per  second,  the  correspond- 
flg  pressure  being  expressed  in  lOrr,  noting  that  1 torr  — 1 mnt 
af  mercury,  and  that  7o0  mm  of  mercury  is  equivalent  to 
I atmosphere. 

It  is  necessary  carefully  to  distinguish  between  the  term 
micron  as  applied  to  units  of  sice,  and  micron  as  applied  to 
aaits  of  pressuie.  Contusion  sometimes  arises  when  a dimen- 
ion,  such  as  the  radius  of  a small  hole,  is  expressed  In  microns 

ii  association  with  a pressure  wluch  is  also  given  iu  similar 
aiits.  The  present  discussion  will,  therefore,  use  centimetres 
enfl  to  represent  linear  dimensions,  while  pressure.'  will  be 
aieasured  from  eero  and  stated  in  torr.f  Thus  tlie  product 
p . F)  may  be  e.xpressed  either  as  torr  litre  or  as  10“*  rorr 
iTip.  It  may  be  noted  that  the  rate  of  flow,  when  represented 
a the  form  torr  enfl/s,  is  identical  in  numerical  value  with 

* Rewurdi  Department,  Assoeiated  Electrical  Industries  (Man- 
.iKsturi  Ltd.,  Manchester,  17. 
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litre-micron/s  (usually  abbreviated  to  lusecs  by  the  vacuum 
technicianj,  where  1 .«  = 1 micron  ==  10‘*  torr. 

It  is  assumed  that  all  gross  leaks  have  been  cliniinated,  and 
that  any  remaining  leaks  are  individually  not  much  greater 
than  would  be  represented  by  an  air  flow  rate,  at  20  ' C,  of 
10~-  torr-l./s.  The  smallest  leaks  that  can  be  detected  depend 
on  die  sensitivity  of  the  method  used,  and  may  be  as  low  as 
10“*'-'  torr-I.fs.  Leakage  may  occur  through  a single  hole, 
regarded  as  a capillary,  or  by  way  of  a porous  condition, 
which,  in  effect,  consists  of  a number  of  flne  capillaries  in 
parallel.  ,, 

f 

2ypes  of  Jlow 

At  low  pressures,  and  vviih  capillaries  of  small  bore, 
molecular  flow  occurs,  the  simplifying  assumption  being  made 
that  molecules  never  collide  with  other  molecules  but  only 
with  the  capillary  wall.  .At  higher  pressores,  and  with  capil- 
laries of  larger  bore,  the  molecules  collide  more  frequently 
with  each  other  than  with  the  capillary  wall.  This  causes 
laminar  flow,  cliaracierized  by  the  assumption  of  zero  flow 
of  gas  at  the  capillary  wall  with  maximum  flow  along  the 
axis,  the  intermediate  lavers  being  imagined  as  sliding  over 
each  other.  Under  these  conditions,  the  moving  gas  possesses 
another  attribute,  viscosity,  which  is  absent  in  molecular 
flow.  Where  very  fme  capillaries  and  micropores  are  con- 
cerned, the  narrow  passages  and  large  surface  areas  cause 
surface  adsorption  and  surface  flow  to  become  important. 
As  the  surface  flow  of  gas  is  sensitive  to  the  kind  of  surlace 
and  its  condition,  flow  rates  for  different  gases  through 
porosities  cannot  readily  be  derived  by  calculation.  The 
following  treatment  is  therffore  coniaied  quantinuhely  to 
sin'gle  capillaries  in  the  range  sn  which  surface  flow  forms  a 
negligible  proportion  of  the  total.  This  implies  that,  under 
the  conditions  postulated,  the  capillary  radius  cannot  be 
much  leis  than  10**  cm.  On  this  basis,  the  flo'v  of  gases 
through  capillaries  between  the  extremes  of  fully  molecular 
flow  and  fully  laminar  flow  may  be  regarded^  as  the  sum  of 
the  molecular  and  laminar  flows.  As  a point  of  interest,  it 
may  be  deduced  that,  with  reference  to  the  supposed  slip  at 
the  capillary  wall  which  is  usually  associated  with  laminar 
flow',  the  value  of  the  slip  at  all  pressures  is  equivalent,  in  the 
present  discussion,  to  the  molecular  flow  at  zero  pressure. 
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The  method  of  iiUesratiiig  ^hort  segments  of  tube  adopted 
by  Loevingcf  and  Guthrie*  ajipcars  to  be  inudnitsstbie, 
beeaubc  the  cotii-tantb  in  their  segment  eiiuation,  derived  and 
introduced  by  Knudsen>  apply  only  to  tubes  that  arc  long  in 
proportion  to  their  diameter.  It  is  evident  from  Knudserfs 
original  paper  that  his  eciuation,  u lu'ch  is  the  result  of  integrat- 
ing the  tube  length  froiu  0 to  ‘S  , was  not  intended  for  further 
integration. 

If  Knudsen's  equation  for  mi.vcd  fiovs.  through  u long  tube 
is  used  to  Calculate  the  specitic  how  QjSp,  and  if  the  values 
so  derived  are  plotted  i^ainst  the  eoi responding  mean 
pressure?,  it  wilt  be  found  thai!,  starting,  from  near-zeru  pres- 
sure, the  resultant  curve  parses  through  a minimum  value 
and  then  increases  with  rise  of  pressure  towards  'he  straight 
line  that  represerts  the  fully  laminar  form  of  tlowy  The  dip 
in  the  curve  is  believed  to  be  due  to  the  iiicreusing  obstruction 
sutlered  by  those  molecules  that  take  long  diifusion  patlis 
along  the  tube  in  a mainly  axial  direction.  This  minimum  is 
not  so  clearly  dciined  in  the  case  of  an  irregular  capillary  or 
porous  medium,  because  in  such  circumstances  free  paths 
much  longer  than  the  mean  radius  arc  not  likely  to  occur. 

The  Variation  in  the  specific  flow  represented  by  the  dip  in 
the  curve  is  often  small  enough  to  be  ignored,  with  the  result 
that  the  inclined  straight  line  that  represents  laminar  flovv 
can  be  extr.ipolated  back  to  intercept  the  ordinate  at  zero 
mean  pressure.  The  total  specific  flow  within  the  delined 
range,  corresponding  to  any  mean  pressure,  may  then  be 
found  from  die  appropriate  point  on  the  inclined  straight 
line  that  starts  from  this  intercept.  For  present  purposes,  the 
intercept  represen  is  the  molecular  flow  component,  indepen- 
deni  of  the  mean  pressure.  The  slip  flow,  associated  with 
laminar  flow  Uirough  a single  capillary,  is  in  fact  slightly  less 
than  the  theoretical  molecular  flow,  but  the  diiference  is  not 
sutlicient  to  aflect  this  discussion. 

Based  o:i  the  simplitying  assumptions  made  here,  the  total 
flow  rate  «2.  consisting  of  the  sum  of  the  molecular  and 
laminar  flows,  for  a gas  of  molecular  weight  A/  through  u 
capillary  of  radius  r and  length  L where  L is  at  least  50  r,  is 
given  very  nearly  by  the  expression:* 

torr-L/s  . (1) 

where  lip*  = pressure;  difference  (Pi  — />j)  across  ends  of 

capillary  (torr). 

- Pi  ^ Pi 

Pt  — mean  pressure,  — .j — - (torr). 

T = 1273  -i-  I®),  where  = temperature  (®C). 
n ~ viscosity  of  gas  (poise),  at  absolute  tempera- 
ture T. 

If  one  end  of  the  capillary  is  at  atmospheric  pressure  of 
gas  and  the  other  end  opens  into  a high  vacuum  (zero  pres- 
sure) then  Ap,  is  760  torr  and  p,  is  380  torr,  so  that  equation 
(1)  reduces  to: 

Q « 2-31  X 10‘ |^^6*5  X torr-l,/s  . (2) 

The  term  6*5  :<  rtn  within  the  square  biackeU  represems 
•he  propjrtion  of  lamsoor  flow,  and  the  term  the 

proportion  of  molecular  flovr. 

Thus  for  air  at  20^  C equation  (2)  becomes; 

e = 2-31  X 10*  £ {3 'S*<  X iO*  r q-  3 • 18]  torr-L/s  . (3) 


from  which  we  deduce  that,  under  the  stated  pressure  dif. 
ference,  for  a capillary  radius  of  8 • 10'*  cm  the  gas  flow 
vvill  be  about  ')0“„  laminar,  while  for  a radius  of  10'*  cm 
the  gas  flow  will  be  about  90'fi,  molecular. 

Also,  from  equation  (3),  the  flow  rate  for  the  larger  bore 
capillary  that  gives  90%  laminar  flow  is  3 *7  • I0“'/Z,  torr-l./s; 
that  is,  3-7  - 10'*  torr-I./s  for  a capillary  1 cm  long  or 
3*7  • 10**  torr-l./s  for  a capillary  1 mm  long,  these  leak 
rates  being  quite  appreciable.  For  tile  smaller  bore  capillary 
that  gives  90%  molecular  flow,  the  Slow  rate  is  found  to  be 
S-2  ■ 10'**_'Ltorr-l./s which corresponiJs to 8-2  <:  10'‘*torr- 
i./s  for  a eapillary  1 cm  long  or  8*2  ■;  10*‘“  torr-l./s  lOr  a 
Capillary  1 mm  long,  these  leak  rates  being  very  sii’djll.  It 
follows  therefore  that,  for  a single  capillary,  small  leak  rates 
may  usually  be  regarded  as  a mixture  of  laminar  and  molecular 
flow,  where  leakage  occurs  from  the  external  atmosphere  Into 
u vacuum. 

The  general  behaviour  of  air  flow  through  a capillary  will 
be  understood  by  reference  to  Fig.  1 , where  the  product  O . l 
is  plotted  against  the  capillary  radius,  r.  the  leakage  of 
atmospherie  air  at  20  •"  C being  shovvn  by  the  full  bkick  line. 
The  dotted  lines  refer  to  liquid  air  and  will  be  e.vplained 
later. 

Suppose  that  test  results  show  an  air  leak  rate  of  10** 
torr-l./s  at  20  ’ C from  atmosphere  into  a vacuum.  If  it  is 
assumed  that  the  leak  is  caused  by  a single  ho'e  then,  from 
Fig.  1,  it  Will  be  seen  that  the  flow  may  be  due  to  a capillary 
having  a length  of  1 cni  ard  a radius  of  3*2  ■ 10'*  cm,  or 
alternatively  by  a capillary  having  a length  of  (say)  0*1  cm 
and  a radius  of  1 *7  ■.  io~*  cm.  The  actual  length  and  radius 
of  the  capillary  are.  of  course,  unknown. 

The  values  deduced  tVom  Fig.  1 may  be  used  ir.  the  fob 
lowing  Way  to  estimate  the  flow  rate  of  another  gas  tlvoagii 
the  same  leak  at  a selected  temperature.  If,  for  e.\ainple,  it  is 
required  to  estimate  the  flow  rate  of  hydrogen  at  O''  C tlirougli 
a hole  that  leaks  air  at  a rate  of  10**  torr-l./s  at  20  C.  tliea, 
with  reterence  to  equation  i2): 


10'*  j50ise,  T = 


2 ’ Iv,  a.'id  A/ 


Using  one  pair  of  capillary  duticnsioris  deduced  for  the  air 
leak  rate,  namely,  L — 1 cm  and  r 3*2  ..  i0'“  ^rn„  frien 

for  hydrogen: 


.=  2*31 


. 10-*)» 
1 


3*2  • I0-* 
0*86  • 10-* 


2*7  10**  torr-l./s. 


i I 

7% 


using  the  alternative  capillary  dimensions  £.'=0*1  cm  and 
r = 1 *7  X 10‘‘  cm,  then. 


(2  =^2*31 


,(1*7  X 10-*)* 


» 2*8  -.  >0**  torr-l./s. 

% 

These  two  resu!'s  indicate  that,  in  Utis  exam  pie.  die  espccted 
leak  rate  for  hy'lrogeti  would  be  about  times  that  ter 

**Xt»w*d  have  been  noted  that,  for  different  gases,  leak  rates 
in  the  laminar  flow  region  are  dependent  on  vtscosities.  wkile 
teak  rates  under  moie;u!ar  flow  conditions  are  dependent  c a 
molecular  vwights.  These  leaturcs  cause  variations  in  the 
relative  leak  rates  for  different  gases,  as  indicated  in  Table  I. 
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TaUlH  Lcuk  Ktiies  Guises  Gt^fiiptJtvd 

with  flint  Int  Ait  nt  20"'  C 

ti*roni  iitniosphci'ic  pi'essufe  iiUo  ii  vacuitni) 

Radius  c'f 


ca[.'  Ilary 

10-»cm 

10  * cm 

10'^  cm 

Kiiid  of  ilow'  I'for 

•Appioaching 

Approx.  d0“a 

•Approaching 

airi  .at  niv.iit 

laminar 

laminar- 

molecular 

pressure 

flow 

moiec.  flow 

flow 

♦ Flow  rate  for 

O-S'J.sSO’ 

l-6>  10-’ 

S*2xl0“ 

air:  product 

(i.L.  according 

to  equation  t2; 

iii'liJliW 

ilk  tntOS 

Air  . 

1-0 

10 

1-0 

Argon  . 

0-kJ 

0-X4 

0-SS 

Carbon  dioxide  . 

1-20 

1 04 

U-S5 

He’.m 

1 -oo 

I . 

2-?I 

liydl'Ogen  . 

2-;0 

3-62 

i * Q - nil’  Il<>w  ( torr  l./s). 

« L = length  of  capillary  icmi. 

I 

1 t-.iuatioii  t2)  was  used  to  calculate  the  llo\v  laies  for  each 
I gas  through  a capillary  of  the  appropriate  radius  and  under 
f tile  conditions  spectrted.  the  viscosities  at  20  ' C being  taken 
I from  published  values.  The  rates  thus  derived  are  listed  m 
Table  1 as  ratios  compared  with  air  flow  rates.* 

5 As  will  be  discussed  later,  in  very  small  capillaries  and  for 
I substances  in  the  gaseous  phase  that  have  critical  tempera* 
[ lures  above  the  prevailing  temperature,  there  is  a greatly 
j in  reased  risk  that  adsorption  with  partial  condensation  may 
I I'ccur  these  conditions  giving  rise  to  surface  effects  that 
1 iia;v  cause  the  net  total  flow  to  be  greater  or  less  than  that 
predicted  by  tormislae  based  solely  on  laminar-molecular 
I 

I Lirjuid  Leakage  Rate  fur  a Given  Size  of  Hole 

fknr  vf  invy' at iy  UquiJs 

The  behaviour  of  a Hciuid  when  leaking  into  a vacuum 
through  a cjpdlary  from  a bulk  source  at  a given  pressure 
depends  he  properties  of  the  liquid  at  the  prevailing 
Kriip\Tature  and,  in  certain  cases,  on  whether  wetting  occurs; 
that  IS  on  whether  the  attracti’  e forces  exerted  by  the  capillary 
’.all  on  the  liquid  molecules  are  greater  than  the  forces 
between  the  liquid  molecules  themselves. 

For  present  purposes  the  vacuum  will  be  regarded  as 
equivalei  t to  Zero  pressure.  The  simplest  case  of  liquid  flow 
c.eiirs  when  tliere  is  a steady  flow  of  degassed  liquid  through 
the  capillary  and  the  vapour  pressure  of  the  liquid  Is  so  low 
that  there  is  negligible  evaporation  of  the  liquid  into  the 
vacuum.  Since  liquids  may  be  regarded  as  incompressible 
compared  with  gase  i is  convenient  to  express  the  liquid 
t.o\v  in  volumetric  units.  The  volume  flowing  per  second  is 

• Sitict jhjs  paper  was  wntten,  particulars  have  been  reported  by 
Asa  and  orove  u taw>.  fiUnJay  OUc.,Sd,  I'iuO,  1357)  of  lovs-pressure 
gas  Sow  through  a porous  ceramic  having  an  average  pore  radios 
ct  the  order  ot  10**  cm.  Their  experin.cnts  were  carried  out  at 
tarious  pressures  that  enabled  tlow  ra»es  under  laminar  and 
i.«lecnlar  conditi-ans  to  oe  deterniined  independently.  The  Poiseuille 
iniumari  pcrivieabilities  hp,  and  also  the  Knudsen  (moteculari 
haKiieahiliues  Ac  are  SuUuiated  by  Ash  and  Grove  for  V'-irious  gases. 
Itif  ratios  ot  tlie  lailiisjar  periueabil..ies  A*,,  of  the  dmercnt  gaSCs 
agree  reasonably  closely  with  the  correspoiioing  ratios  in  Table  1 
Uiider  the  colunm  ii.ad.ng  ••Approaching  larainar  flow”.  Similar 
agneinent  ^ also  shown  belweeii  the  ratios  of  molecuiar  pen* 
iiicaoiiiiies  Afc  oi  Asli  and  Grove  with  the  ratios  in  Table  I under 
Uie  eoluiuij  feeud.ijg  "Approaciiiiig  molecular  f'ow”. 
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then  given  by  the  basic  equation  for  the  laminar  flow  of 
liquids,  namely: 

y 

A/>  . .-T  . r*  ,, 

“ sTrr;^  ...  (4) 

where  v = nvan  velocity  (cm/s). 

A/i  = pi  ;ssure  difference  [dyn/cm“  fl  ativu,  =»  10* 
dyn/cm*J] 

>tt,  ~ viscosity  of  liquid  at  prevailstig  temperature 
(poise;. 

rand  L = radius  and  length  of  capillary  (cm;. 


//  J.J 

/ / /toflnino 

/ / Uav* 

/ / / 

* / / 


/ / / 


/ / 


//  / 

*0  “*  / . SOV*  Lamiirtiaf I 

' ^ / now  I, 

/ / 

V/  / I 


-90^/.  Molecular 
tlow 


2 3 4 S B 7»' 


2 34567(9, 

ta*’ 


ftAOiuS  OF  CAPIUARV  jem) 

(2  = Air  flow,  tgrrditrc/scc. 

L « l,«ngth  of  capillary  cm. 

— — Air  at  20"’  C. 

Vapour  at  — 190’  C from  liquid  air. 

*~  ‘ — ■ “ Gas  at  20’  C from  liquid  air. 

Fig.  I. — Air  {tow  through  o eapilloe/  from  omosphtric  pressure  into  o 
vocuum 

Capillary  pteysttre 

When  the  liquid  docs  not  occupy  the  full  length  of  the 
capillary,  then  the  capillary  pressure  exerted  by  the  surface 
tension  ot  the  liquid  must  be  taken  into  consideration  in 
conjunction  with  the  degree  of  wetting  of  the  capiillary  wall 
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by  the  Hijuid.  These  conditions  arc  illustrated  diagrani- 
nii.tically  in  Fig.  2.  The  value  of  the  _ontact  angle  •!>  is  a 
measure  of  the  degree  of  uctting  of  the  solid  by  the  liciuid, 
and  indicates  the  rel.itive  strengths  of  the  attractive  forces 
exerted  by  the  capillary  wall  on  the  liquid  moleculcf,  com- 
pared with  the  attractive  torccs  between  the  liquid  molecules 
themselves. 

KefeiTing  to  Fig.  2 and  ignoring  the  effect  of  gravity — the 
action  is  similar  if  the  diagram  is  turned  sideways — the  pull 
of  surface  tension  acting  round  the  edge  of  the  meniscus  is 
balanced  by  the  gas  pressure  in  the  capillary.  When  equilibrium 
has  become  established,  then 


~ 2nr  . a . cos  4> 

where  r = radius  of  capillary  (cm), 
o-  = surface  tension  (dyn/cm). 

^ gas  pressure  idyn/cm®). 
e-  = contact  angle. 


Liquid 


(5) 


Fig.  2. — Effect  of  surface  tension  on  a liquid  in  a capillary 


The  gas  pressure,  p^,  is  the  “hoMing  pressure”.  This 
pressure  will  hold  the  liquid  stationary  at  any  point,  assuming 
a straight  uniform  capillary.  If  the  actual  gas  pressure  is  less 
then  the  liquid  will  travel  along  the  capillary  , the  rate  of 
travel  increasing  with  reduction  of  pressure.  A pressure 
greater  than  will  force  the  liquid  in  the  capillary  back 
towards  the  bulk  liquid. 

When  the  effect  of  surface  tension  is  a maximum,  that  is, 
when  cos  ^ = 1,  then  from  equation  (5), 


if  the  liquid  is  in  the  form  of  a thread  of  length,  /,  having 
both  ends  contamed  witliin  a capillary  of  greater  length,  and 
if  the  liquid  completely  wets  the  c ipillary  w»all,  then  the  end 
effects  of  surface  tension  become  equal  and  opposite  in 
direction.  In  these  circumstances  the  movement  of  the  tliread 
of  liquid  under  the  influence  of  a pressure  difference  Ap  is 
given  approximately  by  equation  (4)  in  which  L is  replaced 
by  the  length  / of  tlte  thread,  the  only  force  opposing  motion 
being  that  due  to  the  viscosity  of  the  liquid.  In  practice,  the 
movement  of  the  thread  may  give  rise  to  diifcrent  values  of 
the  “advancing”  and  “receding”  contact  angles,  but  this 
etfect  is  of  little  importance  to  the  present  discussion.  When 
the  liquid  thread  reaches  the  end  of  the  capillary,  the  surface 
tension  etfect  at  tlte  capillary  outlet  disappears,  but  that  at 
the  opposite  end  of  the  thread  remains. 


It  may  be  inferred  from  equation  (4)  that  the  time,  /,  taken 
by  a thread  of  liquid  of  length  /,  situated  at  the  end  of  a 
capillary,  to  be  pushed  out  of  the  capillary  is  given  by 


t 


4 . s) . t* 
Sp  .r  * ® 


(7) 


where  Ap  in  dyn/cm^  is  the  constant  pressure  diifercnce 
across  the  ends  of  the  thread  required  to  overcome  viscosity. 
The  extra  pressure  p„  required  to  overcome  surface  tension 
is  independent  of  Ap. 


uf  volatile  iupiUs 

When  the  liquid  has  an  appreciable  vapour  pressure  at 
the  prevailing  temperature,  the  liquid  evaporates  into  the 
Vacuum  towards  the  exit  end  of  the  capillary.  .As  examples  of 
such  liquids  we  may  cite  water  at  room  temperature,  or 
liquid  'ir  at  its  boiling  point. 

The  action  that  occurs  may  be  visualised  in  the  following 
Way.  The  volatile  liquid  penetrates  into  the  capillary,  the 
combined  ctTccts  of  liquid  head  k nd  atmospheric  pressute 
Pa  pushing  it  in,  and  also,  if  the  liquid  wets  the  capillary 
wall,  ihe  surface  tension  « draws  the  liquid  into  the  capillary. 
The  liquid  evaporates  at  vapour  pressure  P,  while  travelling 
down  the  capillary,  the  resultant  vapour  passing  along  the 
remaining  length  of  the  capillary  into  the  vacuum.  Under 
steady  conditions,  the  interface  between  the  liquid  and  its 
vapour  takes  up  a nxed  position  somewhere  along  the  length 
of  the  capillary.  We  may  therefore  divide  the  length  L of  the 
capillary  into  two  parts,  one  part  of  length  .v  containing 
the  vapour,  and  the  other  of  length  IL  — x)  conuining  the 
liquid. 

For  simplicity,  the  following  assumptions  are  made: 

(i)  that  the  liquid  wets  the  capillary  and  that  thcrckte 
the  contact  angle  = 0 and  cos  = i, 

(ii)  that  the  temperature  along  the  length  of  the  capilkry 
is  the  same  as  that  of  the  liquid  that  enters  it, 

(iii)  that  the  effect  of  the  curvature  of  the  liquid  JlliCiliiS'CUi 
in  the  cap  llary  on  the  vapour  pressure  of  the  liquid  com- 
pared with  a plane  surface  is  negligible,  which  unplies  that 
the  capillary  radius  cannot  be  much  less  than  10^*  cm., 

(iv)  that  the  vapour  exerts  a back  pressure  on  the  liquid 
surlaco  in  the  capillary  equal  to  the  saturation  vapour 
pressime  at  the  prevailing  teniperaiure. 

(v)  that  the  mass  flow  of  fluid  (g  s»  is  the  same  at  all 
cross-sections  along  the  lengdi  of  the  capillary. 

Considering  tirst  the  lUass  flow  of  vapour  G,,  along  the 
part  X of  the  capillary  Itagm,  we  make  use  of  equatioa 
(1),  but  as  the  length  x may  not  be  large  compared  with  the 
radius  r,  we  substi'ute  L in  equation  (1)  by 


where  3 r nclps  to  compensate  for  the  end  effect.  If. 


equation  (1),  the  total  flow  rate  is  now  converted  from 
torr  litres  per  second  to  grams  per  second  there  results; 


M 
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8*55  ■;  hr*tP^ 


IT 
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where  the  vapour  pressure  is  in  torrs,  the  vapour  viscosity 
»/,  is  in  poises,  and  the  temperature  is  T ' K. 

TRANS.  INSTN  CHEM.  ENGRS,  Vol.  39, 1961 


BURROWS.  FLOW  THROUGH  AND  BLOCIGVCE  OF  CAPILLAJIT  LEAKS 


59 
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The  \apour  flow  rate  I'or  a given  iubstaiKC  at  a given 
tcniperatui'C  according  to  eciuation  (H)  inaj  be  written  in 
abbreviated  form  as> : 

- ^ ftr),.  , 

er-\' 


('-3') 


(9) 


For  the  liquid,  the  mubs  flow  Gl  along  the  part  (L  — .vj  of 
the  capillary  may  be  derived  with  the  help  of  equation  (4). 
Jii  'he  prcbcnt  instance  the  pressure  ditVerence  Sp  consists 


et: 


'I 


[,.3 


• 33  X lO'tP.i  + A 


P.3  + - 

I’ 


dyn/cm“ . UOj 


i here  she  atmospheric  pressure  Pa,  the  liquid  head  h,  and 
tile  vapour  pressure  P,  are  all  in  torrs,  tire  surtace  tension  a 
!x-ing  in  dynes  per  centimeter.  Thus  equation  f4)  now 
becomes: 


Otj  ■ 


1 33  .<  10H7u0  -r  A + 


X)  >iL 


■ g/s 


(11) 


where  pt,  is  the  density  of  the  liquid  (g/cm*). 

The  liquid  flow  rate  tor  a given  substance  at  a given  tem- 
perature according  to  equation  (11)  may  be  written  in  abbre- 
viated form  as: 

■ ■ ■ «» 

From  equation  (9)  we  iind: 


X — 


ft/-),  S 


“S'* 


and  from  equation  (1-j  we  And: 
x==L 


Gl 


(13) 


(14) 


Under  steady  conditions,  the  vapour  mass  flow  rate  C, 
is  equal  iO  the  liquid  mass  flow  rate  Gl  and  therefore,  from 
equations  (13)  and  U'>/: 


G,L  = ..rh.  + i(r)L  g/s 


(15) 


where  ^ r is  neglected  in  comparison  with  tlie  total  length  L, 


and  where 

iirj„  ^ 0-4S6F,  , r* 


and 


hrk  ■ 


iUrs-sox  io-»»-.i»,  /ri 

T[  //,  ■ 

j”!  -33  X 10»l760  + A - PJ  -F  xr*pL 


(16) 
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(17) 


Ab  an  cxainple  of  the  use  of  equation  (15),  (16),  and  (17), 
We  consider  the  flow  to  be  expected  tiirough  a capillary  when 
er.e  end  is  open  to  liquid  uir  at  abc  ut  — 190'’  C,  and  the 
•:thef  end  opens  into  a vacuum  (iero  pressure).  Because 
Squid  nitrogen  and  liquid  o.xygen  nave  dif'erent  volatilities, 
suiiie  fractionation  of  tiie  mLxture  will  oerttr.  For  the  purpose 
ef  this  e.xample,  the  following  representative  values  are 
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adopted  for  liquid  air; 

P„  ~ 760  torr 
Vt.  = 1-72  •'  10~*  poise 
u = 1 2 dyn/cm 

A = i5  cm  of  liquid  (assumed),  say  10  torr 
4/^  2S-9 
T = B3^  K 
- 0-60  X 10~*  poise 
PL  = 0-9  g/cm-’ 

When  the  foregoing  values  are  substituted  and  the  mass 
flow  is  converted  into  ton*  litre  per  second  at  — ivo  C 
and  torr  litre  per  second  at  20 ' C respectively,  the  cor- 
responding Curves  for  the  product  Q . L may  be  plotted  for 
diflerent  values  of  the  capillary  radius  r as  indicated  on  the 
graph  Fig.  1,  where  the  broken  line  relates  to  the  air  flow 
at  — 190 ' C,  and  the  dash*dot  line  to  the  air  flow  at  20  C. 

it  will  be  noted  that,  for  a capillary  of  radius  r ~ 10'“  cm 
which,  for  atmospheric  air,  would  give  rise  to  small  leaks  in 
the  molecular  flow  region,  the  leakage  in  torr  litre  per  secon  J 
at  20  ^ C from  liquid  air  would  be  about  40  times*  the-  leakage 
of  atmospheric  air.  while  for  a oillaries  approaching  10  “ cm 
radius  that  give  relatively  large  leaks  in  the  laminar  flow 
region,  the  leakage  at  20  C from  liquid  air  -would  be  about 
IS  times  the  leakage  of  atmospheric  air. 

Adsorbed  or  Surface  Flow 

The  flow  of  gases  and  non-condensing  vapours  through 
fine  capillaries  and  nucropores  cannot  be  dealt  with  by  means 
of  simple  methods  analogous  to  those  applicable  to  molecular 
and  laminar  flow.  The  narrow  passages  and  large  surface 
areas  involved  cause  surface  adsorption  and  surface  flow 
to  become  important  factors.  The  adsorption  may  be  physical, 
where  only  relatively  weak  van  der  Wauls  attractions  are 
involved,  or  the  adsorption  may  be  regarded  at-  chemical, 
where  the  surface  of  the  solid  provides  binding  sites  for  the 
atoms,  and  the  electronic  structure  of  the  solid  pv-rmits  the 
formation  of  a chemisorption  bond.  The  nature  of  the  binding 
sites  and  the  bonds  between  the  gas  atoms  and  the  surface 
influences  the  degr>.-e  of  surtace  migration  of  the  atonis. 

In  practice,  the  fiov/  along  a tine  capillary  or  micropore  is 
assumed  to  consist  of  two  mechanisms  working  sinvul- 
taneously,  namely,  (i)  mokcula  5o---  along  the  bore  of  the 
capillary,  whereby  molecules  are  supposed  to  collide  with  the 
wall,  re- evaporate,  and  collide  with  the  wall  again  without 
inter-molecular  collisions,  and  (iiJ  sui‘face  flow  along  the  wall 
of  the  capillary,  whereby  molecules  are  adsorbed  and  difl'use 
along  the  surface  of  the  wall.  Both  these  niechanisnis  promote 
gas  flow  troni  regions  of  higher  gas  concentrations  to  regions 
of  lower  gas  concentrations. 

For  a given  set  of  conditions,  the  proportion  of  molecules 
that  conform  to  mechanism  (i)  compared  with  mechanism 
( ii)  depends  on  a variety  of  tactors  that  include,  tul  the  sticking 
probability,  that  is,  the  probability  that  a molecule  striking 
the  surface  will  become  adsorbed.  >M  the  length  of  tmie  the 
molecule  remains  adsorted.  tliat  is,  the  mean  surface  lifetime 
of  the  molecul-  , and  (c)  rhe  coetticient  of  surface  diffusion  of 
the  molecules.  These  features  are,  in  turn,  influenced  by 
otlier  characteristics,  such  as  the  number  of  sites  occupied 
by  the  idsorbed  molecules,  or  whether  a complete  monolayer 
IS  involved. 

It  will  be  understood  therefore  that,  tbr  a stated  pressure 

•The  author  has  fjcen  advised  by  Mr,  W.  Steckelujactier  of 
Edwards  High  Vacuum  Ltd.,  that  this  deduced  factor  of  -fo  for 
small  leaks  is  of  the  same  order  as  that  found  tn  pracuce. 
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iind  temperature,  the  total  tkav  rate  of  a gas  through  a given 
fine  eapillary  or  pore,  depends  not  only  on  the  nature  of  the 
gas.  but  also  on  the  m.iterial  and  eondiuon  of  the  surface 
of  the  capillary.  .As  examples  of  some  typical  interactions 
hetucen  g.tses  and  solids.  Ue  may  note  that  there  is  little  or 
no  chemisorption  of  hydrogen  on  aluminium,  siKer.  gold, 
tin,  or  lead,  whereas  hydrogen  can  be  rapidly  chemisorbed  on 
mehel.  iron,  and  tungsten. 

In  general,  through  microporcs,  the  contribution  of  surface 
flow  to  rn».-lccul.u‘  flow  is  relatively  negligible  for  an  inert  gas 
such  as  helium,  but  m.iy  become  appreciable  for  a diatomic 
g.is  such  as  hydrogen  or  nitrogen.  Surf.ice  ditfusioii  tends  to 
b ‘ rnen'e  marked  with  larger  and  heavier  moleeules.  since 
these  are  mvire  easily  condensed  and  adsorbed,  but  variations 
may  oeeur  even  with  substances  h.ivmg  the  same  molecular 
weight*.  Kammerniayer  and  Wyrick“  have  described  how. 
V.  ith  a mixture  of  propane  and  carbon  dio.xn Je,  both  having 
a ivjolecular  weight  of  44,  propane  passes  through,  porous 
glass  at  a faster  rate  than  carbon  dioxide. 

The  extent  to  vvhieh  an  easily-eondensable  gas  o>*  vapour 
IS  likely  to  be  adsorbed  can  often  be  inteiTcd  from  the  critical 
temperature  of  the  substance,  this  property  acting  as  a guide 
to  ihe  intermolecular  potential.  Thus,  the  higher  the  critical 
temperature  of  a substance  tire  greater  its  tendency  to  be 
adsorbed  and  to  show  evidence  of  surface  flow,  prov  ided,  of 
course,  tlut  complete  condensation  docs  rot  occur. 

W'ith  this  proviso,  the  nearer  the  properties  of  a gas  ap- 
proach those  of  a condensable  vapour,  the  greater  the  pro- 
portion of  surface  flow,  and,  therefore,  a reduction  of  tem- 
perature (>r  an  increase  of  pressure  may  sometimes  pron  ote 
a total  flow  in  excess  of  that  predicted  by  the  laminar-mole- 
eular  theory. 

.As  an  example  of  the  influence  of  the  critical  tempet  aiure 
of  a substance,  we  deduccAhut,  under  similar  conditions,  the 
proportions  of  suriace  flow  through  fine  capillaries  should,  for 
the  following  gases,  increase  in  the  order  given  namely, 
carbon  dioxide  (critical  temperature:  31*  I"' Cl,  propane 
tcfu.cal  temperature:  96*«''C)  and  sulphur  dioxide  (critical 
temperature:  157*2*’C);  the  available  experimental  evidence 
indicates  that,  in  appropriate  circumstances,  tltere  is  a 
tendency  for  these  gases  to  behave  relatively  in  the  way 
suggested. 

For  a gas  which  is  adsorbed,  the  suffice  concentration 
gradient  tlirough  a porosity  may  take  an  appreciable  time — 
mmutes  or  hours — to  become  steady,  as  shown  by  a constant 
flow  rate.  It  has  been  pointed  out  by  Carman  and  Malherbe’ 
that,  owing  to  adsorption,  the  apparent  initial  flow  rate  of 
gai  through  micropores  may,  in  some  cases,  be  as  much  as 
ten  times  the  fitial  value. 

In  view-  of  the  ditfkulty  of  interpreting  the  results  of  leak- 
rate  tests  through  micropores,  it  is  important  that  all  pre- 
cautions  should  be  taken  to  avoid  the  occurrence  of  porosities 
when  constructing  apparatus  that  is  intended  for  operation 
under  high  vacuum  conditions.  Tliis  recommendation  applies 
mote  particularly  m cases  whens  the  equipment  Is  required  to 
conform  to  a specitied  degree  of  vacuum-tightness.  Should 
porosities  be  present,  then  comparative  results  will  be  more 
consistent  if  helium  is  used  as  the  search  gas  for  leak-testing, 
becuuse  its  relatively  inert  nature  gives  rise  to  very  little 
adsorption.  For  less  inert  gases,  the  proportion  of  surface 
flow  is  sensitive  to  the  kind  of  surface  and  its  condition. 

Where  readily-condensable  gases  are  concerned,  a system 
of  multilayer  condensation  may  be  built  up  on  the  capillary 
wells,  the  resulting  layers  conforming  more  to  the  properties 
of  a liquid  film.  In  these  circumstances,  the  presence  of  an 
adsorbed  liquid  layer  of  thickness  d at  the  wall  will  cause  the 


cifcctive  radius  of  the  capillary  to  be  reduced  to  a value  I 
If'  — Oj.  Ovviiig  to  the  incompressibility  of  liquids,  the  surface  I 
coriCciJli'.ition  gradient,  which  contributes  to  the  flow  of  I 
non-condensing  ga.ses  through  porosities,  is  absent.  On  the  [ 
contrary,  tlic  siulionary  adsorbed  lioisid  surface  layers  reduce 
the  clTcctivc  bore  of  the  pores,  and  may  tend  to  reduce  the  / 
gas  flow,  under  steady  conditions. 

.A  further  compheation  may  arise  vvhen  other  less-con- 
densable gases  flow  Iruougb  peirO'^ities  lined  v.jth  a Ijquig 
layer  These  Icss-condensablc  gases  may  ha‘-c  diircreiH  \ 
solubilities  m such  a liquid  film,  and  may  therefore  be  sub-  ! 
jccted  to  diflerent  degrees  of  retardation  m their  flow  tltrough  4 
the  pores,  in  a manner  analogous  to  the  different  "retention  | 
limes"  experienced  in  gas  chroniatograpliy.  It  is  apparent,  j 
therefore,  that  flow  rales  for  difl’crent  gases  and  vapours  j 
through  porosities  liaving  undetermined  properties  cannot  | 
readily  be  predicted  by  calculation.  i 

[ 

Causes  uf  Cupillary  Bluckage  ^ 

Small  holes,  that  may  give  rise  to  appreciable  leakage  | 
of  gas  under  high  vacuum,  can  be  partially  or  wholly  blocked  I 
by  solid  particles  having  siacs  in  the  micron  range,  or  by  | 
liquids  as  a result  of  surface  tension  eflects.  The  blockage  j 

may  be  of  a temporary  nature  and  so  give  rise  to  misleading  I 

test  results.  | 

Following  the  general  rule,  it  is  preferable  that  the  veswl  * 
or  component  to  be  leak-tested  should  be  kept  out  of  contact  | 
with  sources  that  may  cause  blockage  until  after  leak-testing  f 
and  leak-rectification  have  been  completed.  These  ideal  con-  f 
ditions  cannot  always  be  met  in  practice,  and  it  is  the  purpose  J 
of  this  and  the  follovving  sections  to  discuss  some  causes  of  i 
blockage,  and  in  certain  instances  to  indicate  briefly  how  suUi  ' 
bluckage  may  be  removed.  ' 

Solid  particles  m the  millimetre  sicc-rangc  arc  not.  t:i  t 
general,  a source  of  trouble,  but  solid  particles  in  the  microii  j 
range  may  enter  and  block  a capillary  tcmporanly.  and  may  I 
subsequently  be  dispilaCed.  giving  rise  to  an  mtcnriitt.'iit  leak  . 
that  is  diflicult  to  establish  and  locate,  iilockagc  by 
particles  nuy  occur,  for  example,  if  the  fluid  used  in  con- 
nection with  magnetic  crack-detection  work  is  applied  I cfure 
testing  for  vacuum  leaks.  The  magnetic  fluid  used  contains  | 
iron  particles,  of  which  the  greater  proportion  are  usually  ‘ 
in  the  to  10  micron  sice  range,  and  are,  therefore,  com-  . 
parable  with  the  cro-s-sectional  dimensions  of  part  of  the 
range  of  sizes  of  capillaries  considered  here.  • 

Small  holes  in  mild  steel  vessels  or  componc-nis  may 
become  permanently  blocked  by  a process  of  "rittmg-ap" 
caused  by  moisture.  In  practice  it  is  usually  ititpossible  iu 
prevent  atmospheric  moisture  from  entering  capillaries.  Most  ' 
metals  are  attacked,  more  or  less,  by  water  in  the  piesencc  of  * 
air.  This  action  gives  rise  to  an  oxide  film  that  lias  a greater  | 
specific  volume  than  the  metal.  This  effect  applies  pai  tscularty  f 
to  n.  'd  steel,  wliere  the  oxide  lilin  has  a specific  volume  about  t 
seven  times  greater  than  that  of  the  parent  metal.  Coase-  | 
quently,  the  smaller  capillaries,  which  have  the  greater  j 
tendency  to  retain  water,  readily  “rust-up”.  Stainless  steel  is  t 

less  likely  to  be  affected  in  this  way, 

When  a liquid  blocks  a capillary,  its  removal  ironi  tlie  | 
capillary  may  be  influenced  by  any  one,  or  a combinativ'n.  of  | 
the  following  factors:  | 

til  wetting  combined  with  surtace  tension,  which  resists  ;i 
nsotion:  H 

(ii)  viscosity,  which  controls  the  tendency  to  flow ; ,k 

(iii)  vapour  pressure,  which  comrefls  the  tendency  to  I 

evaporate.  I 
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Witii  rcfcrciice  lo  item  iii.  the  siivatcr  the  Mirlacc  tcn.sK»n 
i<t  the  liiiutil  anii  the  smaller  the  radius  ut'  the  capilUiry,  the 
i-reater  the  pull  that  dieiv.s  tlic  luiui  j into  t!ic  e.ipiilarv^i  this 
etiivt  bciiif.  dcpendciit  also  on  the  degree  of  wetting  of  the 
^‘apillarv  wall  b>  the  liijiud.  IVoviding  that  sutheient  loiee — 
g.te  pressure — is  aeaiiabk-  to  eivercome  the  net  etlect  t>f 
suil’.iee  tensK»n.  then,  eonsideriue.  item  till,  the  \isCosity  of 
tile  liquid  determines  the  tiine  rei|Utt’ed  for  the  rei'noval  of  a 
thte.id  of  liquid  froiTithe  eapillary,  under  tlic  mllneneeof  the 
eseess  gas  pressuies  If  llte  vessel  under  test  is  subjected  to  a 
..icuuin.  eitlier  trueriially  t«r  eMernally.  then,  fvg.irding  item 
i.ii,  .;i.y  liquid  held  in  llie  eapillary  'O'y  surfaec  tcnsioii  will 
cvapeiiate  itUe»  the  v.ieuuni.  il.e  iVite  of  ev.ipor.itioii  L'eilig 
..q'.i'.deiit  e'li  he  v.iponr  pressure  oi  tire  hiiuid.  If  the  lem- 
j-eiaiure  is  r.used.  the  rate  of  cvaporatievn  will  be  inerciised. 
it  IS  assuiitcd  that  the  e.ipillary  is  sujriciently  sinall.  so  that 
tite  aimiuiit  of  cooling  by  evaporation  is  negligible. 

The  process  of  leak-testing  a vessel  or  component  is  usually 
earried  out  by  e'reatmg  a pressure  ditferencc  of  gas  across  tlic 
iiossible  souree  of  leak.igc.  This  may  be  done  by  maintaining 
aiinosphcric  pressure  e>f  giit  at  one  end  of  the  leakage  path 
and  causing  the  other  end  to  be  maintained  at  either: 

mi  a pressure  of  gas  above  atmospheric,  this  being 
usually  designated  as  an  over-pressure  test,  or 
t/i)  at  some  pressure  below  atmospheric.  If  this  lower 
pressure  is  maintained  at  some  value  less  than  about  1 torr, 
then  variations  of  the  lower  pressure  will  have  u negligible 
influenee  on  the  flow  rate  of  gas  through  the  leak,  and 
evaporation  of  any  liquid  that  may  be  present  in  the 
capillaries  will  be  facilitated. 

In  the  next  section  we  shall  examine  some  factors  that 
concern  the  removal  of  liquids  from  capillaries  by  the  applica- 
tion of  a pressure  ditterence,  and  this  will  be  followed  by  a 
Section  in  w hich  the  removal  of  such  blockage  by  evaporation 
will  be  considered. 

Reitiuvai  of  Capillary  Blockage  by  Pressure  OitTcreiice 
hit  is  assumed  that  the  liquid  veets  the  capillary  wall,  then 
the  presence  of  water  may  easily  block  a leakage  path  because 
of  its  high  surface  tension.  Consider,  for  e.xample,  a capillary 
of  radius  10‘‘  cm  which  vvould,  according  to  equation  (3J, 
give  rise  to  an  air  leak  at  20  ' C of  2 x 10“’  torr  l./s  if  f in. 
long.  If  tiiis  capillary  contained  water  that  vvet  the  capillary 
Wall,  then,  according  tv'  equation  lui.  the  pressure  />»  needed 
to  overeome  the  effect  of  surface  tension,  or  surface  adhesion, 
would  be 

- I -4  • 10“  dyn;’cm^ 

or  1*4  atm,  say  21  Ib/in*’,  and  theretbre  a piessure  difference 
m cvcess  of  this  value  would  be  needed  to  remove  the  blockage 
Caused  by  the  presence  of  the  water.  A thin  mineral  oil 
would  be  more  easily  moved  In  such  a capillary  as.  owing  to 
Its  lower  surface  tension.  It  would  require  a smaller  pressure 
ditference  of 


27 


10*  dynicm^ 


Of  0*54  atnx,  say  x Ib/ui". 

One  of  the  disadvantages  of  porosity*  v.  ill  be  understood  by 
considering  the  effect  of  a hypotlietical  condition  consisting 
of  a thousand  capillaries  i in.  long  situated  close  together  in 
parallel  each  iiav  ing  a radius  if  10"®  cm.  The  total  leal:  rate 
through  this  assembly  would  be  approximately  1*3  > 10"’ 
torr  1./S  as  derived  by  means  of  equation  (3),  that  is,  about 
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the  s.mic  order  of  leakage  as  a single  cafiillary  of  10"*  cm 
radius.  However,  if  vvater  had  access  to  the  porous  assembly, 
tile  piessure  dilfcrence  required  to  remove  it  from  the  capil- 
laries would  be 

2 72 

1~  10"®  ~ lb/in% 

tll.it  r>,  ten  tiiiics  llic  pi’essuie  dill'ercncc  needed  to  remove 
sucli  blOcL.ige  from  a 1U“*  erii  ladius  capillaiy- 

Tlie  ell  ct  of  surface  wcUing  beci'mes  t>f  impoft.incc  vvlieit 
using  the  bubble  test  for  leaks.  This  method  of  leak  ^lcatllJn 
ceuisiits  o!  p!V.ssurising  the  Ves.se!  vvith  a g.r>  which,  on  leaking 
out.  causes  bebbles  to  form  in  tlie  surrouiiding  liquid.  In  one 
version.  .1  soiistion  of  soap  and  vv.itci*  is  brushed  ov.sr  the 
suspected  areas,  but,  as  a soap  solution  promotes  surface 
weuirig.  Vvater  is  'hereby  encoutaged  to  enter  and  block  very 
small  leaks  This  iendeticy  may  be  reduced,  however,  if  the 
vessel  IS  aHvays  preisurlscd  with  gas  before  covering  the  urea 
under  test  wnh  any  liquid. 

It  is  of  interest  to  examine  also  the  tcatures  that  contr<  .l 
the  rate  at  which  a non-evaporating  liquid  that  blocks  a 
capillary  way  be  removed,  provided  that  an  cxxss  pressure 
is  available  to  overcome  viscosity  in  addition  to  the  pressure 
required  to  overcome  surface  tension  For  this  purpose  we 
make  use  of  equation  c7i  to  calculate  the  times  taken  to  push 
< water  at  toom  temperature  out  of  the  porous  assembly,  and 
also  out  of  the  single  capillary  previously  ct  itsidcrcd,  assum- 
ing that  a thread  of  liquid  i in.  long  is  to  be  removed  under 
an  excess  (Hessure  difference  Sp  of  1 atm. 

For  the  porous  assembly  comprising  10'*  cm  radius  capil- 
faries  we  have: 

^ 4 . O-Ol  • (0*63fP  , , 


00“®)® 


^ loOs 


while  for  the  single  capillary  of  lu  * un  radius  the  time 
would  be: 

4 V o-ul  ■ lU  i:35l- 
‘ ~ 10*  . tlo'  V*  ■ " ■ ^ 

The  foregoing  comparison  serves  as  anothes  mstanec  of 
the  unfavourable  conditions  imposed  by  porosities.  W'c  nia:, 
note  also  that  if.  instead  of  water,  the  capillartes  contained  a 
thin  mineral  oi!  having  u viscosity  of  1 poise  at  room  tem- 
perature. the  respective  times  would  be  lo  DO*)  s for  the  porous 
assembly  and  160  s tor  the  single  capillary. 

Thiui,  a thin  mineral  oil  in  a capillary  can  be  moved  with  a 
' mallei  pressure  difference  than  when  water  is  present  owmg 
to  the  lower  surface  tension  of  the  oil,  but.  under  similar 
conditions,  a very  much  longer  time  would  be  taken  by  the 
oil  to  pass  out  of  the  capillary,  because  of  its  greater  viscosity 
compared  with  that  of  water. 


Renioval  of  CaotUary  Blockage  by  Evaporation 
The  preceding  section  assumes  that  no  evaporation  of  the 
liquid  occurs.  We  shall  now  discuss  the  process  of  removal  of 
liquids  from  capillaries  by  evaporation. 

For  the  general  case,  the  vessel  is  evacuated  so  that,  in 
effect,  one  end  of  tlie  capillary  is  maintained  at  zero  pressure 
while  atmospheric  pressure  is  applied  to  the  other  end.  This 
atmosjsheric  pressure  is  supposed  *o  b<j  insufficient  to  over- 
come the  surlace  adiicsion  of  a thread  of  liquid  in  tlte  capil- 
lary, arid  therefore,  tn  the  absence  of  any  addittonal  excess 
pressure,  the  only  way  of  clearing  the  capillary  is  by  evapora- 
tion of  the  liquid  into  the  vacuum.  U follows  from  equation 
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Cb)  that,  under  the  conditions  Postulated,  the  ntaxiivium 
radius  of  the  capillary  is,  for  water, 

2 X 73  X lO-x  1 - 5 X 10"*  cm  at  20"  C 
and 

2 N 50  X 10->  = I *2  X 10-*  cm  at  100"  C, 
or,  for  a thin  mineral  oil, 

2 X 23  X li)“«  = 5-6  X 10*“  cm  at  20"  C 
and 

2 : 23  • 10  “ - 4-0  10  “ cm  at  100"  C. 

f .piios';  that  m a short  tint;  I'lr.  a mass  of  liquid  is  evapo!'* 
,itcd  fi\>rn  .1  c,ipillary.  this  i|uuntity  correspond iiig  to  a short 
k r-  .i  .\v  of  liiiuid  measured  alonj;  the  length  of  the  capillary. 
T...-  if  o,  is  the  instantaneous  rate  of  evaporation  in 
gratn  per  seeond,  and  p is  the  density  of  the  liquid  in  gram 
per  cubic  centimetre  we  have: 

— 1 dr  = . . (13) 

where  »•  is  the  radius  of  the  Capillary. 

It'  e\[uation  (131  is  rearranged  w*ith  substituted  trom 
equation  (3)  and  then  Integrated  between  the  limits  0 and  t 
for  the  time,  and  between  4 and  /,  for  the  thread  of  liquid 
in  the  capillary,  where  /j  and  /»  are  both  measured  from  the 
open  end  of  the  capillary  and  {/*  — IJ  is  the  initial  length  of 
the  liquid  thread,  we  obtain: 

Jdr  = | 


f prti-5 

jo-486F'»i-»^ 

k' 

h 

[3-55  X 10-»rP®  /ri  I 

•h  ' 

P 

5 33  X 10-*F„ 

rs-ss  X 10“*ri'„A/^  IX 
1 »i«r  • J J 

fM 

T 

djc  . (19) 

On  pertorming  the  integration  indicated  as  part  of  equation 
(19),  wc  obtuin  the  result: 


1 = |^j|.  Hi  + + 1 j (U  - /*)  . . (20) 

It'  it  is  assumed  that  the  liquid  fdls  the  capillary,  then  /, 
is  zero  and  equation  (20)  becomes: 

‘ - [f«  • 7 •<- '■]  • • • 

In  c n (21).  if  r is  small,  as  in  the  case  under  con- 
sideratiOi.,  u.cn  I4  can  be  neglected  in  comparison  with 

1 

16  ' r * 

and  the  latter  '.actor  may  be  substituted  for  the  integrated 


part  of  equation  (19),  giving  the  simplified  form: 


e 


3-22/y 
• lO'^rP.A/ 


122) 


where  / is  the  initial  length  ot  liquid  tltfead  in  tlie  tilled 
eapiilury,  P®  is  the  vapour  pfessure  in  torr  of  the  liquid  and 
p its  density,  both  at  temperature  ' K,  S'®  is  the  viscositv  of 
the  vapour,  and  A/  is  th;  molecular  •.veight  of  the  substance. 

Equation  (22)  applies  only  where  the  radius  t is  small 
fCxmpaied  with  the  length  /,  and  ihcreforc  any  limitation 
uriixised  by  some  '.eloaty,  to  which  the  vapo'uf  may  tc 
Subjected  at  the  outlet  end  of  the  capillary,  will  (vrm  a 
negligibly  small  part  of  the  process  of  evaporation.  F>ji’  very 
small  capillaries  and  low  Vapour  pressures  the  laminar  flow 
component  may  become  sutficiently  small  to  be  ignored,  with 
the  result  that  the  molecular  flow  component  \ tAf  Fi  con- 
controls  the  process  and  equation  (Jvi  vvith  equation  i2uj  or 
(21)  can  be  used  to  represent  the  vapour  flow  even  'hough 
the  lengths  are  not  necessarily  large  compared  with  t. 

If,  in  equation  (22),  /*  is  brought  over  to  the  left-hand  side, 
then  values  of  ///*  tor  capiilaries  of  ditfcrent  radit  r may  be 
calculated  with  the  aid  of  equation  (22)  using  values  of  vapour 


f = time  for  evaporation,  (s)  . 

! s=  length  of  capillary,  (cm)  ■ 

r = radius  of  capillary 

Fig:  3. — Evaporation  of  water  from  a filled  ccpiWofj  .1:0  a vccucss  |! 


pressure  and  vapour  viscosity  suitable  for  various 
values  of  the  corresponding  absolute  temperature  T.  This  has 
been  done  for  water,  the  results  being  depicted  in  the  graph  , 
Fig.  3,  where  r/f*  is  plotted  against  the  approp  , ;rn- 
peiature  in  degrees  Centigiade.  For  simplicity,  t .i  ! 
of  the  capillary,  inhialiy  filled  with  water,  snay  be  asxuii  ; J te 
be  1 cm,  when  tlie  values  nieasurcd  along  the  ordinates 
represent  the  time  t in  seconds  required  to  empty  the  eapilla."; 
by  evaporation  of  the  water  into  a vacuum. 

Reference  to  Fig.  3 shovvs  that  a capillary  10“*  cm  radnis  ' 
by  1 cm  long  when  filled  with  water  and  held  at  tO"  C would  j 
empty  itself  by  evaporation  in  about  12  minutes,  but  that  j 
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i jpcir.it ion  of  water  tVoiri  a !0'  ^ cm  radius  capillary  of 
saiiilar  length  at  the  same  tempcratufc  would  talvc  about 
. ;<  hours. 

The  dirnination  of  oil  from  capillants  by  cwiporation  is  in 
liicst  Cases  impossible  because  of  the  cor.'iparativeiy  iow 
II  ijpour  pressures  of  oils.  Consider,  for  exampk-,  a tl'hn  mineral 
till  that  li.ts  an  average  mohvular  Vveiglit  of  200,  witl'i  a 
lietisity  of  0*>ia  g/emd  and  an  clfeetive  vapour  pressure  of 
ill*'  torr  at  oO'’’  C.  these  values  being  typical  and  not  repre- 
itOWttve  of  any  particular  oil.  Xascosities  of  organic  vapours 
are  usually  of  the  order  of  10“''  poise,  and  if  these  typical 
. tal’iies  for  an  oil  at  eO'’'  C are  substituted  in  eciu.’.tion  i22) 
,t  will  be  found  tliat.  even  for  capillaries  of  lO'*’  cm  radius. 

■ tl-e  term  \ within  the  sejuare  brackets,  which  repre* 

jj  tiob  the  proportion  of  molecular  flow  of  vapour,  is  greatly 
jj  iG  excess  of  the  other  term  and  therefore  the  proportion  of 
i liuiinar  flow  is  negligible  for  oil  vapour  in  c-ipillariiis  of  the 
, see  under  eoiisidcratio':;. 

I Tile  value  of  S‘P  for  a ce-piltary  of  i0“'‘  cm  radius  as  UeJneed 
' fcysiibstiiiaion  of  the  assomed  physical  ijuatiuties  in  equation 
1(22*  ij  .045  ■ 10*,  which  means  that,  theoretically,  the  oil 
j Bould  take  nearly  1000  hours  at  oO"  C to  evaporate  out  of 
I the  eapillary  if  1 cm  long. 

I 

I Coitdusioiis 

\\*e  have  seen  hov  ,he  gas  flow  for  small  leaks  may  be 
(f  regarded  as  a mixture  of  laminar  and  molecular  components. 

i]  leading  towards  fully  laminar  flow  for  capillaries  of  larger 
i radius  and  at  higher  pressures,  and  towards  fully  molecular 
few  for  capillaries  of  smaller  radi'us  and  at  lower  pressures. 
Tile  fbnnulae  titat  represent  the  combined  effects  of  laminar 
ij  and  mokeular  flow  should  not  be  applied  to  capillaries  having 

• radii  aiBch  less  than  10*“  era,  because  in  these  smaller  sices 

I fee  eifeet  of  the  internal  surface  area  of  the  wall  of  the.  capil- 
' ...eaie:;.  large  compared  w-ith  its  cross-sectional  urea, 

a.  d.e  les'CiIt  that  surface  flo'iv  may  form  a significant  part 
i,  tu.'  total  flow  from  atmospheric  pressure  into  a vacuum. 
.' ant  of  .suriace  tlo'.v  is-  influenced  largely  by  the  type 
_w Icc'tile  and  the  nat'ui'e  of  the  surface  of  the  capillary 
Wall,  consequently  the  ilo'w  rates  of  diflVrent  gases  through 
'.ep/  small  capillark''..“arid  more  especially  tlirough  porost- 
» tt.,s— m diacrent  materials  cannot  generally  be  predicted,-, 

■ awing  to  the  absence  Of  data  concerning  surface  adsorption 
and  surtaee  difiusion.  The  more  jnert  types  of  gas  are  less 

* feadily  adsorbed,  and  therefore  Itehum  gas  is  most  likely  to 
the  reliable  and  reproducible  flows  when  nieus'uring  leak 
fates  titfoug'h  'porositics- 

a VVlieii  a liq'uid  is  contained  in  a capillary  drat  has  one  end 
) ffea  tu  an  evacuated  space,  then  the  liquid  in  the  capillary 
I Will  evaporate  into  the  vacuum,  the  rate  of  evaporation  being 
,j  d,f  entieiJt  on  the  vapour  pressure  of  the  lk|Uid.  An  example 
1|  ef  tills  kind  of  behavio'ur  is  shovvn  by  a cold  trap  which 
centu'ifis  liquid  air  that  leaks  into  a vacuum.  CalcuJations 
; mdieaic  that,  if  the  leakage  path  is  regarded  as  a capillary, 
fee  rale  of  small  leaks  of  liquid  au  in  the  molecular  flow 
. tcgion  would  be  about  40  times  the  leakage  of  atmospheric 
iir  at  20  ■ C,  while  for  larger  leaks  in  the  laminar  flow  region, 
fee  liquid  air  leak  rate  would  be  about  15  times  the  leakage 
-if  atmospheric  air. 


For  liquids  of  low  Vapour  pressui'e,  the  rale  of  evaporation 
m.«y  be  so  small  that  the  capillary  may  be  regarded  as  per- 
manently blocked  by  the  liquid,  unless  some  alternative 
method  of  removal  is  adopted,  such  as  a pressure  difference 
across  the  cuds  of  tlie  capillary.  This  alternative  necessitates, 
however,  th.it  the  applied  pressure  must  be  suflide-nt  to  over- 
coirtc  surface  tension  and  surface  adhesion  eifects,  which 
v.iry  .iccordiiig  to  the  kind  of  liquid  and  the  e.xtent  to  v.hiclt 
it  Weis  the  c.ipillafy  wall.  Even  though  the  appslied  pressure 
diflVience  is  suliicient  to  move  the  liquid,  die  viscosity  of  the 
liquid  may  be  such  that  the  time  required  for  its  removal  may 
become  e.xcessive. 

In  practice,  the  removal  of  water  from  capillaries  is  most 
readily  accomplished  by  reduction  of  pressure,  preferably 
accompanied  by  the  application  of  heat.  This  procedure 
Causes  tlie  water  to  be  vaporised,  when  it  can  be  pumped 
away  as  a gas,  eliminating  surfactJ  tension  eflects.  Oils  possess 
relatively  lovv  vapour  pressures  and  high  viscosities  compared 
with  water,  and  therefore  the  removal  of  oil  from  capillaries 
may  frequently  be  impossible  by  means  of  normal  methods. 
For  this  reason  it  is  important  that  all  suifaces  whicli  may 
be  the  source  of  leakage  paths  should  be  kept  free  tVom  oil 
until  after  testing  for  leaks. 

'fhe  foregoing  discussion  leads  to  the  condusiori  that  a 
preliminary  water  pressure  test  is  sometimes  permissible,  but 
the  use  of  oil  for  pressure  testing  before  leak  testing  should 
be  proliibited.  It  should  also  be  mentioned  that  a compressed 
air  test  should  iiever  follow  a water  pressure  test  teforc 
vacuum  testing  for  leaks,  because  the  residua!  water  that  is 
held  in  small  capillaries  niav  be  forced  buck  by  the  corn- 
pressed  air  into  laigcr  voids  from  which,  'under  va^-amm 
conditions,  the  liquid  would  evaporate  only  slowly  tfti'oiuyh 
the  capillary  restriction.  For  apparatus  that  is  required  tc* 
operate  at  verj"  low  pressures,  or  where  it  is  iffiportant  to 
reduce  leakage  to  the  smallest  practicable  value,  e-.ch  a 
preliminary  water  pressure  test  may  sometimes  be  liiad'i  isable 
because  the  detection  of  very  snsall  leaks  thro'ugh  fuie  c,ipU- 
taries  tiren  become  essential,  and  the  time  requued  to  cn'.ure 
clearance  of  such  capillaries,  by  evaporatioo  of  the  rc.-aioal 
Water  when  vacuum  testing,  may  become  unduly  prolonged. 

Aeknowledgment 

The  author  v'islies  to  thank  Sir  Willis  Jackson,  F.k.S., 
Director  of  Research  and  Education,  Associated  Electrica. 
industries  (Manchesterj  Ltd.,  for  permission  to  publish  this 
paper. 

References 

* Jean,  R.,  Le  Vide,  July-August.  lv5S.  18S 

* Bersuder,  L.  de.  Lc  Vide,  January -February.  1959, 23. 

* liorrovvs,  G.,Jni.  Appt.  Chem.,  1952.  7.  375- 

* Lc<eviiiger,  R.  and  Guthrie.  A.  in  Guthrie.  A.  and  Wakerling, 

R.  K.  (Eds.l.  Vetcumn  E,}tiipmc>u  and  Techiuques,  1949  iNcw 
York:  McGrawHiU  Book  Co.) 

Knudsden  M.  Am.  phys.,  ivOS.  28. 75. 

* Kumnierniaver.  K..  and  Wjrick,  D.  D..  htd.  d £/v«s’  Cheat., 

1958,  SO.  1309, 

’ Carman.  P.  C,  and  Malherbe,  P.  R..  Proc.  Roy.  Soe.,  3950, 
A20.\  365, 

7'>ie  nmnuscript  of  this  paper  h-<w  received  on  27  My,  .tVo’O. 


TfoAXS.  INSTN  Ctflai,  ENG'SS,  Vul.  39, 1961 


END  OF  REFERENCE 


Card  #14 


REFERENCE 

60 


KELLY.  J.  H.;  ET  AL:  PERMEABILITY  DATA  FOR  AEROSPACE 
APPLICATIONS.  IIT  RESEARCH  INSTITUTE  (NASA  CR-95393). 
1968. 


I4III 


PERMEABILITY  DATA 
FOR 

AEROSPACE  APPLICATIONS 

PREPARED  FOR 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 
CONTRACT  NAS7-388 


MARCH  1968 


I IT  RESEARCH  INSTITUTE 
CHICAGO.  ILLINOIS 


I-l  INTRODUCTION 

The  primary  purpose  of  this  book  is  to  preseiit  a compila- 
tion of  available  information  on  the  permeation  of  propellants 
and  pressurant  gases  through  metals,  non-metals,  and  composite 
materials,  in  a form  suitable  for  use  by  the  designers  of  space- 
craft liquid  propulsion  systems.  It  is  intended  that  the  infor- 
mation contained  in  this  handbook  be  used  in  conjuction  with  the 
various  methodologies  currently  employed  to  select  component 
and  material  combinations  and  to  establish  the  design  details 
of  suitable  liquid  propulsion  systems. 

The  sections  of  this  guidebook  are  established  in  the  fol- 
lowing order : 

Section  I,  "Introduction"  includes  directions  for  use  of 
the  data  and  indices,  a discussion  of  the  units  in  which  perme- 
ation data  were  reported,  and  unit  conversion  tables. 

Section  II,  "Test  Methods"  describes  the  various  methods 
used  to  measure  permeation  rates,  compare  their  reliability  and 
validity,  and  evaluate  their  utility. 

Section  III,  "Mechanisms  of  Permeation'  defines  permeation 
and  describes  the  mechanism  thereof  in  engineering  terms,  with 
a discussion  of  the  theories  relating  to  permeation,  and  sample 
analyses  and  calculations. 

Sections  IV  and  7,  "Data"  present  data  collected  from  che 
literature  and  the  aerospace  industry.  Factors  affecting  per- 
meation, such  as  temperature,  diffusivity,  solubility,  etc., 
are  reported  concurrent  with  permeation  data.  The  data  included 


In  these  sections  ha/e  been  evaluated  with  respect  to  the  liter- 
ature — they  have  rot  been  verified  by  an  experin;ental  program 
under  this  contract. 

The  data  are  presented  in  two  sections.  Data  for  materials 
and  fluids  of  primary  spacecraft  applications  have  been  grouped 
in  Section  IV.  Section  V contains  data  for  the  systems  which 
are  not  presently  of  primary  application.  The  entire  handbook 
is  in  looseleaf  form  to  provide  a capability  for  updating. 

Section  VI,  "Coordinate  Index"  consists  of  an  index  to  the 
data  in  coordinate  form,  and  includes  trade  names  and  types  as 
well  as  chemical  nomenclature.  The  location  of  data  for  any 
permeant-material  systems  included  in  the  handbook  can  be  found 
rapidly  by  use  of  this  index. 

Section  VII,  "References"  contains  two  listings  of  refer- 
ences used  in  the  preparation  of  the  handbook.  The  first  list 
is  arranged  by  arbitrarily  assigned  reference  numbers  and  con- 
sists of  authors  and  titles.  The  second  list  is  arranged 
alphabetically  by  author's  last  name  and  contains  complete  bib- 
liographic information. 


1-1.2 


1-2  HANDBOOK  DATA  ORGANIZATION 


The  data  in  each  of  the  two  data  sections  are  ordered  alpha- 
betically by  permeant  and  within  each  permeant  group  alphabetically 
by  material. 

The  data  for  each  permeant-material  system  are  presented  in 
the  following  format: 

A.  Column  1 - Type  or  trade  name.  For  example,  poly- 
chlorotrif laoroethylene  may  be  called  Kel  F or 
Trithene.  Common  trade  names,  such  as  Mylar,  Lexan, 
etc. , are  also  referenced  in  the  coordinate  index. 

Data  for  each  type  or  trade  name  within  a permeant- 
material  system  are  grouped. 

B.  Column  2 - Temperature  in  degrees  Celsius.  This  is 
the  secondary  order  of  each  group,  by  ascending  order 
of  temperature . 

2 

C.  Column  3 - Permeability  Rate,  in  see  cm/cm  sec  Bar, 

with  the  understanding  that  each  value  is  to  be 

-8 

multiplied  by  10  , e.g.,  the  appearance  of  3.46 

in  this  column  means  that  the  permeability  rate  is 
—8  2 

3.46  X 10“  see  cm/cm  sec  Bar.  Use  of  the  constant 
factor  and  units  permits  direct  comparison  between 
systems. 

D.  Column  4 - Permeability  rate  as  reported.  This  is 
merely  a transcription  of  the  data  found  in  the 


literature. 


E.  Column  5 - uuits  reported.  This  number  is  an  arbitrarily 
chosen  integer  that  refers  to  the  unit  system  in  which 
the  given  datum  was  reported.  A complete  list  of  units 
and  their  conversion  factors  to  the  standard  is  given 

in  section  1-3. 

F.  Column  6 - Reference.  This  number  refers  to  the 
reference (s)  in  which  the  datum  was  found.  The  refer- 
ences are  listed  by  number  in  section  VI. 

G.  Column  7 - Solubility.  This  column  gives  the  solubility 
in  scc/cc  Bar,  if  this  datum  was  available  for  the 
system. 

H.  Column  8 - Diffusivity.  This  column  gives  the  diffu- 

2 

sivity  in  cm  /sec,  if  this  datum  was  available  for  the 
system. 

I.  Coliamn  9 - Comments.  Any  relevant  comments  as  to 
membrane  composition,  thickness,  pressures,  etc. , are 
given  here. 


1-2*2 


IV-8 


References  Reporting:  378 


PERMEANT:  Oxygen  0, 

4 

^^ATERIAL:  Buna  S 


IV-8.2 


PERI4EANT ; Oxygen 

MATERIAL?  Butadiene -Acrylonitrile  Copolymer 


Type 

or 

Trade  Name 

Temp. 

■c 

Permeability 
Std.  UnitSo 
(Value  X 10"°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm*/sec 

Comments 

Perbunan  18 

25 

6.1 

6.2  X 10“^ 

6 

378 

Perbunan  18 

25 

6.15 

6.23  X 10"® 

8 

390 

.077 

.79  X 10"® 

1 

t Perbunan  18 

50 

18.0 

19.1  X 10"® 

8 

390 

.083 

2.30  X 10"® 

1 

i 

t 

1 * 

German 

Perbunan 

25 

3.2 

3.2  X 10"^ 

6 

378 

German 

Perbunan 

25 

2.90 

2.94  X 10"® 

8 

390 

.067 

.43  X 10"® 

German 

Perbunan 

50 

1C. 4 

10.5  X 10"® 

8 

390 

.072 

1.44  X 10"® 

Hycar-OR-15  , 

25 

.72 

.73  X 10"^ 

6 

378 

Kycar-OR-15 

25 

CM 

• 

.73  X 10"® 

8 

390 

.053 

.136  X 10"® 

30 

.72 

9.6  X 10"^® 

3 

325 

Hycar-OR-15 

50 

3.45 

3.50  X 10"® 

8 

390 

.061 

.565  X 10"® 

1 

*4 


Ti’pe 

or 

Trade  Nar.e 

r 

Ten-.p. 

•c 

Permeability 
Std.  UnitSo 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

" 

Hycar-OR-25 

25 

1.76 

1.78  X 10"’ 

8 

Hycar-OR-25 

1. 

25 

1.76 

1.78  X 10“® 

6 

i Hycar-OR-25 

50 

6.99 

7.03  X 10"® 

8 

References  Repotting;  325,  378,  390 


PERMEANT; 

riATERIAL; 


Oxygen  0^ 
Butadiene- 


A’  . 


Ref 


S*8“AI 


Type 

or 

Trace  Kar.e 

Tecr,p. 

Per/r.eabi  1 i ty 
3t<5.  UnitSp, 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

t 

NG  1 .6 

1 

.08  X 10“® 

1 

20-30 

,3  to  ,59 

.4  to  .78  X 10 

-®3 

23 

.102 

.0136  X 10"^ 

1 

30 

.53 

7.0  X 10”^° 

3 

Lumarith 

P-912 

-25 

.17 

2.30  X 10"^° 

3 

Lumarith 

P-912 

0 

.405 

5.40  X 10"^° 

3 

Lumarith 

P-912 

30 

.59 

7.8  X 10"^° 

3 

Lumarith 

t-912 

6C 

2.07 

H 

Celanese 

P-912 

25 

.81 

.82  X 10”*^ 

6 

References  Reporting:  203,  207, 

240,  242, 
311,  325, 
373 


210, 

PERMEANT; 


MATERIAI^: 


Oxygen  C 
Cellulose 


Ref . 

Solubility 
scc/cc  Bar 

Diffusivity 

c.m^/sec 

Conoients 

203 

210 

207 

, 

.001  in.  thick  t 

311 

1 

242 

242 

• 

240 

325 

242 

378 

I 

1 

1 

Acetate 


2 


IV-8.6 


PERMEANT : Oxygen  Og 

I4ATERIAL:  Cellulose  Acetate  Butyrate 


Type 

or 

Trade  Name 

Temp. 

'C 

Permeability 
Std.  UnitSp 
(Value  X 10”®) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

2 , I 

cm  /sec  ' 

Comments 

29 

4.2 

.56  X 10”^ 

■ 

208  , 

: 

1 

! 

.0026  cm  thick 

Kodapak  II 

25 

2.S 

2.8  X 10"*^ 

6 

378 

1 

1. 

i 

1 

' 

t 

l 

f 

f 

t 

» It. 

1 

1 

i 

lJ 

1 

1 

1 

i 

i 

1 

t 

1 

1 

t 

1 

j 

* 

1 

1 

t 

( 

r 

» 

1 

, 

• 

i 

1 

1 

References  Reporting;  208,  378 


IV-8 


References  Reporting;  373 


PEP MEANT: 
MATERIAL: 


Oxygen  O, 
Cellulose  Nitrate 


^gen 

•orinated  Polyether 


Units 

Rptd. 

■i 

Rptd 


ISolubility  Diffusivity 
scc/cc  Bat  cni'^/sec 


IV-8.9 


References  Reporting:  203,  206,  241 

PERMEANT:  O.'iygen  0_ 

d 

MATERIAL:  COHR-Coated  Glass  Fabric 


PERMEANT : Oxygen 

MATERIAL:  Delrin  (acetal) 


IV-8.11 


Type 

1 or 

1 Trade  wan;e 

Tercp. 
= C 

Peritieabi  1 i ty 
Std.  UnitSg 
(Value  X 10”°) 

Permeabi 1 i tv 

** 

as  Reported 

Uni  ts 
Rptd. 

Ref  , . 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments  | 

20-30 

.04  to  1.2 

.049  to  1.6 
X 10-9 

3 

210 

: 

Epon-1001 

29 

.04 

.0049  X 10“^ 

1 

208 

.0022  cm  thick 

Hysol 

31 

1.2 

.16  X 10”^ 

1 

208 

.026  cm  thick  ' 

« 

* 

i 

References  Repotting;  208,  210 

PERMEANT;  Oxygen  O, 
f lATER  I AL ; Epoxy 


IV-8.12 


PERMEANT:  Oxygen  O.. 

t4ATERIAL:  Ethyl  Cellulose 


Type 

or 

Trade  Name 

Temp. 
‘ C 

Permeability 
Std.  UnltSp, 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd, 

Ref . 

Solubility 
scc/cc  Bar 

Diffusivity 

cmVsec 

Conur.efits 

NG 

8.4 

6.6' 

5 

346 

20-30 

19.9 

26.5  X 10“^ 

210 

241 

385 

Room 

15.8 

2.1  X 10“^ 

1 

203 

206 

25 

13.8 

1.84  X 10“^ 

■ 

243 

1 

1 

Average  of 
4 samples  \ 

Plasticized 

30 

19.9 

265  X 10”^°  1 

3 1 

240 
325  1 

1 

1 

1 

i 

Ethocel 

20 

16.1 

2.15  X 10“^ 

1 

1 

243 

1 

1 

1 

■ ■ i 

( 

Ethocel 

30 

19.9 

2.65  X 10"^: 

1 

1 

243 

1 

i 

Ethocel 

40 

25.5 

3.40  X 10“^ 

• 1 1 

243 

1 

1 

1 

1 

1 

i 

Ethocel  610 

25 

17.9 

18.1  X lO""^ 

6 1 

378 

. 

• i| 

t 

I 

‘ 

! Ethanol-cast 

; 28 

6.0 

.80  X 10"^ 

1 

208 

1 

t 

.00241  cm  thicll 
1 

Wi/' 


Viii^ 


IV-8 . 13 


Type  Texp.  Pernxeabi  lity  Permeability 
or  Std.  UnitSg 

Trade  Name  C (Value  x 10'’°)  as  Reported 


References  Reporting: 


203,  206, 
210,  240, 
241,  245, 
325,  346, 
378,  385 


208, 

PERMEAt'IT:  Oxyg 
UATERIAL:  Eth^i 


Diffusivity 

Comments 

err/ /sec 

00254  cm  thick 


References  Reporting;  222,  225,  378 


PERMEANT:  Oxygen  O2 
MATERIAD:  Hydropol 


9T*8“AI 


PERMEANT : Oxygen  O2 

r-lATERIAL:  Isoprene-Acrylonitrile  Copolymer 


Type 

or 

Trade  Name 

Terr.p. 

‘C 

Permeability 
Std.  UnitSp, 
(Value  X I0"“) 

Permeabi lity 
as  Reported 

1 

Units!  Ref. 
Rptd. 

Sol  ubiety 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

25 

.64 

.65  X 10“® 

8 

390 

.070 

.092  X 10“^ 

li 

j 

50 

3.39 

3.43  X 10“® 

8 

390 

.075 

.45  X 10"® 

i 

! 

* 

• 

1 

I 

; 

._j 

References  Reportin'?:  390 


a*8~Ai 


Std.  UnitSc 


1.77 


Permeability 
as  Reported 

Units 
Rptd . 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

2 

cm  /sec 

1.79  X 10"® 

8 

390 

.074 

.24  X 10”® 

7.52  X 10"® 

8 

390 

.090 

.83  X 10"® 

Rfclerences  Reporting:  390 


PERMEAKT:  Oxygen  0^ 

ly.TERIALf  Isoprene-Methacrylonitrile  Copolymer 


Type 

or 

Trade  Naxe 


Std.  UnitSp 
/aLue  X 10"®: 


.69 


Units 

Ref. 

Rptd, 

Diffusivity 

Comments 

cm^/sec 

.70  X 10’ 


PERMEANT : Oxygen  O2 

MATERIAL:  Neoprene 


Type 

or 

Tracle  Narr.e 

I 

Te"p. 

C 

P er me  ability 
Std.  UnitSo 
(Value  X 10“°) 

Permeabi lity 
as  Reported 

Units 

Rptcl. 

Ref.' 

Solubility 
scc/cc  Bar 

Diffusivi ty 
cra^/sec 

Comments 

1 

23 

3.1 

4.12  X 10”^^ 

2 

418 

! 

I ® 

t . 

25 

3.0 

3.0  X 10  " 

6 

266 

378 

425 

A 

! 

( 

* 

- 

« 

■ 

• 

1 — - 

» 

1 

References  Reporting; 266,378,  418, 

425 


W ’ 


1 H;. 


Tg^3-AI 


Units 


Ref 


Comments 


Type  Terrip.  Permeability  Permeability 
or  • Std.  UnitSg  | 

Trade  Name  'C  (Value  x 10  °)  as  Reported  Rpta.i 


Solubility 

Diffusivity 

scc/cc  Bar 

2 - 

cm  /sec 

.0071 


.095  X 10"^°  3 


25 

.023 

.023  X 10"^ 

26 

.03 

.004  X 10“ " 

30 

.029 

.38  X 10“^® 

60 

.147 

1.96  X 1' 

80 

.411 

5.48  X 10"^° 

90 

.637 

8.49  X 10“^° 

210,240 

311.325 


R=far^*5ces  Reporting;  208,  21C,  240, 

242,  311.  PERMEANT; 
325,  378 


Oxygen  0.^ 


MATERIAL;  Nylon 


PERMEANT 

MATERIAL 


i Type 

or 

Trade  Xa~e 

\ 

Te~p. 

c 

Perm-,  ability 
Std.  UnitSp 
(Value  X 10'^) 

Pernr.er.bility 
as  Reported 

20-30 

14.3 

t 

19.1  X 10"^ 

' 

! 

t 

« 

Room 

14.3 

1.9  X 10"^ 

i 

25 

14.3 

14.5  X 10"^ 

‘ 

25 

14.3 

14.5  X 10"® 

30 

14.3 

191  X 

50 

35.5 

36  X 10~® 

..  1 

References  Reporting; 210 , 241,  325, 

37B,  385,  390 


Units 


CojTunents 


°2 

diene 


w 


IV-8.23 


References  Reporting:  210 


PERMEANT:  Oxygen 

MATERIAL ; Polybutcidiene-Acrylonitrile 


PERMEAKT  j Oxygen  0„ 

4U 

MATERIAL:  Polybutadiene-Styrene 


IV-8.25 


Type 

or 


Tenr.p.!  Permeability  Permeability  Units  Ref..  Solubility 
Std.  UnitSg 

•’C  (Value  X 10”°)  as  Reported  Rptd.  scc/cc  Bar  c 


Lexan 


Lexan 


Lexan 


Lexan 


Lexan 


Lexan 


Lexan 


Lexan 


Lexan 


20-30 


0 


1.95 


3.4 


5. 


.5 


13.5 


22.5 


Permeability 

as  Reported 

2.0  x 

10“® 

6,7  X 

10-“ 

1.4  X 

10'® 

,20  X 10”® 

2.6  X 

10”^ 

4.5  X 

10"^ 

X 

00 

«• 

10"^ 

1.0  X 

10“® 

1.8  X 

10-® 

3.0  X 

10-® 

RQUIggRyMI 


PERMEANT:  Oxygen  O2 
HATERI^;  Polycarbonate 


6.7  x 10* 


5.4  X 10* 


2.4  x 10 


Comments 


IV-8 . 26 


jen  O2 
^carbonate 


0nits 

Ref,' 

Solijibi]5.ity 

'Diffusivity 

1 

kptd. 

scc/cc  Bar 

2 

t cm  /sec 

IV-8.27 


Type 

or 


Kel-F 


Kel-F 


Kel-F 


Kel-F 


Kel-F-300 


Kel-F-300 


Kel-F-300 


Kel-F-300  25 


Kel-F-300  30 


Permeability 
Std,  UnitSp 
(Value  X 10”®) 

Permeability 

as  Reported 

.0075 

-10 

.10  X 10 

1 

.0075 

.001  X 10"^ 

.028 

.028  X 10"^ 

.038 

I 1 

.05  X 10"® 

.0098 

.013  X 10"® 

.0053 

.07  X 10"^® 

.082 

1.1  X iO 

.003 

.04  X 10”^® 

.03 

1 .40  X 10"^® 

scc/cc  Bar  cm^/sec 


.039 


52  X 10 


3 

1 

311 

3 

311 

. 3 

311 

3 

311 

3 

311 

30% 

Crystallinity 


80% 

Crystallinity 


30% 

Crystallinity 


Plasticized 


Unplasticized 


Unplasticized 


PERMEAI4T:  Oxygen 

IIATERI AL ; Polychlorotrif luoroethylene 


IV-8.28 


I 


Type 


PERMEANT : Oxygen  O2 

I^TERIAL : Po lychlorotr if luoroethylene 


Temp.  Permeability  Permeability  Units  Ref.  Solubility  Diffusivity  Comments 


or  , Std.  UnicSg 

Trade  Natr.e  I • C (Value  x 10“°)  as  Reported  Rptd. 


Kel-F-300  30 


40 


Kel-P-300 

50 

Kel-F-300 

60 

Kel-F-300 

60 

Kel-F-300 

60 

Kel-F-300 

75 

Kel-F-300 

80 

.42 


.069 


.015 


.032 


.108 


.051 


.218 


.431 


,139 


5.6  X 10‘ 


.92  X 10‘ 


.25  X 10’ 


.43  X 10' 


1.44  X 10' 


.68  r 10' 


2.90  X 10"^®  3 


28  X 10’ 


5.74  X 10"^°  3 


scc/cc  Bar  cm'^/sec 


Plasticized 


30% 

Crystallinity 


80% 

Crystallinity 


30% 

Crystallinity 


80% 

Crystallinity 


Unplasticized 


Plasticized 


30% 

Crystallinity 

80%  " 
Crystallinity 


IV-8.29 


Type 

or 


Trithene  B -25 
Trithene  B 0 
Trithene  B 30 
Trithene  B 60 
Trithene  23 
Trithene  23 
Trithene  23 


Std.  UnitSo 


.0038 


.0052 


.0067 


Permeability 

Units 

Ref. 

as  Reported 

Rptd. 

. 20  X 10"^° 

3 

242 

1.1  X 10”^® 

3 

242 

5.6  X 10“^° 

3 

242 

28.0  X 10"^° 

3 

242 

13 

23 

399 

18 

23 

399 

23 

23 

1 

399 

Diffusivity 

Comments 

cm^/sec 

Concentration 
varying  test 


Volume  vary- 
ing test 


Pressure  vary 
ing  test 


References  Reporting:  208,240,242, 

311,325,340,  PERMEANT:  Oxygen 
374  378  399  * 

’ ’ MATERIAL;  Polychlorotrif  luororthylene 


IV-8.30 


V 


PERIIEART:  Oxygen 

MATERIAL : Polydimethyl-Butadiene 


Type 

or 

Trade  Name 

Temp. 

C 

... 

Permeability 
Std.  UnitSp 
(Value  X 10“*^) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

20-30 

1.6 

2.1  X 10“® 

3 

210 

« 

' 

References  Reporting:  210 


TV-8 


17-8.32 


PERI'lEANT : Oxygen 

MATERIAL:  Polyethylene 


Type 

or 

j Trade  Name 

Temp . 
•C 

Permeability 
Std.  UnitSp, 
(Value  X 10~®) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

A 

cm^/sec 

Comments. 

i 

j Alathon  15 

50 

12.4 

1.65  X 10"^ 

1 

223 

Variable 
volume  test 

i 

1 Alathon  15 

50 

1C. 9 

1.45  X 10"^ 

1 

223 

Variable 
volume  test 

25 

222 

.0769 

1 

f 

i 

30 

r^.x 

5.5  X 10"^ 

3 

374 

60% 

Crystallinity 

30 

1.6 

2.1  X 10“^ 

3 

374 

69% 

Crystallinity 

30 

CD 

1.1  X 10"^ 

3 

374 

78% 

Crystallinity 

30 

.795 

1.06  X 10“^ 

3 

374 

81% 

Crystallinity 

30 

.38 

.5  X 10“^ 

‘3 

374 

83% 

Crystallinity 

Hypalon 

20-30 

2.1 

2.8  X 10"® 

3 

210 

Hypalon 

30 

2.5 

.33  X 10"® 

1 

208 

. 0069  cm  i 

thick  ■ 1 

IV-8.33 


1 Type 

or 

Trade  Name 

Temp . 

•c 

Permeability 
Scd.  Units- 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm'^/sec 

Comments 

L-f ilm 

26 

3.5 

.47  X 10"^ 

1 

208 

.0024  cm  thick 

Monaxiaily 

Orientated 

32 

3.5 

.46  X 10“" 

1 

2U6 

.00483  cm 
thick 

Biaxially 

Orientated 

27 

1.8  . 

.24  X 10"^ 

1 

208 

.00254  cm 
thick  t 

f 

DE  2400 

0 

. 581 

.0774  X 10“^ 

1 

211 

— 1 

.0013  in. 
thick 

DE  2400 

0 

.431 

.0575  X 10"^ 

1 

211 

.00156  in. 
thick 

DE  2400 

25 

2.63 

.350  X 10“^ 

1 

• 

.0013  in. 
thick 

DE  2400 

25 

2.09 

.278  X 10“*^ 

1 

211 

.00156  in. 
thick 

DE  2400 

50 

9 c 45 

1.26  X 10“^ 

1 

211 

.0013  in. 
thick 

DE  2400 

50 

7.95 

1.06  X lO"*^ 

1 

211 

.00156  in. 
thick 

DE  2500 

0 

.521 

.0695  X 10“^ 

1 

211 

1 

.0015  in.  j 

thick  I 

PERMEANT:  Oxygen 

MATERIA:  Polyethylene 


IV-8.34 


PERMEi^NT  ? Oxygen  O2 
MATERIAL i Polyethylene 


Type 

or 

Trade  Name 

Temp. 

-C 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref.  1 

1 

f 

— 

Solubility 

scc/cc  Bar 

Diffusivityi 

cm^/sec 

Comments  | 

DE  2500 

25 

2.30 

.306  X 10“' 

1 

w 

IBI 

.0015  in. 
thick 

DE  2500 

50 

8.03 

1.07  X 10"^ 

1 

1 

211  ; 

1 

t 

' 

.917g/cc 

23 

.7839 

.1045  X 10" 

® 1 

1 

207 

1 

.00254  cm  1 

thick  I 

.922g/cc 

30 

4.13 

55  X 10“^° 

3 

240  ' 

f 

t 

1 

1 

.922g/cc 

30 

5.2 

69  X 10’^° 

3 

B 

1 

.929g/cc 

32 

.83 

.11  X 10"^ 

B 

208  , 

!■ 

.0023  cm 
thick 

•938g/cc 

30 

1.6 

21  X 10“^° 

B 

311  { 

1 

,950g/cc 

23 

.50 

.066  X 10"^ 

B 

1 

207 

1 

- 

.00254  cm 
thick 

.953g/cc 

30 

.83 

11  X 10"^° 

B 

311 

t 

1 

.9A0g/cC 

30 

.47 

B| 

207  : 

f 

PERMEANT: 

MATERIAL: 


IV-8.35 


Type 

or 

Trade  Name 

Temp. 

"C 

Permeability 
Std.  UnitSp 
(Value  X 10"®) 

Permeability 
as  Reported 

Units 

Rptd, 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments  1 

.961g/cc 

27 

to 

• 

to 

.29  X 10"^ 

1 

208 

.0018  cm  thick 

.964g/cc 

25 

.31 

.31  X 10"^ 

6 

378 

«960g/cc 

30 

o 

00 

• 

10.6  X 10"^° 

3 

240 

Alathon  14 

25 

237 

.0395 

Alathon  34 

25 

,:^3? 

.031 

Grex 

25 

0^37 

.022 

- 

• 

( 

References  Reporting: 207,208,209, 

210,21x,222, 

223,225,237, 

240,311,374, 

378 


PERMEANT: 


MATERIAL: 


Oxygen 

Polyethylene 


8“AI 


PERMEANT : Oxygen  Og 

MATERIAL:  Polyethylene  Terephthalate 


H 

< 

CO 

• 

<A> 

o\ 

Type 

or 

Trade  Name 

Temp. 

oc 

Permeability 
Std,  UnitSp 
(Value  X lO"*®) 

Permeability 
as  Reported 

Units 

Rptd 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

■ 

.023 

.03  X 10"^ 

3 

210 

23 

.014 

.0019  X lO"' 

■ 

203, 

207 

.001  in.  thick 

NG 

.023 

.30  X 10”^° 

3 

275 

Average  of 
3 samples 

Mylar  A 

-25 

.0035 

.046  X lO"^® 

3 

242 

Mylar  A 

0 

.0098 

.13  X 10“^° 

3 

242 

Mylar  A 

23 

.017 

59 

23 

399 

Concentration 
varying  test 

Mylar  A 

23 

.017 

59 

23 

399 

Volume  vary- 
ing test 

Mylar  A 

23 

.014 

48 

.23 

399 

Mylar  A 

25 

.019 

.019  X 10“*^ 

6 

378 

Mylar  A 

30 

.034 

.45  X i0“^° 

3 

242 

References  Reporting:  203,207,210 

PERMEANT:  Oxygen 

242,275,311  ^ 2 

325,378,399  MATERIAL:  Polyethylene  Terephthalate 


8£"8-AI 


PERMEANT  s Oxygen 

MATERIAL:  Polyformaldehyde  (acetal) 


r^ 


PERMEANT  s Oxygen  O2 

MATERIAL : Polyisobutylene- Isoprene 


References  Reporting:  210 


IV-8.40 


PERMEANT i Oxygen 

MATERIAL:  Polymethylpentadiene 


Type 

or 

Trade  Name 

Temp. 

'C 

Permeabi 1 i ty 
Std.  UnitSp 
(Value  X lO"®) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diff usivity 
cm‘*/sec 

Comments 

25 

7.52 

7.62  X 10“® 

♦ 

8 

390 

.136 

.55  X 10"® 

50 

25.6 

25.9  X 10"® 

8 

390 

.129 

1.98  X 10"® 

1 

1 

t 

1 

1 

r 

t 

1 

' f 

( 

References  Reporting:  390 


Type 

or 

Trade  Name 

H 

Permeability 
Std.  Units, 
(Value  X 10”‘ 

) 

Permeability 
as  Reported 

Units 

Rptd. 

B 

1.7 

1 

2.3  X 10“® 

1 

1 

3 ; 

L 

B 

1 

.702 

2420  ‘ 

1 

1 

23 

1 

r 

r 

1 

23  1 

..720  1 

2483 

23 

1 

r 

23 

i 

.673 

2320 

1 

25 



1.2 

1.2  X 10“^ 

D 

1 

30 

.6 

2.1  X 10'^ 

3 

f 

Profax  1 

28 

1_ 

1.05 

r 

L 

.14  X 10“' 

D 

■■■■ 

30 

CO 

00 

• 

1 

.11  X 10**' 

1 

fll 

EsGon  1 

1.05 

1 

L 

.14  X lO"' 

n 

Bscon  1 

L 

00 

m 

• 

.077  X 10 

m 

f 


PERMEANT:  Oxygen  O 
MATERIAL:  PoivoroDV 


IV-8.42 


PERMEANT : Oxygen  O2 

MATER I AL : Po lypr opy lene 


Type 

or 

Trade  Name 

Temp. 

OQ 

Permeability 
Std.  UnitSc 
(Value  X 10“*^) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

.907g/cc 

30 

1.72 

2.29  X 10"^ 

3 

385 

(. 

■m 

• 

{"  

< 

References  Reporting;  208,210,374, 

378,385,399 


IV-8.43 


Type  j Temp, 
or 

Trade  Name  I "'C 


Permeability 
Std,  UnitSo 
(Value  X 10“°) 


Permeability 
as  Reported 


Units 

Rptd. 


Ref. 


NG 


5.6 


4.4 


346 


Room 


18 


2.40  X 10 


241 

385 


Room 


.9 


.12  X 10 


20- 


20 


1.3 


.174  X 10 


^9 


20 


18.2 


2.42  X 10 


207 


243 


120-30 


23 


1.13  to  18.8 


.213 


1.5  to  25  X lp"^3 


23 


23 


30 


,294 


,272 


.83 


745 


1015 


937 


23 


23 


23 


11  X 10 


-10 


210 


399 


399 


399 

311 


PERMEANT:  Oxygen  G 

MATERIAL:  Polystyrene 


t 


IV-8.44 


PERMEANT: 

MATERIAL: 


♦' 


Oxygen  O, 
Polystyrene 


Type 

or 

Trade  Name 

Temp. 

°C 

Permeability 
Std.  UnitSg 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd, 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

30 

18.0 

2.40  X 10“^ 

1 

243 

40 

17.6 

2.35  X 10"^ 

1 

243 

Polyflex 

25 

1.6 

.21  X 10"® 

1 

208 

.00303  cm 
thick 

DOW  0641 

25 

18.3 

18.5  X lO"*^ 

6 

378 

• 



Referenced  Reporting;  203,  207,  208, 

210,  240,  241, 
243,  311,  346, 
378,  385,  399 


IV-3.45 


PERMEANT;  Oxygen  O, 

to 

^^ATERIAL;  Polystyrene-Acrylonitrile 


References  Reporting;  210 


IV-8.46 


PERMEANT: 

MATERIAL: 


Oxygen 

Polys tyrene -Me thacryionltr i ie 


Type 

or 

Trade  Name 

Temp. 

Permeability 
Std.  UnitSp 
(Value  X 10“®) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref . 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

20-30 

.12 

.. 

.16  X 10”^ 

3 

210 

- 

References  Reporting:  210 


IV-8.47 


Typ^ 

, or 

Trade  Name 

1 

-i 

Demp. 

■c 

Permeability 
Std.  UnitSo 
(Value  X 10““) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

oolubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

i; 

. , , 

4 

4 

>0-30 

i.l4  to  3.6 

1 

1.52  to  4.8 
k 10-9 

1 . 

* 

3 

1 

‘ 210 

t 

i 

1 

' Estane 

32 

1 

1.3 

1 

1 _Q 

1 .17  X 10  ^ 

■ 

208 

.0025  cm  thick 

1. 

Adiprene 

29 

, 

^6 

.48  X 10"^ 

1 1 

1 208 

1 

i 

Lo021  cm  thick 

PC-6 

30 

J 

L.6 

.21  X 10“^ 

1 

i 1 

208 

i 

.010  cm  thick 

1 . 
1 

1 

i 

J 

■ 

t 

. 

! 

i’ 

m 

1 

i 

1 

1 

i — 

f 

i 

1 

1 

• 

[ 

1 

• 

1 

u 

! 

1 ■ 
1 

1 



1 

References  Reporting:  208,  210 

PERMEANT:  Oxygen 
MATERIAL:  Polyurethane 


IV-8.48 


PERMEM^T : 
MATERIAL: 


Oxygen 

Polyvinyl  Butyral 


Type 

or 

Trade  Name 

Temp. 

OQ 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

Butbar  B76 

27 

18.2 

2.42  X 10  ^ 

-Lj 

208 

.00094  cm 
thick 

1 

References  Reporting:  208 


IV-8.49 


. n- 


Type 

or 

Trade  Name 

Temp. 

-C 

Permeability 
Std.  UnitSo 
(Value  X 10"**) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

NG 

.105 

.014  X 10"® 

■ 

203 

28 

1.88 

.25  X 10"® 

B 

208 

t 

20-30 

,09  to  4.5 

.12  to  .6 

X 10-9 

3 

210 

30 

.09 

1.2  X 10"^° 

3 

240 

311 

Plasticised 

23 

.066 

220 

23 

399 

Concentration 
varying  test 

Plasticized 

23 

.064 

il9 

23 

399 

Volume  vary- 
ing test 

Plasticized 

23 

.062 

212 

23 

399 

Pressure  vary- 
ing test 

Plasticized 

23 

.056  to  .9 

.0074_to  .12< 

X 10"^ 

B 

207 

Rigid 

23 

.035 

_< 

.0047  X 10 

207 

THP  Cast  1 

Unplasticizep  32 

1 . 

.034  X 10"® 

fl 

208 

1 

.00508  cm 
thick 

PERMEANT:  Oxygen 
MATERIAL:  Polyvinyl  Chloride 


IV-8.50 


Type 

or 

Trade  Name 

Temp., 

oc  i 

Permeability 
Std.  UnitSo 
(Value  X 10“°)i 

permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cmVsec 

Comments 

TKP  Cast  16.8! 
Plasticized 

31 

. .75 

.10  X 10“^ 

1 

208 

.00788  cm 
thick 

THF  Cast  19.3! 
Plasticized 

i 

31 

1 

1.35 

.18  X 10"^ 

1 

208 

.00457  cm 
thick 

, 

mu 

mHi 

1 

u — 

1 

BmB 

Refte^rences  Reporting: 203 ,207 ,208 , 

210,240,311, 

399 


I 


TS*8-AI 


rs 


fs  • 


■ 


Type 

or 

Trade  Name 

r», 

Temp. 
= C 

Permeability 
Std.  UnitSp 
(Valvie  X 10"®) 

Permeability 
as  Reported 

Units 

Rptd, 

Ref. 

Solubility 
scc/cc  Bar 

Diff usivity 
cm^/sec 

Comments 

Fluorinax 

28 

6.98 

.93  X 10"^ 

1 

208 

.00256 

thick 

• 

• 

. 

PERMEANT:  Oxygen 

MATERIAL:  Polyvinyl  Chloride  (f luorinated) 


References  Reporting:  208 


IV-8.52 


t* 


PERMEANT:  Oxygen 

MATERIAL:  Polyvinyl  Chlcride-Polyvinyl  Acetate 


Type 

or 

Trade  Name 

Temp. 

Permeability 
Std.  UnitSp 
(Value  X 10"“) 

Permeability 
as  Reported 

Units 

Rptd. 

Ret. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

0 

.46 

211 

219 

X 

1 VYHH 

2 

221 

1.74  X 10"^ 

» ' 

VYHH 

11 

221 

6.12  X 10"^ 

VYHH 

14 

221 

9.50  X lO”"^ 

2Z 

.96 

i300 

23 

399 

Concentration 
varying  test 

23 

.43 

L470 

23 

399 

Volume  vary- 
ing test 

23 

.46 

L590 

23 

399 

Pressure  vary- 
ing test 

Room 

2.3 

.3  X 10"^ 

1 

241 

385 

VYHH 

24 

221 

12.6  X 10"^ 

25 

u 

2.0 

Jj_ 

.27  X 10"^ 

1 

211 

219 

IV-8,53 


Type 

or 

Trade  Name 

Temp. 

‘"C 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 
cm  /sec 

Comments 

50 

7.1 

.95  X 10“^ 

1 

221 

VYHH 

54 

221 

75.5  X 10"^ 

VYHH 

66 

129.5  X 10““^ 

VYHH 

88 

221 

291.8  X 10“"^ 

1 

References  Reporting:  211,219,221, 

241,385,399  PERMEANT:  Oxygen 

I MATERIAL:  Polyvinyl  Chloride-Polyvinyl  Acetate 


IV-8.54 


PERMEANT : Oxygen  O 

<lb 

MATERIAL:  Polyvinyl  Fluoride 


Type 

or 

Trade  Name 

Temp. 

®C 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cmVsec 

Comments 

23 

.013 

44 

23 

399 

Concentration 
varying  test 

23 

.014 

47 

23 

399 

Volume  vary- 
ing test 

23 

.015 

52 

23 

399 

Pressure  vary- 
ing test 

20-30 

.015 

.02  X 10“^ 

3 

210 

i 

» 

} 

1 

t 

...  . .. 

References  Reporting:  210,  399 


IV-8.55 


rs 


Type 

or 

Trade  Name 

Temp. 

'C 

Permeability 
Std.  UnitSg 

(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref . 

Solubi Li ty 
scc/cc  Bar 

Diff usivity 
2 

cm  /sec 

Comments 

Room 

.023 

.003  X 10“^ 

1 

203 

20-30 

.004 

.005  X 10"^ 

3 

210 

1 

t 

30 

.004 

.053  X 10"^° 

3 

240 

311 

325 

Saran 

NG 

.0025 

.56 

7 

389 

Saran 

23 

.0045 

.0006  X 10“^ 

■ 

207 

.001  in.  thick 

bar  an 

31 

.0083 

.0011  X 10"^ 

■ 

208 

.001  in.  thick 

Saran  517 

0 

.0012 

.016  X 10“^® 

3 

242 

Saran  517 

25 

.0018 

.0018  X 10-'^ 

6 

378 

Saran  517 

30 

.004 

.051  X 10“^^ 

3 

242 

• 

Saran  517 

60 

.49 

.65  X 10“^° 

3 

242 

PERMEANT:  Oxygen,  O2 

MATERIAL:  Polyvinylidene  Chloride 


IV-8.56 


PEEIMEANT : 
MATERIAL: 


V 


Oxygen  O2 

Polinrinylidene  Chloride 


Type 

or 

Trade  Name 

Temp. 

‘C 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

Saran  517 

90 

.30 

4.0  X 10“^® 

3 

242 

♦ 

References  Reporting:  203,  207,  208, 

240,  242,  311, 
' 325,  378,  389 


IV-8,58 


PERMEANT: 

MATERIAL; 


V 


Oxygen 

Polyvinyl  Toluene 


Type 

or 

Trade  Name 

Temp. 

cc 

Permeability 
Std.  UnitSo 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

23 

1.66 

.221  X 10“® 

1 

207 

.00254  cm  thick 

• 

References  Reporting:  207 


IV-8.59 


Type 

or 

Trade  Name 

Temp. 

Permeability 
Std,  UnitSp 
(Value  X 10~°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

Room 

1.05 

.14  X 10”^ 

1 

203 

25 

.977 

.99  X 10"® 

8 

390 

.121 

.081  X 10"® 

26 

4.2  ’ 

.56  X 10"® 

1 

208 

.034  cm  thick 

30 

.98 

13.0  X 10”^® 

3 

240 

311 

325 

50 

3.98 

4.03  X 10"® 

8 

390 

.104 

.384  X 10"® 

Oppanol  B-200 

25 

.89 

.90  X 10"^ 

6 

378 

J 

References  fieporting:  203,208,240, 

311,325,378,  PERMEANT:  Oxygen  O 

390  ^ 

MATERIAL : Rubber , Butyl 


09*8“AI 


PERMEANT : Oxygen  O2 

MATERIAL:  Rubber,  Dimethylsilicone 


Type 

or 

Trade  Name 

Temp. 

-C 

Permeability 
Std.  UnitSp 
(Value  X 10"®) 

Permeability 
as  Rer/Orted 

— 

Units 

Rptd. 

Ref, 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Coionents  1 

I 

Room 

450 

60  K 10  ^ 

1 

Ml 

1 

( 

• 

• 

: 

References  Reporting:  203,  206, 

/ 297 


IV-8.61 


IV-8.62 


« 


V 


PERMEANT : Oxygen 

MATERIAL:  Rubber  Hydrochloride 


Type 

or 

Trade  Name 

— 

Temp, 

Permeability 
Std,  UnitSp 
(Value  X 10"®) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments  | 

Pliofilm 

27 

1.9 

.25  X 10"^ 

1 

208 

.0183  cm 
thick 

Pliofilm 

FM-1 

-25 

.026 

.34  X 10~^° 

3 

242 

i 

Pliofilm 

FM-1 

0 

.16  ‘ 

2.1  X 10"^° 

3 

242 

t 

1 

Pliofilm 

PM-1 

25 

.40 

.40  X 10"*^ 

6 

378 

Pliofilm 

FM-1 

30 

.41 

5.4  X 10"^° 

3 

242 

Pliofilm 

FM-1 

60 

1.9 

25.0  X 10"^° 

3 

242 

Pliofilm 

FM 

30 

.41 

5.4  X 10"^° 

3 

325 

L, 

23 

.113 

.0151  X lO"' 

1 

207 

.001  in. 
thick 

20- 

30 

.019  to  .41 

.025  to  Q 
.54  X 10”^ 

3 

210 

Pliofilm  NO 

30 

.023 

.30  X 10~^° 

3 

240 

• 

IV-8.63 


Type 

or 

Trade  Name 

Pliofilm 

P4 


Std.  UnitSo 

. <1  _ _ _ 4 ^ « 


Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

24  X 10“^° 

3 

311 

Solubility  Dirfuslvity 
scc/cc  Bar  cm^/sec 


References  Reporting: 


207,  208, 
210,  240, 
242,  311, 
325,  378 


PERMEANT: 

MATERIAL: 


Oxygen 

Rubber  Hydrochloride 


References  Reporting:  325,  378, 

* 390 


IV-S.65 


Type 

or 

Trade  Name 

Temp. 

-c 

Permeabi lity 
Std.  UnitSo 
(Value  X 10“°) 

\ 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diff usivity 
cm^/sec 

Comments 

Room 

17.3 

2.3  X 10“^ 

1 

241 

385 

Room 

18.0 

2.4  X 10“^ 

1 

203 

206 

20- 

30 

17.3 

23.0  X 10“^ 

3 

210 

1 

f 

25 

17.8 

1,  8 X 10"® 

6 

^■1 

I 

25 

17.57 

1.78  X 10“^ 

8 

225 

17.3  X 10”^ 

25 

222 

.10 

..... 

25 

17.5 

17.7  X 10"® 

8 

390 

.111 

1.58  X 10"® 

30 

17.48 

233  X 10"^® 

3 

. 

240 

325 

50 

46.4 

47.0  X 10“® 

8 

390 

.099 

4.70  X 10"® 

i 

1 

1 

References  Reporting:  203 ^ 206, 

210,  222,  PERMEANT:  Oxygen 

???*  MATERIAL:  Rubber,  Natural 

325,  378, 

385,  390 ; 

425 


IV-8.66 


PERMEANT : Oxygen 

MATERIAL:  Rubber,  Nitrile  Silicone 


Type 

or 

Trade  Name 

Terr.p. 

=c 

Permeability 
Std,  UnitSp 
'.Value  X 10“**) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

Room 

63.8 

-9 

8.5  X 10  ^ 

B 

m 

31 

218 

29  X 10"^ 

1 

208 

Cured 
16  hr 

i 

31 

225 

30  X 10“^ 

1 

208 

Cured 
1 hr 

» 

1.1  ■ II  !■  ■ ■ 1 

References  Reporting:  203,  206 j 

208 


IV-8.67 


Type 

or 

Trade  Name 

Temp. 
= 0 

Permeability 
Std.  UnitSp 
(Value  X 10“®) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivi ty 
2 

cm  /sec 

Comments 

Thiokol 

ZR-300 

23 

5.78 

.77  X 10’® 

• 

7 

.2  cm  thick 

Thiokol  B 

25 

.22 

.22  X 10"^ 

6 

378 

1 

; 

! 

«> 

- - * 

, t 

J 

References  Reportings  208,  378 


PERMEANT : Oxygen 

MATERIAL ; Rubber , Polysul f ide 


IV-8.68 


PERMEANT 

MATERIAL 


Type 

or 

Trade  Name 

Permeability 
Std.  UnitSp 
(Value  X 10"®) 

Permeability 
as  Reported 

NG 

269 

3.59  X 10~® 

Room 

195 

26  X 10"^ 

' 

20- 

30 

75  to  450 

100  to  Q 

600  X 10"^ 

Coated  on 
fabric 

Room 

158  to  360 

21  to  Q 
48  X 10"^ 

RTV-ll 

29 

380 

50.6  X 10"^ 

RTV-11 

33 

386 

51.4  X 10”® 

RTV-11 

44 

428 

57.1  X 10"® 

RTV-20 

29 

299 

39.9  X 10”® 

RTV-20 

33 

308 

41.0  X 10”® 

RTV-20 

43 

342 

45.6  X 10”® 

jen  ©2 
oer.  Silicone 


Permeability 
Std.  UnitSo 
(Value  X 10*“ 

Permeability 
as  Reported 

Units 

Rptd, 

320 

42.6  X 10“^  , 

1 

344 

45.8  X 10”^ 

1 

351 

1 

46.8  X 10”^ 

1 

398 

i 

53  X 10"^  t 

B 

404 

53.8  X lO"® 

1 

445  ' 

59.3  X 10“^ 

1 

493 

65.7  X 10“^ 

1 

319 

42.5  X 10"^ 

B 

344 

-9  1 

45.9  X 10  ^ 

1 

B 

270 

36  X lO”^ 

B 

PERMEANT;  Oxygen  - 
MATERIAL;  Rubber, 


2 


IV-8.70 


PERMEANT:  Oxy< 

MATERIAL:  Rub! 


Type 

or 

Trade  Name 

Temp, 

°C 

Permeability 
Std,  UnitSp 
(Value  X 10"“) 

Permeability 
as  Reported 

RTV-502 

23 

415 

55.3  X 10"^ 

RTV-502 

33 

453 

60.4  X 10"^ 

RTV-502 

43 

497 

66.3  X 10"^ 

RT^f-601 

33 

567 

75.6  X 10"® 

RTV-601 

43 

583 

77.7  X 10"® 

Eccosil  4712 

21 

210 

28.0  X iO"® 

Eccosil  4712 

32 

234 

31.2  X 10"® 

Eccosil  4712 

44 

257 

34.3  X 10"® 

Sylgard  182 

21 

300 

40.0  X 10“® 

Sylgard  182 

34 

346 

46.1  X 10  *® 

Comments 


jen  ©2 
ber^  Silicone 


Units 

Ref. 

Solubility 

Diffusivity 

Comments 

Rptd. 

scc/cc  Bar 

2 

cm  /^ec 

9 

409 

9 

409 

1 

409 

1 

. 409 

1 

409 

1 

409 

1 

409 

1 

409 

■ 

409 

1 

409 

IV-8.71 


Type 

or 

Trade  Name 

Temp. 

®C 

Permeability 
Std.  UnitSo 
(Value  X 10”°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

Sylgard  182 

44 

384 

51.2  X 10”^ 

1 

409 

G.E.  SE450 

Room 

443 

59  X 10“^ 

m 

203 

206 

Silastic-50 

■ 

195 

26  X 10"^ 

B 

203 

206 

741 

Silastic 

25 

443 

59  X 10”^ 

1 

208 

.0136  cm 
thick 

Silastic 

LS-63 

m 

78 

10.4  X 10"^ 

B 

^9 

.23  cm  thick 

* 

References  Reporting:  203,  206, 

208,  210,  PERMEANT:  Oxygen 

335’  409’  MATERIAL:  Rubber,  Silicone 


IV-8.72 


PERMEANT  t Oxygen  O2 
MATERIAL:  Silver 


Type 

or 

Trade  Name 

Temp. 

'C 

Permeability 
Std.  UnitSo 
(Value  X lO"®} 

Permeabi li ty 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

m 

NC 

1.5  X 10”^^ 

13 

378 

* 



References  Reporting:  37S 


References  Reporting:  207 


PERT4EANT:  Oxygen  O2 

MATERIAL:  Styrene-Acrylonitrile 


IV-8.74 


PEI^MEANT : Oxygen  O2 

MATERIAL:  Teflon 


Type 

or 

Trade  Name 

Temp. 

'C 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusi vity 
2 

cm  /stfc 

Comments 

Room 

.003 



.0004  X 10' 

203 

206 

tfe 

mm 

7,6  X 10“^ 

6 

378 

t 

1! 

FEP 

23 

NC 

,39 

24 

333 

FEF 

ne. 

3c37 

750 

H 

334 

FEP 

Hi 

9.22 

2050 

7 

I 

334 

FEP 

75 

17.99 

4000 

■ 

334 

FEP 

100 

31.48 

7000 

7 

334 

References  Reporting;  203,206^333, 

334,378 


emp 


Permeabi 1 i ty  Permeabi 1 i ty 
Std.  UnitSg 

(Value  X 10“°)  as  Reported 


Type 

or 

Trade  Name 

Temp. 
• C 

Permeabi 1 i ty  Permeabi 1 i ty 
Std.  UnitSg 

(Value  X 10“°)  as  Reported 

7U:c-cast 

2100 

NC 

.10 

Arc-cast 

2200 

NC 

.15 

Arc-cast 

2300 

NC 

.14 

Arc-cast 

2600 

NC 

.12 

References  Reporting:  432 


PERMEANT 

MATERIAL 


9Z.’8-AI 


PERMEANT i Oxygen  O2 

MATERIAL : Vinylideae-AcEylonitr ile 


Type 

or 

Trade  Name 

Temp. 

“C 

Permeability 
Std.  UnitSp 
(Value  X 10“°) 

— 

Permeability 

as  Reported 

1 

Ref . 

Solubility 
scc/cc  Bar 

Diffusivity 

cm^/sec 

Comments 

P218 

NG 

,0032 

.710 

389 

P220 

N6 

.0154 

3.42 

7 

389 

t 

t 

t 

_ 

References  Reporting:  389 


IV-8.77 


References  Reporting:  203,  206 


PERMEANT:  Oxygen 

MATERIAL:  Vinylidene  Chliride-Vinylchloride 


8i*8-AI 


X-500 


X-500 


X-500 


0 


X-5500 


X-5500 


X-5500 


X-3700 


X-3700 


Temp. 

®C 

Permeability 
Std.  UnitSg 
(Value  X 10"°) 

25 

i 

.015 

j 

40 

.08S 

50 

.154 

75 

.580 

0 

.083 

■ 

.28.1 

25 

.701 

50 

3.79 

0 

.04? 

25 

.410 

PERMEi'iWT:  Oxygen  O2 

MATERIALS  Vinylidene  Pluoride-Chlorotrifluoroethylene 


Ref.  Solubility  Diffusivity  Comments 

A 

scc/cc  Bar  cm^/sec 


References  Reporting:  311 

PERMEANT:  Oxygen  O2 

MATERIAL:  Vinylidene  Fluoride-Chlorotrifluoroethylene 


IV-8.80 


PERMEANT : Oxygen 

MATERIAL:  Visqueen 


Type 

or 

Trade  Nanit^j 

Temp. 

=c 

Permeability 
Std.  UnitSp 
(Value  X 10"“) 

Permeability 
as  Reported 

Units 

Rptd. 

Ref. 

Solubility 
scc/cc  Bar 

Diffusj vity 
cm^/sec 

Comments 

m 

2.44 

.325  X 10  ^ 

1 

243 

30 

4.13 

.55  X 10"^ 

* 

243 

40 

6.9 

.92  X 10"^ 

a 

243 

» 

! 

• 

■ 

- 

References  Reporting:  243 


References  Reporting;  325,378,390 


PEPJ>1EANT ; 
tIATERIAL; 


Oxygen  O2 
Vulcaprene 
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I INTRODUCTION 


The  primary  purpose  of  this  book  is  to  present  concise  summaries  of 
available  information  on  the  fundamental  parameters  governing  the  design 
of  pressurized-gas  systems  for  spacecrafts.  It  is  intended  that  the  in- 
formation contained  in  this  book  be  used  in  conjunction  with  the  vaiious 
methodologies  currently  employed  to  select  component  combinations  and 
to  establish  the  design  details  of  suitable  prrssuri zed-gas  systems. 
Sufficient  room  is  available  in  the  binder  to  provide  for  future  expan- 
sion of  the  various  sections  and  to  enabl^.the  user  to  incorporate  addi- 
tional pages  of  information. 

The  section  on  “Space  Environment*’  summarizes  the  available  infor- 
mation on  the  composition  of  the  upper  atmosphere,  the  distribution  of 
meteoroids,  and  on  the  various  types  of  radiations  encountered  by  space- 
crafts . 

The  section  entitled  “Attitcnde  Control  Theory”  consists  of  a very 
brief  presentation  of  the  salient  principles  underlying  the  design  of 
pressurized-gas  attitude-control  systems. 

The  behavior  of  liquids  in  essentially  gravitationally- free  systems 
(zero-g)  is  summarized  under  the  heading  “Zero-Gravity  Considerations.  ” 
Only  those  aspects  related  to  pressuri ?ed-gas  systems  are  discussed. 

A section  entitled  “Nozzle  Performance"  summarizes  the  computation 
of  the  performance  of  fluids  expanding  through  nozzles;  it  includes 
condensable  as  well  as  noncondensable  gases. 

A very  brief  discussion  of  the  aspects  of  defining  the  storage  ef- 
ficiency of  gases  from  the  viewpoint  of  weight,  performance,  reliability, 
etc.  is  given  in  the  section  "Storage  Efficiency.  " 

The  section  on  “Pressure  Vessels"  indicates  some  of  the  newer  com- 
putational methods  for  the  design  of  vessels  subjected  to  thermal  as  well 
as  pressure  stresses. 

A brief  review  and  summary  of  the  principles  of  statistical  relation- 
ships as  applied  to  test  programs  is  presented  in  the  section  entitled 
“Pel iabi 1 ity,  ” and  is  intended  to  provide  guidelines  for  the  engineer. 
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Brief  collections  of  data  on  the  >>hysical  properties  of  the  metals 
most  frequently  used  to  construct  pressurized-gas  systems  are  contained 
in  the  section  entitled  “Materials**:  synopi.ic  data  on  the  compatibility 
of  these  materials  with  selected  gases  and  liquids  are  also  included. 

The  fundamental  aspects  of  diffusion  and  permeability  theory  are 
given  in  the  section  ent itled  “ Permeabi 1 i ty  Theory,**  together  with  data 
on  the  permeability  of  various  polymers  and  elastomers. 

The  section  on  “Rings  and  Seals**  includes  data  on  the  effect  of  the 
space  environment  on  materials  used  to  effect  tight  junctures  in 
pressurized-gas  systems. 

The  section  “Properties  of  Gases**  consists  of  an  extensive  tabular 
and  graphic  compilation  of  the  physical  and  thermodynamic  properties  of 
the  gases  or  liquids  which  may  be  used  in  pressurized-gas  systems.  The 
data  in  this  section  are  the  most  accurate  available  at  this  time  and 
may  be  used  freely  to  compute  or  estimate  pressurized-gas  performance. 

Sections  on  “Valves**  and  “Pressurization  Systems**  include  no  infor- 
mation; it  is  anticipated  that  material  selected  for  inclusion  in  these 
sections  will  be  made  available  in  the  future. 
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XII- 4 PERMEABILITY  OF  MATERIALS  TO  GASES 


Tables  XIl-4-1  and  XII-4-2  give  selected  permeabilities  of  various 
polymeric  materials  to  Hj . He.  Nj , 0.,  COj . HjO.  and  CjHg.  Values  for 
Hj  and  He  (plus  one  value  for  Nj ) and  typical  glasses  are  give,  in 
Table  XII-4-3.  It  will  be  recalled  from  Section  VIII  tliat  the  permea- 
bility of  glasses  drops  off  sharply  at  a molecular  diameter  of  the 
permeant  over  about  2.5  ^ and  that  it  is  also  decreased  as  the  content 
of  glass  formers,  SiOj.  BjOj . and  decreased.  In  Table  XIl-4-4, 

permeability  data  for  various  gases  through  metals  are  collected. 

4 * 

In  all  the  tables,  where  there  are  sufficient  data  to  allow  calcu- 
lation, the  permeability  is  given  in  parametric  form: 

logj^  P = A - B/T 

where  the  units  of  P are  in  cc  (STP)-mm/cm^ -sec-atm  in  the  case  of  polymers 
and  glasses  and  cc  (STPl-mm/cm^-sec- (atm)'^  in  the  case  of  metals,  B is 
in  “K  in  all  cases.  This  assumes  the  Arrhenius  type  exponential  law  is 
followed  in  temperature  and  that  the  permeation  rate  is  proportional  to 
the  pressure  difference  across  the  membrane  in  the  case  of  polymers  and 
glasses  and  to  the  difference  in  the  square  root  of  tlie  pressure  in  the 
case  of  metals.  Altliough  these  assumptions  are  often  safe,  tliere  are 
man*,  exceptions,  as  discussed  in  Section  Vlll.  For  convenience  in  quick 
comparisons  the  permeabi  1 1 iy  at  25'^C  (i'7°F),  Pj5t  is  also  given  in  the 
tables. 
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Table  XU -4- 1 

PERMEABILUY  of  polymeric  materials  to  Hj,  He,  Nj.  Oj  AND  CO, 
P &R  cc<  STPl -oim/cm*  ■ sec-ete,  B in 




B, 

He 

^9 

— 

CO, 

TRADE  NAME 
OB  CODE 

MATERtAL 

A 

B 

p,s  « lo' 

< 

B 

P,S  « l«' 

A 

e 

PjS  ‘ 

A 

B 

P„  1 10^ 

A 

B 

p,s  1 t«^ 

REF; 

Hubber 

0.663-1 

1503 

39 

0.146-1 

1420 

■23 

0,672-0 

2032 

6s6 

0, 903-1 

1442 

18 

0»S56-l 

1355 

102 

29 

Rubber  Hydrochloride 

Plioftio  140-N, 

0.206-3 

1223 

1.21 

0. 134-0 

2^77 

0.49 

Pliefilm  PM-I 

0.336-1 

2185 

0.11 

0. 7b7-2 

1836 

0.40 

0.160-1 

1379 

0.71 

31 

RolyUmtcdtene) 

0. 342-1 

1442 

32 

0.724-1 

1792 

4.9 

0.362-1 

1551 

14  5 

0.839-2 

1136 

105 

29 

Poly<but«dtene>* 

Hydropol 

0 241-0 

1836 

12.0 

0.695-1 

2447 

3.0 

0.2U-6 

2141 

e.t 

0.946-0 

1901 

36.8 

It 

hydrogenited 

Poly(dtoethy 1 butodtene) 

Methyl  rubber 

0.000-0 

1749 

13 

0.892-2 

1442 

It 

0,342*2 

2906 

0.36 

0.518*1 

2469 

1.6 

0.892-2 

1442 

11 

29 

Poly{ isobutv )ene) 

<'>p*panol  f*-200 

0.672-0 

207n 

4.9 

0.544-1 

1726 

5,6 

0, 740*1 

2797 

9,  22 

0,820-0 

2333 

0.90 

O.QQI-0 

220* 

3.8 

(butyl  rubber) 

Poly<bu^«diene> 

Acryloniiirtle) 

PerbuoYn  (German) 

0.996-1 

1770 

ll.S 

e.079-1 

1530 

8.7 

0.041*1 

2404 

0.89 

0. 398-0 

2054 

3.2 

0,462-0 

1814 

23 

2Q 

Perhunan  18 

o.&:(o-2 

1355 

19.2 

0 098-1 

i486 

12.9 

0.542-0 

2163 

1.92 

0. lOO-O 

1879 

6.2 

0.818-1 

1530 

48 

30 

Hycnr  OR  IS 

0.137-0 

1923 

5.4 

0.354-1 

5.2 

0.375*2 

3016 

0.18 

0.662*1 

2622 

0.73 

0.453*1 

2294 

5.7 

30 

Hycnr  OR  25 

0.967-i 

1792 

9.0 

0.302-1 

1 aB 

7.5 

0.684*1 

2688 

0.46 

0.949-0 

2294 

1.78 

0.750-0 

1967 

14.1 

30 

p6ly<but«dieoe*4tyrene> 

Puna  S,  CR-S 

0.491-1 

1484 

30.5 

0,114-0 

1442 

17.5 

0.079-0 

1901 

0.477-1 

1595 

13 

O.U'.-o 

1246 

94 

29 

P»ly<chloroprene) 

Neoprene  G 

0.951-1 

1770 

10.3 

3.4 

0.748-0 

2316 

0.732-0 

2163 

3.0 

o.sie-c 

1857 

19. S 

29 

Pelylvinyl  chlortde* 

Mipolam  MP 

0.176-0 

1945 

4.4 

0, 505-0 

25t.d 

0.70 

0.832-0 

2141 

4.0 

29 

me(hy  t«cry lot 

Poly^atky Ipoiyst  tfidel 

Yliiokot  R 

0.3t'9-0 

231b 

1.2 

0.255*2 

2950 

0.22 

0.839*1 

2513 

2.4 

29 

PoU<«&tertmide- 

Valcaprene  A 

0.280-0 

1967 

4.8 

0.519*1 

2666 

0.055*1 

2382 

l.iS 

0.042*1 

2054 

14.1 

30 

dtisocyenoce) 

Polyethylene 

0E2400 

0.220-0 

1921 

5.96 

0.662-! 

1814 

3.75 

0,524*1 

2579 

0.822-0 

2229 

2.20 

0.801-0 

2032 

9.6 

8,16 

Heosity  0,9Hi 

Alathon  14 

(density  0.9b4> 

Grex 

-- 

-- 

0.U4-2 

1551 

0.87 

0.004-1 

2076 

0.651-2 

1836 

0.31 

0.718-3 

1573 

0,28 

ifj 

Polv< ethv lene  elycot 

Mylar  A 

0.678-4 

1201 

0.445 

0.390-4 

1198 

0.74 

0.995-5 

1639 

0 0031 

0 960-5 

1398 

0.019 

0.509-4 

1356 

0.90 

8,31 

tercf.hth«l«te> 

Polystyrene 

Dow  0t<41 

0.077-5 

72 

68.5 

0.713-7 

-18 

5.92 

0,235-6 

-10 

18.5 

0.178-5 

219 

277 

7 

Polyvinvl  chloride 

Gcon  101 

0.818-6 

418 

2.6 

0.611-7 

217 

0 T*>2 

7 

* .-tV;  flip 

0.549-5 

216 

66.7 

0.896-6 

-332 

1025 

7 

Poly^ioy t (chloride 
Acetate  5^1 

Bnlel.te  VB1930 

0.133-5 

478 

3.4 

0,472-5 

799 

0.49 

7 

* .’S'-  [OP 

0.074-1 

1621 

4,3 

0.942-2 

1570 

4.8 

0.023*2 

2820 

0.  37 

0.933-0 

1.4 

0. 150-0 

1931 

4.1 

7 

PolyvinvUdene  chloride 

Saran  SIT 

0.050 

O.OU 

0,960+1 

3671 

0.00044 

0,922+1 

3474 

0.0018 

0.399-0 

2683 

0.024 

26.31 

Po 1 > < c apro 1 act  am ) 

Nylon  6 

0.386-1 

2U7 

0.0064 

0.995-2 

2273 

0.023 

0.085-1 

2120 

0.092 

31 

Pc4v*  t et  rafluoroethy  lene) 

Teflon 

18 

530 

2.4 

7.6 

5 

Polv(€hlorotci f looro* 

Trithency  Kel-F 

0.008-2 

1535 

0.74 

0.608-0 

3060 

0.0025 

0.890-1 

2514 

0.028 

0,940-4 

ISO 

0.11 

19.31 

ethy leoe) 

p last  i*:  tied 

0, 160-0 

2018 

2.4 

O.OlS-l 

1485 

10,7 

0 971*1 

3021 

0,054 

0, 390-0 

2SS3 

O.Sl 

0.017*1 

234f) 

1.4 

19.31 

Fthyl  cellulose 

Ethocel  olO 

0.877-4 

751 

22.7 

0.787-4 

OOG. 

6 

0,022-3 

824 

18.1 

0.524-5 

105 

..2 

7,31 

Cenotr-t.e  acetate 

Ctlaoese  P-*)12 

0. 220-0 

1149 

6.7 

0 995-4 

1420 

0.17 

0.580-4 

0.62 

0.075-1 

ISSb 

T.O 

8.31 

♦ pl^st  t<  t ted> 

Cellulose  acetate-butyrate 

(vodapak  H 

0.231-3 

893 

16 

0.533-3 

1038 

10.9 

0,7b5-2 

1710 

1 1 

0.041-2 

2.8 

0 484-3 

24 

8 

Polvpropv  lone  td  =0.9071 

0 111*2 

2906 

• 0.23 

0 449*1 

12 

0. 386-0 

1«84 

5,2 

18 

Cel  lull •-•se  nttrate 



1*  o, 

0.,3.3 

• 

H 

1,  5 

1 

14 
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Table  XiI-4-2 


PERMEABILITY  OF  POLYMERIC  MATERIALS  TO  PfOPANE  AND  TO  WATER 
P ia  cc  (STT) -01111/0(1)^- sec-atm,  B ia  °K 


MATERIAL 

TRADE  NAME 
OR  CODE 

H,0 

PROPANE 

REF. 

A 

B 

P25  * 

A 

e 

KBDD9 

Natural  Rubber 

2o00 

0.141-1 

1202 

128 

13,16 

Rubber  Hydrochloride 

Pliofi  Im  NO 

0.0707-0 

1726 

19 

17 

Poly(butadieae),  hydrogeaaied 

Hydropol 

0.241+2 

2273 

41 

16 

Po!y(isobuty lene) 

Butyl  rubber 

0.951-0 

2338 

1.3 

4 

Poly (chloroprene) 

Neoprene  CN 

5.5 

28 

Poly (alky Ipolysul fide) 

Tuokol  3000  ST 

l.l 

28 

Polyethy lene(density  0.922) 

0.869-0 

1748 

68.4 

17 

(density  0.914) 

Alathon  14 

0.O62-1 

2447 

7.2 

16 

(density  0.960) 

9.1 

17 

(density  0.964) 

Grex 

0.459-0 

2338 

0.41 

16 

Polypropylene  (d  = 0.907) 

0.960+1 

2207 

35.7 

18 

Polylethj  lene  glycol  terephtlialate) 

Mylar  A 

0.508-5 

153 

96.8 

17 

Polystyrene 

:,80-5 

0 

630 

4 

Poly(vinyl  chloride) 

Geoa  101 

0.78-4 

514 

no 

4 

Poly (vinyl  chloride-acetate) 

Vinylite  VYNWO 

0.37-2 

874 

275 

4 

Poly (vinyl idene  chloride) 

Saran  S17 

0.941-7 

2404 

7.5 

0.00027 

17,26 

Polyamide 

Nylon  6-6 

53-516* 

17 

Poly (ch lorot ri fluoroethy lene) 

Kel  F 300 

0.222-1 

2050 

0.22 

19,31 

Ethyl  cellulose  (plasticized) 

Etbocell  610 

0.99S-4 

0 

9880 

17 

Cellulose  acetate 

0.621-4 

0 

4180 

17 

(f-fus  15'’;  riRp) 

0 750-4 

0 

5620 

2.8 

14,  17 

Cellulose  nitrate 

4800 

0. 0058 

13,17 

Poly  (me thy  Iraethacry  late) 

Lucite 

2200 

13 

Huaidity  depeaduot. 


tl 


SK:.Kati 
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Table  XII-4-3 

PEBMEABILITY  OF  GLASSES 
P in  cc  (STP' -mm/cn)‘'-sec-atm,  B in  °K 


SYSTEM 

A 

B 

**25 

hBFEBENCE 

Hj-Fused  silica 

0.398-5 

187.? 

1.12  X 10“*" 

1 

-Vycor  (03rning  79‘JO) 

rt. 520-5 

1826 

3.9  X 10“*^ 

1 

He-Fused  silica  (GE) 

0.401-4 

1049 

0.76  X 10“^ 

1 

-Vycor  (Corning  7900) 

0.579-4 

1049 

1.14  X 10“^ 

1 

•Pyrex  (Corning  7740) 

0.654-4 

1398  - 

‘0.91  X 10“* 

20 

-Soda  lime  (Corning  0080) 

0.822-4 

2403 

5.7  X 10"*^ 

20 

-X-ray  shield  (Pitt:*  -rgii 
Plate  Glass) 

0.662-5 

2731 

3.1  X 10“*** 

20 

Nj-Fused  silica 

0.967-4 

4820 

6.2  X 10“^® 

2 

I 
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Table  XI I -4- 4 

PEFftfEABlLITY  OF  METALS 
P in  cc  (STP)-mm/cffl^-sec  (atm)  B in 


SYSTEM 


H,-Aluintnum 
Copper 
Hastalloy  B 
Inconel 
Iron 
Kovar 
Monel 
Nickel 
Niobium 
Palladium 
Platinum 
Steel 

(jold  drawn 
low  carbon 
Stainless  3o3 
304 


316.321 

347 

410 


0.589-1 
0.621-1 
0.701-1 
0.847-1 
0.SS4-2 
0. 352- 1 
0.161-1 
0.520-1 
0.749-1 
0.929-1 
0.512-1 

0.554-2 
0.312-2 
0.435-1 
0. 586- 1 
0.273-1 
0.634-2 
0.188-1 

0.093-1 

0.359-0 

0.554-2 

0.754-1 


7.5  X 

10 

2.6  X 

10' 

2.7  X 

lo' 

4.0  X 

10‘ 

2.6  X 

10‘ 

4.1  X 

IQ- 

5.9  X 

10‘ 

6.9  X 

10" 

8.7  X 10 

1.7  X 10 
2.1  X 10 

1.8 

t 

10 

4.2 

X 

10' 

4.6 

X 

10' 

1.3 

X 

10' 

2.3 

X 

lo" 

9.2 

X 

lO" 

5.7 

X 

10* 

4.3 

X 

lo" 

4.4 

X 

10* 

8.1 

X 

10" 

1.5 

X 

10* 

8EFEBENCE 


27 

6 

23 
6 
6 
6 
6 
6 

24 
3 

12 
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THIS  MATERIAL  HAS  BEEN  APPROVED  FOR  PUBLICATION  PER 
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HARVIE  L.  QLENN/QARY  O’NEAL 
Engine  IM  Division 
OCAMA,  Tinker  APB,  Okie. 


Investigation  of  a J57  high  pres- 
sure fuel  tube  removed  from  ser- 
vice because  of  fuel  leakage  from 
a small  pin  hole  revealed  that  the 
hole  was  caused  by  cavitation  ero- 
sion. In  this  case  the  erosion  was 
attributed  to  a dent  in  the  tube  up- 
stream from  the  hole. 

Cavitation  erosion  is  caused  by 
relative  motion  between  a met.al  sur- 
face and  a liquid — in  this  case  the 
inside  wall  of  the  tube  and  JP4.  The 
cavitation  is  the  result  of  voids  (cav- 
ities) forming  in  the  liquid  then 
collapsing  against  the  metal  surface, 
fn  this  failure  the  dent  caused  voids 
to  form  in  the  JP4  and  then  col- 
lapse downstream  against  the  inner 
wall  of  the  tube.  Collapse  of  cavita- 


tion voids  can  produce  impact  pres- 
sures by  implosion  exceeding  the 
yield  strength  of  most  metals. 

When  the  voids  collapse,  the  sur- 
face of  the  metal  is  subjected  to  re- 
peated local  plastic  deformations 
that  result  in  ultimate  fracture  and 
disintegration. 

Maintenance  activities  should 
keep  a sharp  lookout  for  dents  in 
high  pressure  fuel  tubes  exceeding 
TO  limits.  OCAMA  (MMTTJB)  is 
presently  working  to  develop  better 
methods  (NDI)  for  inspecting  fuel 
tubes  and  expects  to  have  a pro- 
cedure available  by  the  end  of 
1971.  ★ 


Top  to  bottom — High  pressure  fuel  tube,  dent  in 
tube,  cuteway  showing  hole  and  interior  erosion  of 
tube,  exterior  view  of  the  hole. 
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ABSTRACT 


A research  program  was  conducted  to  investigate  the  relative  safety  of  7500-psi 
gaseous  oxygen  systems  v-hen  used  as  a source  of  breathing  oxygen  in  aerospace  vehi- 
cles. Experiments  were  performed  to  investigate  the  effects  on  the  system  of  temper- 
ature, vibration,  shock,  extended  storage,  and  contamination.  Also  studied  were  the 
effects  of  high  pressure,  liigh-velocity  flow,  and  heating  due  to  rapid  compression. 
Evaluation  of  the  results  of  this  program  indicates  that  7500-psi  gaseous  oxygen  sys- 
tems can  be  comparatively  safe  if  proper  safety  precautions  are  taken.  Under  con- 
trolled operations,  th  e hazard  of  explosion  because  of  contamination  can  be  overcome. 
Stainless  steel  and  Monel  alloys  were  found  to  be  acceptable  materials  of  construction. 
Teflon  and  Kel-F  compounds  appear  to  be  suitable  for  seals.  Hydrocarbons  in  minute 
concentrations  were  found  not  to  be  dangerously  reactive.  Electrostatic  charges  due  to 
high-velocity  flow  were  small,  but  there  was  evidence  that  erosion  could  be  a serious 
problem.  Although  no  appreciable  chemical  reactions  occurred  during  the  normal  ex- 
perimental program,  it  must  be  realized  that  controlled  laboratory  procedures  are  not 
widely  prevalent.  High-pressure  oxygen  systems  must  be  treated  as  ’’new'*  and  repre- 
senting dangerous,  explosive  possibilities,  lit  is  recommended  that  further  detailed 
studies  of  the  combustion  process  be  performed.  Spontaneous  ignition  temperatures 
for  the  materials  and  contaminants  considered  in  this  research  should  be  investigated 
under  both  static  and  dynamic  conditions.  It  is  recommended  that,  before  high-pressure 
gaseous  oxygen  systems  be  used  extensively  as  are  systems  at  lower  pressures,  re- 
liability of  the  system  and  equipment  used  for  handling  the  gas  be  increased  through 
improved  equipment  design. 


PUBLICATION  REVIEW 
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was  evacuated  by  vacuum  pump  (G)  and  the  gas  from  (D)  was  allowed  to  expand  into  the 
evacuated  system.  Valve  (C)  was  then  closed  and  the  system  evacuated  again.  The  gas 
remaining  in  (D)  was  allowed  to  expand  again.  This  process  was  repeated  until  vacuum 
gage  (E)  indicated  an  absolute  pressure  reading  in  reactor  (J)  of  from  1/2  to  3 inches  of 
mercury,  dependLig  on  the  concentration  required.  Valve  (H)  was  then  closed  and  the 
test  reactor  (J)  removed.  Reactor  (J)  was  then  connected  to  the  apparatus  being  used 
for  the  actual  experiment  and  charged  with  7500-psi  oxygen.  This  technique  was  used 
fox  all  experiments  in  which  hydrocarbon  gases  were  evaluated. 

In  the  second  storage  experiment,  five  reactors  of  stainless  steel  were  charged 
v/ith  ?!j00-psi  oxygen  at  260  F.  This  experiment  lasted  for  500  hours.  The  260  F tem- 
perature was  maintained  throughout  the  experiment.  The  specimens  tested  in  tins  sec- 
ond storage  experiment  were  different  from  those  used  in  the  first  experiment.  Included 
in  the  second  series  of  reactors  were  tensile  specimens  of  Kel-F  and  Teflon,  deposits 
of  carbon  dust,  and  strands  of  steel  wool.  Another  condition  of  this  experiment  was  the 
use  of  welded  and  brazed  tubing  connections. 

Initially  all  of  the  reactors  were  constantly  vibrated  at  35,800  cycles  per  minute 
to  simulate  dynamic  conditions.  However,  after  only  94  hours,  two  valve  connections 
began  to  loosen  and  the  pressure  in  the  respective  reactors  dropped  below  2500  psi. 

For  the  remainder  of  the  experiment,  the  reactors  were  not  vibrated  and  only  three  of 
the  original  five  reactors  retained  the  7500-psi  pressure.  Figure  12  shows  the  arrange- 
ment of  the  reactors  and  the  special  steel  box  constructed  to  house  them. 


Flow 


One  objective  of  the  flow  experiments  was  to  deteimiine  erosion  effects  for  differ- 
ent materials.  A second  objective  was  to  measure  the  amoiont  of  electrostatic  charge 
generated  by  the  high-pressure  high-velocity  gas  as  it  expanded  through  an  orifice.  The 
major  difficulty  encountered  in  these  experiments  was  the  shortness  of  the  flow  duration 
with  each  charge  of  high-pressure  oxygen.  Only  a maximum  of  44  milliliters  of  gas 
could  be  generated  at  one  time  and  only  15  to  30  milliliters  could  be  stored. 

The  arrangement  used  for  the  flow  esqjeriments  is  shown  in  Figure  13.  Figure  14 
includes  details  of  the  retainer  assembly  and  the  orifice. 

The  high-pressure  gas  was  first  generated  in  cylinder  (A)  where  pressures  as  high 
as  12,000  psi  were  generated  to  permit  longer  blowdown  periods.  Valve  (C)  was  then 
opened  and  high-pressure  high-velocity  gas  flowed  through  the  retainer-orifice  assembly 
(E)  and  expanded  to  atmospheric  pressure. 

The  blowdown  period  was  measured  from  the  time  valve  (C)  was  opened  vmtil  pres- 
sure gage  (B)  indicated  1000  psi.  Diameters  of  the  orifices  ranged  from  0.005  to  0.013 
inches.  A 0.005-inch-diameter  orifice  allowed  a total  blowdown  period  of  I minute  for 
each  charge.  The  blowdown  period  with  the  0.013-inch-diameter  orifice  was  only  20 
“^(econds  per  cnarge.  Daring  a normal  8-hour  day,  a maximum  of  eight  or  nine  charges 
were  generated. 

Electrostatic  charges  were  measured  as  shovm  in  Figure  13.  Probes  of  different 
materials  and  geometries  were  inserted  into  the  retainer  assembly  and  placed  about 
1/8  inch  behind  the  orifice  exit.  The  static  charge  was  picked  up  by  the  probe,  meas- 
ured by  the  Sweeney  gage,  and  transcribed  into  a visual  plot  by  the  oscillograph  recorder. 
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FIGURE  12.  REACTORS  ASSEMBLED  FOR  500 -HOUR  DYNAMIC  STORAGE 
experiments  ’26  THROUGH  130 


FIGURE  13.  SCHEMATIC  OF  FLOW  EXPERIMENT 
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FIGURE  14.  DETAILS  OF  ORIFICE  Al'lD  RETAiNER 


Figure  15  shows  the  actual  cur»  e plotted  during  Experiment  9?  when  the  static  voltage 
was  recorded  as  +0.20  volt,  ll^  Appendix  IV,  Table  16,  specific  details  of  experimental 
conditions,  probes  used,  and  voltages  recorded  are  tabtilated  for  all  the  flow  experiments. 


Surge 


The  primary  aim  in  performing  the  surge  experiments  was  to  determine  the  tem- 
perature rise  caused  by  rapid  compression.  A stainless  steel  receiver  of  3.  5-milliliter 
volume  was  used  for  these  experiments.  As  shown  in  Figure  16,  the  receiver  was  im- 
mersed in  an  ice  bath  (E)  to  assure,  a constant  reference  temperature  and  to  permit 
better  measurement  of  the  resulting  rise  in  temperature. 

The  receiver  (D)  was  charged  to  high  pressure  levels  in  one  rapid  charging  cycle. 
Pressures  ranging  from  10,000  to  16,000  psi  were  generated  in  cylinder  (A).  Hand 
valve  (C)  was  then  opened  rapidly  and  the  gas  was  allowed  to  expand  into  the  receiver. 
Depending  upon  the  initial  upstream  pressure,  the  instantaneous  pressures  recorded  in 
the  receiver  ranged  from  5000  to  8300  psi.  Simultaneously,  the  rise  in  temperature 
was  measu’-ed  by  thermocouple  (F)  and  was  recorded  on  cscillijgraph  (G). 

An  iron -Constantin  pencil  thermocouple  with  a ?/8-incii  staiuless  steel  tubular 
sheath  was  used.  The  thermocouple  wli  ss  were  brought  thr  iugh  the  tube  and  welded  at 
the  tip,  permitting  direct  measurement  of  the  temperature  fluctuation  inside  the  re- 
ceiver. The  temperature  rise  measured  was  that  of  ne  gaseous  contents  of  the  receiver. 


EVALUATION  OF  EXPERIMENTAL  RESULTS 


The  discussion  of  experimental  results  is  divided  into  seven  sections.  Presented 
ir  each  section  is  a discussion  of  the  materials  investigated,  the  experir  cnts  • “^ormed, 
the  results  obtal  ad,  and  the  conclusions  derived.  The  seven  sections  ar^. 

O Materials  Compatibility 

• Hydrocarbon  Contaminants 
0 Solid-Particle  Contaminants 

• Materials  of  Construction 

• Electrostatic  Charges 
0 Adiabatic  Heating 

© Experimental  Equipment  Evaluation. 


Materials  Compatibility 


Materials  Investigated 

Investigations  of  nnaterials  compatibility  were  conducted  for  live  polymers: 
Teflon,  Kel-F,  Viton,  neoprene,  and  nylon.  These  were  chosen  because  of  their  poss. 
ble  application  as  static  or  dynamic  seals  or  bearings.  The  following  experiments  wer ; 
performed; 

(1)  Thermal  and  vibration  tests  were  performed  with  Teflon,  Kel-F,  Viton, 
and  neoprene  O-iings  when  compressed  as  static  seals  and  also  when 
unconfined. 

(2)  Thermal  and  storage  tests  were  performed  with  Teflon,  Kel-F , and 
nylon  dumbbells  to  determine  what  changes  in  elastic  properties  result 
from  different  conditions  and  periods  of  exposure. 

(3)  Flow  experiments  were  performed  with  Teflon  and  Kel-F  orifices  to 
determine  erosion  resistance  of  these  materials.  The  cr’fices  were 
made  from  disks  3/l6-inch  thick  and  3/4-inch  diameter,  with  a 
O.OOb-inch-diameter  hole  through  the  center. 

(4)  Storage  experiments  were  performed  with  shredded  pieces  of  Kel-F, 

Teflon,  and  neoprene  to  determine  whether  frayed  and  ragged  edges 
are  more  susceptible  to  chemical  reaction  than  the  smooth  surface 
normally  provided  with  gaskets  and  O-rings. 


Evaluation  of  Results 


During  the  experiments  no  spontaneous  changes  in  pressure  or  temperature  were 
recorded.  TMs  indicated  that  no  gross  chemical  reaction  such  as  combustion  or  detona- 
tion occurred.  Mass  spectroscopic  analysis  of  the  residual  gases  also  indicated  no 
combustion.  Kowevex*,  tensile-test  analysis  and  visual  inspection  of  the  specimens  in- 
dicated that  nylon,  Viton,  and  neoprene  sxiffered  appreciable  chemical  change  an>-  de- 
terioration of  physical  properties.  Nylon  especially  deteriorated  so  badly  that  tensile 
tests  were  not  possible. 

The  extent  of  the  oxidation  effect  is  shown  in  Table  1 by  the  changes  in  tensile 
strength  and  ductility  as  indicated  by  per  cent  elongation  of  stanuard  O-rings.  Teflon 
seems  to  be  an  exception  in  that  both  the  strength  and  ductility  of  the  O-rings  increased 
slightly.  Teflon  O-rings  increased  1. 3 per  cent  in  strength  and  8 per  cent  in  ductility. 
Kel-F  decreased  5.  5 per  cent  in  strength,  but  ductilityf  remained  the  same.  Viton  and 
neoprene  showed  decreases  of  23.  5 and  58  per  cent  in  strength  and  decreases  of  8.  5 and 
28.5  per  cent  in  ductility.  These  results,  of  course,  reflect  only  a small  sampling  and 
a more  accurate  and  reliable  comparison  would  be  dependent  upon  a broader  analysis 

In  addition  to  loss  of  strength,  neoprene  and  Viton  O-rings  exliibited  a high  degree 
of  oxygen  absorption.  O-rings  of  both  polymers  when  removed  from  the  test  reactor  had 
swelled  to  almost  twice  their  original  size  and  surface  blisters  were  observed.  This 
effect  was  apparently  caused  by  the  absorption  of  high-pressure  oxygen  gas.  After 
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remaining  at  ambient  pressure  for  a short  period,  the  O-rings  returned  to  their  original 
size.  In  some  cases  the  blisters  popped  like  over-inflated  balloons.  In  all  likelihood, 
seals  made  of  these  polymers  would  be  inadequate  for  extended  use  because  of  oxygen 
embrittlement  and  high  porosity  of  the  polymer. 

Teflon  dumbbells  exposed  to  high-pressure  oxygen  lor  48  hours  at  260  F showed 
an  average  change  in  tensile  strength  of  -2  per  cent  and  an  average  change  in  elongation 
of  +10.7  per  cent  (Table  2).  Kel-F  dumbbells  exposed  for  an  equal  period  under  identi- 
cal conditions  showed  average  changes  of  -10.  2 per  cent  in  strength  and  -30.0  per  cent 
in  elongation.  The  Teflon  dumbbell  exposed  for  94  hours  in  Experiment  126  failed  at 
a machining  flaw  when  subjected  to  a tensile  test.  Therefore,  the  maximum  elongation 
of  1.  16  inches  is  not  a true  value. 

The  Teflon  specimen  exposed  for  500  hours  in  Experiment  127  had  exactly  the 
same  strength  and  ductility  as  the  standard  specimen.  In  the  light  of  the  demonstrated 
tendency  of  Teflon  to  increase  in  strength  and  ductility  when  exposed  for  short  periods, 
the  results  of  Experiment  127,  if  typical,  can  be  interpreted  to  mean  that  the  crossover 
point  had  been  surpassed  between  48  and  500  hours  of  exposure  and  further  exposure 
may  result  in  decreased  strength  and  ductility. 


The  Kel-F  specimen  exposed  in  Experiment  128  demonstrated  significant  reduc- 
tion of  ductility  (81. 5 per  cent).  Corresponding  loss  in  strength  was  14.  5 per  cent. 
Furthermore,  meiny  compression  shear  failure  cracks  were  visible  below  the  surface  oi 
the  Kel-F  bar  after  exposure  and  probably  one  of  these  cracks  caused  the  bar  to  fail 
prematurely. 

Samples  of  these  same  materials  were  also  exposed  to  260  F for  48  hours  in  air  at 
normal  atmospheric  pressure.  The  Teflon  specimen  exposed  to  air  at  atmospheric 
pt  essure  increased  in  ductility  appreciably  more  than  the  specimens  that  had  been  ex- 
posed to  high-pressure  oxygen.  Even  the  strength  of  the  Teflon  bar  increased  by  6 per 
cent.  Kel-F  showed  decreases  of  only  2.7  per  cent  in  strength  and  44.4  per  cent  in 
ductility.  The  appearance  of  the  Kel-F  specimen  indicates  that  failure  occurred  pre- 
maturely because  of  a machining  flaw.  The  sizable  loss  in  ductility  is  attributed  to  tins  . 

Flow  experiments  were  performed  to  determine  erosion  resistance  of  Teflon  and 
Kel-F.  The  area  in  the  center  of  the  Teflon  orifice  plate  collapsed  as  shown  ii.  Fig- 
ure 17  when  first  exposed  to  10,000-psi  oxygen.  This  plate  was  a 3/I6-inch-thick  disk 
with  a I /2-inch-diameter  unsupported  area  in  the  center.  It  had  a 0.  006 -inch-diameter 
hole.  A second  orifice  with  an  unsupported  area  of  l/l6-inch  diameter  and  a 0.006-inch- 
diameter  hole  was  then  exposed  to  10,000-psi  oxygen.  After  only  2-1/2  minutes  of  oxy- 
gen flow,  the  hole  was  plugged.  The  oxygen  gas,  still  under  high  pressure,  was  forced 
to  escape  around  the  periphery  of  the  disk  causing  the  Teflon  to  cold  flow  and  to  be  ex- 
truded into  the  clearance  space  around  the  peripheral  edge  of  the  steel  back-up  disk. 

The  Kel-F  disk,  also  with  an  imsupported  area  of  1/2-inch  diameter,  had  suffi- 
cient strength  to  prevent  the  collapse  encountered  with  Teflon.  The  Kel-F  did  not  tend 
to  cc+d  flow;  however,  after  15  minutes  of  flow,  the  Kel-F  disk  showed  appreciable  con- 
caving. Although  the  disk  did  not  collapse,  it  appeared  that  collapse  could  have  occurred 
mometttarily . 
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TABLE  1.  TENSILE-TEST  RESULTS  FOR  TEFLON,  KEL-F, 
VITON,  .\ND  NEOPRENE  O-RINGS 


Expe  riment 

Maximum  Pull,  pounds 

Maximvun  Elongation, 

inches 

Teflon 

Kel-F 

Viton 

Neoprene 

Teflon 

Kel-F 

Viton 

Neoprene 

Standard 

19.5 

65.7 

15 

17.5 

1. 12 

0.  147 

1.29 

1.39 

11 

18.5 

— 

6. 5 

1.  12 

— 

0.92 

-- 

13 

20.0 

— 

12 

1.26 

-- 

1.28 

— 

14 

-- 

58 

— 

8 

-- 

0. 13 

— 

1.24 

15 

— 

53 

— 

^ 5 

— 

0.  18 

— 

1.18 

18 

19.5 

59 

13.5 

JlO.  0 
\ll.5 

1. 16 

0.  16 

1.30 

Jl.  14 
11.20 

19 

21.0 

— 

14 

— 

1.30 

— 

1.22 

— 

20 

— 

78 

— 

1.5 

— 

0. 13 

— 

0.40 

21 

-- 

62 

-- 

8.5 

-- 

0. 14 

— 

0.80 

TABLE  2.  TEST  CONDITIONS  AND  TENSILE-TEST  RESULTS  FOR 
TEFLON,  KEL-F,  AND  NYLON  DUMBBELLS 

Experiment  Material 

Pressure, 

_ psi 

Temperature , 
F 

Elapsed 

Time, 

hours 

Max 

Pull, 

pounds 

Results 

Max 

Elongation, 

inches 

Teflon  (standard) 

«•  «• 

50 

2.05 

103 

Teflon 

15(a) 

260 

48 

53 

2.67 

iOO 

Teflon 

7800/8000 

260 

48 

50 

2.34 

100 

Teflon 

7800/8000 

260 

48 

48 

2.20 

126 

Teflon 

7500 

260 

94 

53 

1. 16(b) 

127 

Teflon 

7500 

260 

500 

50 

2.00 

Kel-F  (standard) 

«• 

••■m 

187 

0.54 

102 

Kel-F 

15(a) 

260 

48 

182 

0.  30(b) 

101 

Kel-F 

7800 

260 

48 

166 

0 42 

101 

Kel-F 

7800 

260 

48 

no 

0.34 

128 

Kel-F 

7500 

260 

500 

160 

0.  10 

109 

Nylon 

5500/8500 

260 

47 

Tensile  test  not 

110 

Nylon 

5500i8500 

70 

46 

possible  because 

of  embrittlement 

and  5 

pecimen 

deterioration 

III  ait. 

y ; 1!  , fii  'iute  causcJ  by  ntadiining  3aw  in  sample. 
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b.  Back  View 


a.  Front  View 

FIGURE  17.  TEFLON  ORIFICE  DISK  AFTER  EXPOSURE 
TO  10,000-PSI  OXYGEN 


Photomicrographs  of  the  Kel-F  disk  (Figure  18)  indicate  that  peripheral  edge 
deterioration  is  appreciable.  Deep  gouges  and  scratches  appear  along  the  entire  edge. 
The  cross-sectional  view  shows  how  badly  the  leading  edge  has  been  rounded  off.  Also, 
it  appears  that  the  force  exerted  on  the  diametral  surface  has  caused  the  Kel-F  material 
to  "melt"  and  flow  in  the  same  direction  of  the  gas  stream.  This  appears  to  be  similar 
to  the  cold  flow  of  the  Teflon  disk. 

In  the  static  6l6-hour  storage  experiment,  shredded  specimens  of  Viton,  Kel-F, 
and  Teflon  were  subjected  to  continuous  exposure  to  oxygen  at  7500  psi.  The  mass 
spectroscopic  analyses  made  of  the  residual  gases  showed  no  evidence  of  chemical  re- 
action and  there  appeared  to  be  no  visual  evidence  of  physical  deterioration.  Emission 
spectrographic  analysis  indicated  no  change  in  the  Teflon. 

Conclusions 

Teflon  and  Kel-F  are  both  compatible  with  high-pressure  oxygen  systems  with  re- 
gard to  chemical  reactivity,  and  they  manifest  a high  degree  of  stability.  Viton,  how- 
ever, shows  questionable  compatibility  although  an  insufficient  number  of  samples  were 
tested  in  this  program  to  draw  firm  conclusions.  AiResearch  also  reports  some  fail- 
ures with  Viton  O-rings  but  nevertheless  they  are  using  them  as  seals  in  the  Mercury 
control  equipment.  In  any  case,  neoprene  seals  were  found  to  be  incompatible  with 
high-pressure  oxygen. 

Pure  Teflon  suffers  from  certain  physical  weaknesses.  It  tends  to  cold  flow  very 
easily,  and  because  of  its  high  ductility  and  lubricity,  it  is  easily  extruded  out  of  shape 
when  unconfined.  Neither  does  a thin,  unsupported  Teflon  disk  have  sufficient  strength 
to  prevent  collapse  when  high-pressure  forces  are  applied. 

Kel-F  has  sufficient  strength  and  rigidity  to  partially  overcome  the  cold-flow  prob- 
lem for  short  periods  and  it  can  withstand  instantaneous  impacts  from  flow  that  would 
cause  Teflon  to  collapse  or  extrude.  However,  Kel-F  does  not  appear  to  be  sufficiently 
ductile  for  seal  use,  nor  does  it  provide  the  lubricity  of  Teflon.  A possible  solution, 
aside  from  the  conventional  compounding  of  Teflon  with  ceramic,  glass  fiber,  and 
asbestos  cloth,  is  use  of  a new  compound  of  Teflon  and  Kel-F.  This  compound  consists 
of  80  parts  Kel-F  and  20  parts  Teflon.  According  to  the  developer,  Minnesota  Mining 
and  Manufacturing  Corporation,  it  is  sufficiently  strong  to  resist  cold  flow,  is  more 
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c.  Cross-Sectional  View  After  15  Min  of  Flow 

FIGURE  18.  FACE  AND  CROSS-SECTIONAL  VIEWS  OF  0.006-INCH  DIAMETER 
KEL-F  ORIFICE 
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ductile  than  pure  Kel-F,  and  retains  the  lubricxvj  Teflon.  However,  both  Kel-F  and 
Teflon  should  be  employed  as  seals  only  when  closely  confined  (like  O-rings)  to  prevent 
possible  collapse  or  cold  flow. 


Hydrocarbon  Contaminants 


Determination  of  the  effects  of  various  hydrocarbon  contaminants  was  based  on  the 
acceptable  limits  imposed  by  Aeronautical  Systems  Division  on  aviators'  breathing  oxy- 
gen. These  limits  are  given  in  Table  3. 

TABLE  3.  ACCEPTABLE  LIMITS  OF  HYDROCARBON  CONTAMINANTS 


Contaminant 

Symbol 

PPM,  vol 

Methane 

CH4 

15.00 

Acetylene 

C2H2 

0.05 

Ethylene 

C2H4 

l.OO 

Propane 

CjHg 

l.OO 

Butane 

C4HJ0 

1.00 

Pentane 

^5*^12 

0.  20 

Hexane 

0.02 

Decane 

''^10^22 

10.05 

Experiments  Performed 


Four  types  of  experiments  were  performed:  (1^  vibration,  (2)  shock,  (3)  storage 
for  616  hours  at  static  conditions,  and  (4)  exposure  for  short  periods  at  temperatures  as 
high  as  400  F. 

All  of  the  hydrocarbons  listed  in  Table  3 were  investigated.  Because  of  the  rather 
minute  concentrations  required  and  the  small  volumes  of  gases  involved,  it  was  neces- 
sary to  estimate  the  mixtures  in  each  charge.  * The  method  by  which  the  reactors  were 
charged  with  the  gaseous  hydrocarbon  is  described  on  page  17.  Liquid  hydrocatbon  con- 
centrations were  determined  by  the  amourt  of  liquid  released  from  a medicine  dropper. 
After  each  experiment,  a sample  of  the  residual  gas  was  analyzed  by  mass  spectroscopy, 
and  by  this  means  the  actual  concentrations  of  various  gases  were  determined.  It  also 
served  to  show  by  CO^  and  CO  concentrations  whether  a chemical  reaction  had  occurred. 
Table  4 lists  the  hydrocarbons  investigated,  the  maximtim  temperature  imposed,  the 
original  hydrocarbon  charge  used,  and  the  amount  of  hydrocarbon  found  in  the  r esidual 
gas  of  each  experiment. 

"Sre  AppeiiJix  V. 
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INTRODUCTION 

The  phenomeiton  ti^rmed  geysering  can  be  described  as  the  rapid  expulsion  of  a 
boiling  liquid  and  its  vapor  I'roin  a vertical  tube.  The  primary  engineering  interest  in  geysers 
is  in  the  missile  industry  since  many  rocle^t  vehicles  use  cryogenic  fluids  as  the  vehicle 
propellants.  The  geyser  problem  arises  in  the 'design  of  propellant  feed  systems,  which 
typically  use  long  lines  to  connect  the  propellant  tank  to  the  engine.  Because  the  propellants 
are  cryogenic,  the  atmosphere  heats  the  propellant  in  the  feed  line  during  the  time  period 
following  missile  fueling  and  prior  to  launch.  If  a geyser  occurs  during  this  period  and  the 
line  is  emptied  of  liquid,  the  liquid,  m refilling,  can  cause  impact  loads  at  the  bottom  of  the 
line  high  enough  to  seriously  damage  the  vehicle.  In  addition,  if  the  feed  line  is  damaged,  the 
propellant  in  the  missile  *tnk  may  drain  out,  creating  a safety  hazard  throughout  the 
launch  area.  If  sufficient  information  concerning  the  factors  which  produce  geysering  were 
available  during  the  initial  design  of  the  propellant  feed  system,  the  geyser  problenr  might 
possibly  he  eliminated  by  appropriate  design. 

This  study  was  initiated  to  develop  a method  fur  the  prediction  of  geysering  and  non- 
geyser combinations  of  system  geometry,  fluid  properties,  and  heating  rate.  .An  experimental 
program,  based  upon  work  done  by  others  I'  -)  in  conjunction  with  free  convection  cooling 
ot  turbine  blades,  was  conducted,  which  resulted  in  an  empirical  correlation  for  the  pre- 
diction of  geysering.  This  correlation  was  based  on  the  results  of  1 14  gevser  tests  using  water. 
Freon  113,  liquid  nitrogen,  and  luiuid  hydrogen  as  test  fluids.  Geyser  tubes  of  4,  o,  a.  and  13 
in.  diameter  were  used.  The  heat  flux  range  was  between  50  and  iPnO  Btu,ft--hr. 


DISCUSSION 

When  a long  vertical  tube  with  a reservoir  at  the  top  and  closed  at  the  bottom  is  filled 
with  liquid  and  heated  along  the  tut»e  wall,  the  heat  will  be  transferred  to  the  liquid  surface 
by  means  of  free  convection,  'riiis  convectio.r  process,  shown  schematically  in  Fig.  1. 
establishes  fluid  circulation  within  the  tube  by  which  heated  fluid  rises  and  cool  fluid  from 
the  reservoir  descends  in  the  tube.  A portion  of  the  heat  entering  at  the  tube  wall  will  be 
liberated  at  the  liquid  surface  in  the  eservoir  by  evaporation  and  the  remainder  will  result  in 
a Sensible  heat  gam  by  the  liquid. 

■As  the  heating  process  continues,  the  fluid  bulk  temperature  is  increased  until  the  fluid 
in  approximately  the  upper  of  the  tube  becomes  saturated.  t)nce  the  fluid  becomes 
saturated,  additional  heat  input  to  the  liquid  results  in  bubble  production.  The  bubbles  are 
formed  on  the  wall,  detach,  start  to  rise  in  the  lit|utd,  and  begin  to  coalesce.  In  coalescing 
they  form  a larger  bubble  called  a Taylor  bubble  (see  Fig.  2).  The  formation  of  a large 
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Fig.  1.  Fluid  circulation  in  a gayaar  tuba. 


bubble  results  in  a pressure  reduction  below  the  bubble.  Since  the  liquid  below  the  bubble 
was  at  its  saturation  temperature,  the  reduction  in  pressure  causes  a portion  of  the  liquid  to 
vaporize,  thereby  forming  more  bubbles.  At  new  bubbles  are  formed  the  pressure  it  again 
reduced,  permitting  more  liquid  to  vaporize.  This  self-sustaining  reaction  c .curs  rapidly  and 
forms  vapor  at  a rate  considerably  greater  than  can  be  removed  from  the  tube.  The  conac* 
quence  of  this  difference  in  these  rates  it  the  explosive  expulsion  of  the  liquid  from  the 
tube.  As  the  tube  is  refilled  with  fluid  from  the  reser%-oir,  the  resulting  impact  or  “water 
hammer’’  force  may  Ctsuse  structural  damage  to  the  system. 

This  paper  it  concerned  mainly  with  the  breakdown  in  the  natural  convection  heat 
transfer  process  which  brings  about  the  conditions  for  get’sering.  Free  convection  in 
vertical  tubes  has  been  studied  extensively  in  the  past  [‘~^].  These  studies  have  included 
investigatior;<  of  free  convection  cooling  of  gas  turbine  blades  by  means  of  drilled  passages 
in  the  blades  and  a coolant  reservoir  in  the  hub. 

These  studies  have  resulted  in  correlations  for  the  heat  transfer  rate  in  terms  of  the 
Nusselt  number,  the  Rayleigh  number,  and  the  LID  ratio.  Because  these  investigations 
were  concerned  only  with  single-phase,  steady-state  heat  transfer,  the  results  were  not 
directly  applicable  to  the  problem  of  geysering.  However,  they  did  provide  a good  starting 
point  for  an  experimental  program  to  develop  a method  of  predicting  geysering. 
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EXPERIMENTAL  PROGRAM 

The  experimental  p.'Ogram  consisted  of  a series  of  1 14  tests  in  which  vertical  tubes  con- 
taining different  fluids  were  heated  at  controlled  rates  to  determine  if  ge>'sering  would 
occur.  The  test  fluids  used  were  water,  Freon  113,  liquid  nitrogen,  and  liquid  hydrogen. 
Five  tube  diameters  were  tested  ranging  from  4 to  13  in.  Tube  LID  ratios  were  varied 
between  1.5  and  30.  The  heat  flux  range  studied  was  between  50  and  1980  Btu/ft-’-hr. 

The  general  geyser  tube  configuration  used  in  all  geyser  tests  consisted  simply  of  a 
cylindrical  reservoir  mounted  on  top  of  the  vertical  tube  (see  Fig.  1).  Pressure  taps  and  fill 
connections  were  installed  at  the  bottom  of  each  geyser  tube  fur  monitoring  the  hydrostatic 
pressure  during  geysering  and  for  filling  the  tube.  Table  I presents  a summary  of  the  geyser 
tubes  used,  and  the  conditions  investigated  during  the  program.  In  addition.  Table  I also 
presents  the  geyser  tube  material,  and  tbe  Vest  fluids  used  in  each  tube. 

General  Electric  T-3  infrared  heating  limps  were  used  for  tubes  .\  and  B with  water 
and  Freon.  Figure  3 shows  geyser  tube  A with  the  infrared  heating  system  installed  in  the 
test  cell.  The  lamps  are  approximately  12  in.  in  length,  and  are  capable  of  producing  KXM)  \V 
when  operated  on  220  V.  The  system  contained  11  rows  (covering  approximat,.ly  12  ft  of 
tu'ie  length)  consisting  of  8 equally  spaced  lamps  in  each  row.  The  lamps  were  mounted  in 
aluminum  channel  sections  which  served  as  reflectors  to  direct  the  radiation  and  provide 


Table  I.  Summary  of  Test  Conditions 
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uniform  heatinn  of  the  tube  surface.  Volt.ine  acroM  the  lamps  was  controlled  by  means  of  a 
220>V  three-phase  Variac.  Each  of  the  rows  was  wired  through  a toggle  switch  for  individual 
control.  This  arrangement  permitted  operation  of  any  desired  combination  of  rows  at  one 
time.  By  energizing  the  desired  number  of  rows  from  the  tup  of  the  tube,  the  effective  tube 
length  could  be  varied  without  moditication  of  the  glass  tube.  Glass  was  selected  because  the 
low  thermal  conductivity  prevented  heating  of  the  liquid  below  the  last  row  of  energized 
lamps  and  also  to  permit  observation  of  the  geyser  process. 

Ir:  order  to  simulate  a missile  line,  the  water  must  be  heated  by  convection  from  the  hot 
tube  wall.  Because  the  heating  was  by  radiation,  it  was  necessary'  to  increase  the  absorptivity 
of  the  pyrex  tube  from  a value  of  about  O.bO  to  near  1 .0  to  prevent  direct  heating  of  the 
water  by  the  radiant  energy.  The  higher  absorptivity  was  achieved  by  painting  the  pyrex 
tube  with  a solution  of  carbon  black  and  lacquer.  The  lacquer  evaporated  leaving  the  carbon 
black  on  the  surface,  thereby  providing  the  desirea  absorptivity. 

The  heating  system  used  on  geyser  tube  D for  the  water  tests  consisted  of  a series  of 
electric  blanket  heaters  12  in.  wide  and  25  in.  long.  This  heating  system  was  used  because 
the  radiation  heating  system  was  found  to  have  insufficient  power  available.  The  blanket 
heaters  were  wrapped  around  the  tube,  and  covered  with  a 1-in.  layer  of  polyurethane 
insulation  to  minimize  the  losses  to  the  surroundings.  The  heaters  were  energized  by  means 
of  the  220- V'  Variac  previously  described.  The  heat  flux  was  determined  by  measuring  the 
power  input  to  the  heaters  and  subtracting  the  heat  losses  through  the  foam  ir^ulation 
(calculated  using  the  steady-state  conduction  equation).  The  temperature  difference  acroaa 
the  foam  was  determined  from  thermocouple  measurements. 

'fhe  tesbi  employing  liquid  nitrogen  and  liquid  hydrogen  did  not  require  the  use  &f  an 
external  heating  system.  Instead,  the  heat  flux  was  readily  controlled  by  insulating  the  geyser 
tube  with  various  thicknesses  of  polyurethane  foam.  Insulation  thicknessci  c'C,  J,  {,zr»il  in. 
were  used  for  the  liquid-nitrogen  tests.  The  thicknesses  used  in  the  liquid  hydrogen  tests 
were  7,  4,  and  ] in.  A helium  gas  atmosphere  was  provided  around  the  foam  insulation  in 
the  hydrogen  tests  to  prevent  the  condensation  of  air  in  the  insu  ation. 

The  heat  flux  for  the  foam  insulated  tubes  was  calculated  by  means  of  the  one-dime  '>sion, 
steady-state  conduction  equation  in  cylindrical  coordinates.  The  temperature  diff  .ncc 
across  the  foam  was  measured  with  copper-constantan  thermocouples.  The  thermal  con- 
ductivity of  the  foam  for  the  liquid-nitrogen  tests  was  obtained  from  the  wrork  of  Hertz  (*]. 
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Fig.  4,  Gcyicr  tube  D during  ■ 
liquid-nitrogen  gcyicr. 


Heat  flux  for  the  liquid-hydiogen  tests  was  calculated  using  the  thermal  conductivity  of 
helium  [*]  because  of  the  helium  purge  around  the  open  cell  type  foam.  The  heat  flux  for  the 
liquid-nitrogen  tests  without  insulation  could  not  be  calculated  readily  because  of  the  effects 
of  small  quantities  of  air  condensing  on  the  tube.  Instead,  the  work  of  Ruccia  and  Mohr  ['] 
on  heat  transfer  to  uninsulated  liquid-oxygen  tanks  was  used  as  a basis  for  estimating  the 
heat  transfer  to  the  uninsulated  liquid-nitrogen  tubes.  A value  of  700  l)tu/ft--hr  (approxi- 
mately 25  % greater  than  the  reported  heat  flux  for  the  uninsulated  liquid-oxygen  line)  was 
selected  as  being  a close  approximation  of  the  actual  heat  flux.  Figure  4 shows  geyser  tube  D 
during  a liquid-nitrogen  geyser. 


RESULTS 

The  initial  attempt  to  obtain  a correlation  that  would  predict  geyser  vs.  nongeyser 
conditions  as  a function  of  heat  flux,  tube  geometry,  and  fluid  properties  was  based  upon  the 
work  of  L'  tthill  [']  and  Martin  [-]  on  the  cooling  of  turbine  blades.  The  data  taken  at  the 
onset  of  geysering  with  geyser  tubes  A and  B were  plotted  in  the  form  of  the  Nusselt  number 
vt.  the  Rayleigh  number.  The  fluid  properties  were  evaluated  at  the  arithmetic  mean 
temperature  between  the  top  fluid  centerline  and  the  bottom  inside  wall  temperatures.  The 
inside  wall  temperature  could  not  be  measured,  but  it  was  estimated  with  adequate  accuracy 
from  a measured  outside  wall  tcmpen-iture.  The  plotted  data  were  found  to  correlate  well 
with  that  of  Lighthill  and  Martin's,  but  it  did  not  provide  a means  of  distinguishing  between 
the  ge>'sering  and  nongevsering  regimes. 

Since  the  geyser  process  is  strongly  time-dependent,  and  the  attainment  of  liquid  satura- 
tion is  a prerequisite  for  geysering,  the  time  required  for  all  the  fluid  in  the  tube  to  attain 
saturation  teemed  to  be  a significant  variable  upon  which  to  attempt  a correlation.  Therefore, 
the  second  correlation  attempt  included  the  Fourier  number  (AVo)  at  a time  parameter. 
Time-zero  was  taken  at  the  time  the  fluid  in  the  tube  was  at  a uniform  temperature  equal  to 
the  saturation  temperature  at  the  top  of  the  tube. 

A correlation  of  the  test  data  from  geyser  tubes  A and  B was  attempted  by  plotting  the 
Nusselt  number  as  a function  of  the  Rayleigh-Fourier  number  product,  litis  attempt  also 
failed  to  yield  the  desired  c»paration  between  geysering  and  nongeysering. 
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Pig.  5.  Geyset-nongeyscr  conetation. 


These  data  were  then  crosi-plotted  end  adjusted  by  means  of  a series  of  trial  and  error 
approaches  until  a plot  of  the  dimensioniess  tube  geometry  ratio  (the  heated  tube  length 
divided  by  the  tube  inside  diameter)  as  a function  of  a parameter  Z was  attained,  where  Z is 
defined  as 


kfA)L 

12«bV»)V» 


(1) 


This  method  yielded  the  desired  separation  between  the  geyser  and  nongeyser  regimes 
for  the  data  obtained  from  geyser  tubes  A and  B.  Tests  were  then  conducted  on  geyser 
tubes  C,,  D.  and  E to  verify  the  correiation  for  other  diameters.  TSie  results  of  these  tests 
showed  that  a correlation  of  L/D  vs.  Z was  not  sufficient  to  oTOcribe  geysering  as  a function  of 
tube  diameter.  Examining';  the  test  data  from  tubes  C,  D,  and  E showed  that  replacing  the 
term  L/D  by  (L/D)  D""  ®*  resulted  in  a geyser-nongeyser  correlation  valid  for  all  tube 
diameters  and  fluid  properties.  This  final  correlation  is  presented  in  Fig.  S. 

The  correlation  presented  in  Fig.  5 is  an  empirical  correlation  which  adequately 
describes  the  conditions  that  produce  geysering.  The  fluid  properties  contained  in  Fig.  5 
were  evaluated  at  the  temperature  corresponding  to  fluid  saturation  at  standard  atmospheric 
pressure  (14.7  psia).  The  same  separation  line  was  attained  when  the  fluid  properties  were 
evaluated  at  saturation  temperature  corresponding  to  both  25  and  50  psia. 

In  the  tests  conducted  in  .his  study,  the  pressure  at  the  top  of  the  geyser  tube  was 
atmospheric  (12  psia).  In  the  case  of  an  actual  missile  system,  the  pressure  at  the  top  of  the 
propellant  feed  line  will  be  considerably  above  atmospheric  (as  great  as  2.5  atm),  depending 
upon  the  ullage  pressure  and  depth  of  liquid  in  ihe  missile  propellant  tank.  Griffith  [*J  has 
shown  that  the  tendency  of  a tube  to  geyser  is  essentially  independent  of  the  pressure  at  the 
top  of  the  tube.  In  his  investigation,  GrifSth  conducted  geyser  tests  on  various  tubes  and 
fluids  with  the  pressure  at  the  top  of  the  tube  ranging  from  1 to  2.5  atm.  His  conclusiona 
were  that  while  increasing  the  pressure  retards  the  bubble  formation  rate  and  consequently 
lowers  the  geyser  frequency,  the  tube  would  still  geyser.  The  importance  of  this  correlation 
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is  its  value  as  a desi»;n  tout.  For  instance,  a propetlant  feed  line  for  a tnis.'tle  cuu  be  designed  in 
the  normal  manner  and  then  the  design  checked  wish  this  correlation  to  determine  if 
geysering  ivill  occur.  If  d is  determined  that  the  line  will  geyser,  it  may  then  be  posss.  le  to 
modify  the  design  in  such  a way  as  to  preclude  geysering.  Since  this  j»icestigation  is  c-'n- 
cerned  only  with  determining  if  a tube  will  or  will  not  geyser,  and  not  th  .•  geyser  fretjuenc. 
this  correlation  should  adequately  describe  the  combinations  of  fluid  properties,  heating 
rates,  and  system  geometry  that  will  produce  geysering. 

CONCLUSIONS 

A satisfactory  correlation  has  been  developed  for  the  prediction  of  geysering  in  terms  of 
heating  rate,  system  geometry,  and  fluid  properties.  The  correlation  was  developed  for  a 
range  of  variables  encountered  in  missile  design.  This  correlation  can  be  used  in  the  design 
of  missile  suction  lines  to  prevent  geysering  or  assist  in  eliminating  geysering  in  existing 
systems. 


NOTATION 


A — best  transfer  area  of  pipe 
D — pipe  diameter 
L *-  heated  pipe  length 
iVff  — Prandtl  number 
q ••  heat  transfer  rate 
a * thermal  ditfusivity 
Z “ dehned  by  (1) 


REFERENCES 


1.  M.  J.  Lighthtll.  Quart.  J.  .Vedt.  Applied  Math  6,  Pt.  4.  3')S  iHSti. 

2.  B.  VV.  Martm.  Prw.  Hoy.  Sac.  iLondutil.  Ser.  .4  231,  502  l'!*>55i- 

3.  E.  it.  G.  Eckert  and  T.  \V.  fackson.  ".ynalctual  Incestieati.'n  .*i  Flow  an!  Heat  Transfer  in  Coolant 
EaSSieea  of  Free  Convection  Liquid  Cooled  'rutbliies.''  XACA  d'N  22U7  lloiS'li. 

4.  S.  Oetraeh  and  P.  It.  'Phornton.  Tram.  ASME  is,.!  Ipehruarc  P*5S>. 

5.  J.  F.  Haskins  and  J.  Hertr.  m Adranees  tu  CVyoeeme  EtH>iu£ertti^.  t'ul.  7.  Plenum  Press.  New  Vurfc  (1962). 
p.  3S3. 

6.  K.  Ik  S.ett.  Vryviteme  E«emeermt».  D.  can  Nostrand  Company.  Pfinceiuii.  Xew  Jersey  |pi>u). 

7.  F.  E.  Kueeia  and  C.  M-  IVlohr.  iii  .4di'U«te>  m Ovueeme  Euytueertui.  Vat.  d.  Pienam  Press.  New  York 
(t%0).  p 307. 

8.  P.  Orillitlj,  "Geysefiiiii  in  Liquid  Filled  Lines.”  Paper  presented  at  the  .ASME*.\ICHE  Heat  Transfer 
Conference.  Huuston,  Tesas.  I'.Auqust  5“S.  P)o2l. 


DISCUSSION 

Question  hy  V.  Smith,  The  Bueinc  Cwinpany:  Based  on  the  results  of  your  investigation,  w hich  param* 
eters  have  the  greatest  etlect  on  iieyseriiici? 

Amtcet  bv  .Author : *Phe  most  sicmticant  parameters  are  the  length  of  the  tube  and  the  Ienq:h-tu*dianieter 
ratio.  The  heat  llus  seems  to  have  only  a niiiior  etlect. 
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MILITARY  STANDARD 

PROTECTIVE  FINISHING  FOR  ARMY  MISSILE  WEAPON  SYSTEMS 


FSC  MFFP 


POREVJORD 


MIL-STD-186C  (MI) 
31  October  1971 


The  purpose  of  this  standard  is  to  establish  miniiaua  requirements 
for  the  protective  finishing  systems  of  rockets,  guided  missiles,  all 
support  equipment  and  related  materials. 

For  convenience  in  referencing,  all  procedures,  whether  they  merely 
clean  a surface,  deposit  a film,  or  perform  some  other  desirable  function, 
are  regarded  as  “Finishes*'. 

Examples  of  use  of  this  document  are:  Assume  a part  is  to  be 

finished  with  chromated  cadmium  plate,  0.0003  inch  thick.  Turning  to 
Table  III,  Metallic  Coatings,  find  the  designation  for  this  finish  to  be 
Code  305.  The  instructions  on  the  drawing  would  be:  "Code  305  MIL-STO- 

186".  It  is  unnecessary  to  mention  any  preliminary  steps  such  as 
cleaning,  because  Specification  (JQ-P-416,  Plating,  Cadmiuto  (Electro- 
deposited),  referenced  in  Code  305,  provides  for  this. 

Assume  that  an  aluminum  item  is  to  be  finished  with  olive  drab 
semigloss  enamel.  According  to  Table  IV,  Organic  Finishes,  this  finish 
is  Code  407.  Assume  the  preparation  for  painting  to  be  wash  primer. 

Code  401,  and  primer  to  be  Code  402.  In  this  case,  cleaning.  Code  106, 
Table  I,  Cleaning  Methods,  of  the  part  will  be  specified  by  the  drawing. 
The  drawing  Instruction  would  read:  "Finish  Codes:  106/401/402/407, 

in  accordance  with  MIL-STD-186". 

If  circumstances  require  that  parts  of  an  assembly  be  primed 
separately  and  be  given  final  coats  after  assembly,  the  instruction  might 
read: 


"Finish  Codes:  106/401/402/407,  MIL-STD-186,  prime  before 

assembly." 

Compliance  with  this  standard  will  promote  uniformity  in  the  pro- 
tective finishing  of  rockets,  guided  missiles,  all  support  equioment  and 
related  materials.  Compliance  with  the  standard  does  not  reli<;>^^  the 
supplier  of  his  responsibility  to  assure  satisfactory  operatio.i  iter 
storage  as  specified  in  his  contract. 
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MILITARY  STANDARD 

PROTECTIVE  FINISHING  JOR  ARMY  MISSILE  WEAPON  SYSTEMS 
1 . SCOPE 

1.1  Scope  • This  standard  establishes  the  minimum  requirements  for 
procedures > materials,  and  systems  for  cleaning,  plating,  painting  and 
finishing  metals,  wood,  electronic  materials,  parts  and  assemblies  for 
rockets,  guided  missiles  and  components  to  protect  them  fi'oro  deteriora- 
tion. 


1.2  Selection  of  finisHna  system  - Unless  otherwise  specified  the 
responsibility  for  selecting  the  cleaning  method,  surface  treatment, 
metal  coating,  paint  system  or  other  finish  shall  rest  with  the  activity 
responsible  for  the  end  item.  The  materials  treatment  and  finishes 
shall  be  selected  from  those  listed  herein  and  shall  be  referenced  on 
drawings,  in  contracts,  and  icem  specifications  by  the  appropriate 
finish  numbets  of  MIL-STD-186.  This  does  not  preclude  the  acceptance  of 
a proven  commercial  finish  selected  by  the  manufacturer,  supplier  or 
contractor  and  which  is  concurred  in  by  the  procuring  activity.  Numerous 
finish  codes  are  contained  in  tables  that  are  not  referenced  in  the  require- 
ment sections  i.e.  sealants,  conformal  coatings,  lubricants,  adhesives, 
that  are  satisfactory  for  use.  Where  the  finish  or  corrosion  protection 
processes  are  not  adequately  defined,  the  problem  shall  be  brought  to 
the  attention  of  the  procuring  activity. 

CODE  NUMBER  SYSTEM 


Cleaning  Methods 
Surface  Treatment 
Metallic  Coatings 
Organic  Coatings 
Sealing  and  Bending 
Encapsulants  & Potting 
Lubrication  & Preservation 
Miscellaneous 


100  Numbers 
200  Nmbers 
300  Numbers 
400  Numbers 
500  Numbers 
600  Numbers 
700  Numbers 
800  Numbers 


2.  APPLICABLE  DOCUMENTS 

2.1  Government  documents  - Issues  of  the  following  documents  in 
effect  on  the  date  of  invitation  for  bids  form  a part  of  the  standard 
to  the  extent  specified  herein. 
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SPECIFICATIONS 

FEDERAL 

O-T-236 

P-C-436 

QQ-C-320 

QQ-N-290 

QQ-P-416 

TT-C-490 

TT-E-527 

TT-E-529 

TT-E-776 


TT-I-558 


TT- 1-735 
TT-L-54 

TT-T-266 

TT-W-571 

TT-W-572 

UU-T-106 

W-L-800 

DDD-T-539 

MMM-A-121 


Tetrachloroethylene  (PerchloroethyK-ne ) Technical 
(5rade 

Cleaning  Compound,  Alkali,  Boiling  Vat  (Soak)  or 
Hydro St earn 

Chromium  Plating  (Electrodeposited) 

Nickel  Plating  (Electrodeposited) 

Plating,  ium  (Electrodeposited) 

Cleaning  and  Pretreatment  of  Ferrous  Surfaces  for 
Enamel,  Alkyd,  Lustreless 
Enamel,  Alkyd,  Semi -Gloss 

Ethylene  Glycol  Monobutyl  Ether  (For  use  in  organic 
coatings) 

Ink,  Marking  Stencil,  jpaque,  for  Nonporous 
Surfaces  (Metals,  Glass,  etc.) 

Isopropyl  Alcohol 

Lacquer,  Spraying,  Acid  Resistant  (For  Aluminum 
Surfaces  Around  Storage  Batteries) 

Thinner,  Dope  And  Lacquer  (Cellulose-Nitrate) 

Wood  Preservation,  Treating  Practices 

Wood  Preservative,  Water -Repellent 

Tape,  Pressure-Sensitive  Adhesive,  Masking,  Paper 

Lubricating  Oil,  General  Purpose,  Preservative 
(Water  Displacing  Low  Temperature) 

Towels,  Machinery  Wiping  (Laundered) 

Adhesive,  Bonding  Vulcanized  Synthetic  Rubber 
To  Steel 
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MMM-A-132 


RIPAP5>D-636 


MILITARY 

MIL-T-152 


MIL- V- 173 


MIL-E.  '-63 

MIL-F-495 

MIL-S-974 

MIL-L-3150 

MIL-M-3171 

MIL-A-3920 
MIL-S-43e.3 
MIL- A- 5092 
MIL- A- 5540 
MIL-C-5541 
MIL-A-6091 
MIL-P-6808 

MIL-I-6869 

MIL-S-7502 
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A*?hesive,  Heat  Resistant,  Airframe  Structural 
Metal  to  Metal 

Coating,  Protective,  Thermally  fused  Ejxjxy  Plastic 
(For  Metal  Surfaces) 


Treatment,  Moisture  and  Fungus  Resistant,  of 
Communications,  Electronic,  and  Associated 
Electrical  Equipment 

Varnish,  Molsture-and-Fungus  Resistant  (For  the 
Treatment  of  Communications,  Electronic  and 
Associated  Electrical  Equipment) 

Ethyl  Alcohol,  (For  Ordnance  Use) 

Finish,  Chemical,  Black  "iir  Copper  A?  !c’»s 

Sur facer.  Sanding 

Lubricating  Oil,  Preservative,  Medium 

Magnesium  Alloy,  Processes  for  Corrosion 
Proutr tion  of 

Adhesive,  Optical,  Thermosettlfisg 
Sealing  Compound,  Topcoat,  Fuel  Tank,  iJuna*N  Type 
Adhesive,  Rubber  Base,  General  Purpose 
Adhesive,  Polychloroprene 

Chemical  Films  for  Aluminum  and  Aluminum  Alloys 

Alcohol,  Ethyl,  Specially  Denatured,  Aitcraft 

Primer  Coating,  Zinc  Chromate,  for  Aircraft  and 
Missile  Applications,  Application  of 

Impregnants  for  Aluminum  Alloy  and  Magnesium 
Alloy  Castings 

Sealing  Compound,  Integral  Fuel  Tanks  and  Fuel 
Cell  Cavities,  High  Adhesion,  Accelerator  Re<jt-.lred 
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MIL- T- 7003 
MIL-P-8116 
MlL-C-8507 


MIL  1-8574 
MlL-A-8576 
MIL- P-8535 

hlL-A-8623 

MlL-A-8625 

MIL-S-8802 

MIL-C-8837 

MlL-A-9067 


MIL-M- 10578 


MIL- T- 10727 

MIL -G- 10925 
MIL-?- 11030 
MIL-P* 11414 
MIL-C- 11436 
HiL-C- 13924 
MlL-C- 14460 


MlL-C- 14538 
MIL-C- 14550 
MIL-C- 15328 


Trichlor ethylene,  Stabili^.ed  Degreasing 

Putty,  Zinc  Chromate,  General  Purpose 

Coating,  Wash  Primer  IPt etreatment)  for  Metals, 
Application  of  (For  Aeronautical  Use) 

Inhibitors,  Corrosion,  Volatile,  Utilization  of 

Adhesive,  Acrylic  Base,  for  Acrylic  Plastic 

Primer  Coating,  Zinc  Chromate,  Lew-Moisture 
Sensitivity 

Adhesive,  Epoxy  Resin,  Metal 

Anodic  Coatings,  for  Aluminum  and  Aluminum  Alloys 

Sealing  Compound,  Temperature  Resistant,  Integral 
Fuel  Tanks  and  Fuel  Cell  Cavities,  High-Adhesion 

Coating,  Cadmium  (Vacuum  Oeposlced) 

iiahesive  Bonding,  Process  and  Inspection 
Requirements  for 

Metal  Conditioner  and  Rust  Remover  (Phosphoric 
Acid  Base) 

Tin  Plating;  Electrodeposlted  or  Hot-dipped,  for 
Ferrous  and  Non  Ferrous  Metals 

Grease,  Automotive  and  Arti’lery 

Sealing  Compound,  Non-curing,  Polysulfide  Base 

Primer,  Lacquer,  Rust -Inhibiting 

Chromium,  Gray  Plated 

Coating,  Oxide,  Black,  for  Ferrous  Metals 

Corrosion  Removing  Compound,  Sodium  Hydroxide 
Base,  for  Electrolytic  or  Immersion  Application 

Plating,  Black  Chromium  (Electrodeposlted) 

Copper  Plating  (Electrodepositedi 

Primer,  (Wash),  Pretreatment,  Blue,  (Forffiola  No. 
117-B  for  Metals) 
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MiL-C- 16173 

MIL-E- 16738 

MIL-I- 16923 
MIL-P- 18317 

MIL-S- 18718 
MIL-C-20218 
MIL-i-22110 
MIL-S-22473 

MIL-C-22750 
MIL- T- 23 142 

MIL-P- 23377 

MlL-C-23411 

MIL.S-23586 

MIL- A- 25457 
MIL- A- 25463 
MIL-C- 26074 

MIL-I -43553 
MIL.S.45180 


Spray  Gun  And  Accessories,  Paint  And  Dope, 

Aircraft  Oce 

Corrosion  Preventive  Compound,  Solvent  Cutback, 
Cold  Application 

Enamel,  Exterior,  White,  Vinyl-Alkyd  (Formula 
No.  122-82) 

Insulating  Compound,  Electrical,  Embedding 

Plating.  Black  Nickel  (Electrodeijosl ted)  on  Brass, 
Bronze  or  Steel 


Cleaning  Compound,  Solvent 

Chromium  Plating,  Electrodeposlted,  Porous 

Inhibitors,  Corrosion,  Volatile,  Crystalline 

Sealing,  Locking  & Retaining  Compounds,  Single- 
Component 

Coating,  Epoxy -Polyamide 

Tape-  Pressure -Sensitive  Adhesive,  for  Dissimilar 
Metal  Separation 

Primer  Coating,  Epoxy -Polyamide,  Chemical  And 
Solvent  Resistant 

Corrosion  Preventive  Compound  Clear 

Silicone  Rubber  Compound,  Room  Temperature 
Vulcanizing 

Adhesi^'e,  Air-Drying,  Silicone  Rubber 

Adhesive,  Metallic  Structural  Sandwich  Construction 

Coating,  Nickel -Phosphorous,  Electroless  Nickel, 
Requirements  for 

Ink,  Marking,  Epoxy  Base 

Sealing  Compound,  Gasket,  Hydrocarbon  Fluid, 

Water  Resistant 
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MIL-M-45202 

MlL-G-45204 

MIL^P-45209 

MIL-L-46002 

MIL-L-46010 

MIL- I -46058 

MIL -P-46076 

MIL-R-46085 

MIL-S-46090 

MIL-A-46106 

MIL-E-46U7 

MIL-P-46127 

MIL-E-46136 

MIL-P-46843 

MIL-S-46844 

MIL-L-46147 

MIL-P-46847 

MIL-P-46856 


Magnesium  Alloys,  Anodic  Treatment  Of 

Gold  Plating,,  Electrode  Deposited 

Palladium  Plating  (Electrodeposited) 

Lubricating  Oil,  Contact  And  Volatile  Corrosion 
Inhibited 

Lubricant,  Solid  Film,  Heat  Cured,  Corrosion 
Inhibiting 

Insulating  Compound,  Electrical  (For  Coating 
Printed  Circuit  Asseiabliesi 

Plastic,  Polyurethane,  Flexible,  Potting  And 
Molding  Compounl 

Rhodium  Placing,  Electrodeposited 

Silicone,  Foam,  Low-Density,  Room  Temperature 
Vulcanizing 

Adhesive -Sealant,  Silicone  RTV,  Gs^neral  Purpose 
(For  Electrical  And  Mechanical  Sealing) 

Enamel,  Alkyd,  Lustreless,  Solar  Heat  Reflecting, 
Olive  Drab 

Coating,  Gray,  ’Jndercoat,  (Solar  Heat  Reflecting) 

Enamel,  Semi-Gloss,  Alkyd,  Solar  Heat  Reflecting, 
Olive  Drab 

Printed  Circuit  Assemblies,  Design  And  Production 
Of 

Solder  Bath  Soldering  of  Printed  Wiring  Assy, 
Automatic  Machine  Type 

Lubricant,  Solid-Film,  Air-cured  (Corrosion 
Inhibiting) 

Plastic  Material,  Foamed  Polyurethane  For 
Encapsulating  Electronic  Components 

Primer,  Coating,  Epoxy,  Process  For  Application 
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MIL-D- 50000 

Dioctyl-P-Phenylendlamine  ( Antlozonant ) 

MIL-L- 52043 

Lacquer,  Semigloss 

MlL-P-52192 

Primer,  Epoxy 

MlL-E-52227 

Enamel,  Semigloss 

MIL-A-81236 

Adhesive,  Epoxy  Resin  With  t’olyamide  Curing  Agent 

MIL-C-81302 

Cleaning  Compound,  Solvent,  Ttichlorotrlf luoroethane 

MIL-C-81309 

Compound,  Corrosion  Preventive,  Water  Displacing, 
Ultra-Thin  Compound 

M1L-T.81533 

Trichlorethane,  1,1,1  (Methyl  Chloroform)  Inhibited, 
Vapor  Degreasing 

STANDARDS 

FEDERAL 

Fed  Std  No. 

595  Colors 

Fed  Test,  Method  STD  No.  I4l,  Paint,  Varnish,  Lacquer,  And 

Related  Materials;  Methods  of  Inspection,  Sampling  And  Testing 

MILITARY 

MIL-STD-1250  Corrosion  Prevention  And  Deterioration  Control  In 
Electronic  Components  And  Assemblies 

MIL-STD-276  Impregnation  Of  Porous  Nonferrous  Metal  Castings 

(Copies  of  specifications,  standards,  drawings,  and  publications  required 
by  suppliers  In  connection  with  specific  procurement  functions  should 
be  obtained  from  the  procuring  activity  or  as  directed  by  the  contracting 
officer). 


2.2  Other  publications  • The  following  documents  form  a part  of 
this  standard  to  the  extent  specified  herein.  Unless  otherwise  In- 
dicated, the  issue  In.  effect  on  date  of  Invitation  for  bids  or  request 
for  proposal  shall  apply. 

ASTh  B 253  Preparation  of  and  Electroplating  Aluminum  Alloys 
(Application  for  copies  should  be  addressed  to  American  Society  for 
Testing  and  Materials,  1916  Race  Street,  Philadelphia,  Pa.  19103). 
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NFPA  No.  30 
NFPA  No.  33 
NFPA  No.  34 


Storing 

Spray  Finishing 
Dip  Tank 


(Application  for  copies  should  be  addressed  to  the  National  Fite 
rotection  Association,  60  Batterymarch  Street,  Boston,  Mass.  02110. 

3.  DEFINITIONS 


Definitions  - For  the  purposes  of  this  standard, 
ing  definitions  apply. 


the  follow* 


surfaces  - The  outward  or  exposed  surfaces  of  the 
weapon  and  ground  support  equipment  after  all  doors,  hatches,  and 
access  ports  are  closed  shall  be  considered  as  exterior  surfaces. 

Ssiwetically  sealed  - A hermetically  sealed  system  is  one 
that  is  purged  and  filled  with  a dry.  inert  gas  medium,  or  one  where 
humidity  is  properly  controlled  to  less  than  10  percent  relative 
humidity  before  sealing.  Hermetic  sealing  shall  also  be  defined  as 
sealed  to  the  extent  that  there  shall  be  no  moisture* laden  air  or 
watOi  introduced  into  the  sealed  unit  or  component  when  subiected  to 
combination  of  the  followings 

(a)  Moisture  resistance  testing  for  15  days,  moisture  to  b« 
maintained  at  95  percent  relative  humidity  and  temperature  to  be* 

cycled  at  a constant  rate  between  -65®F  and  155°F  during  each  twenty- 
four  hour  period.  ^ 

(b)  Leak  testing  either  et  a vacuum  of  5 pounds  per  square  inch 
absolute  (psla)  or  at  an  external  pressure  of  20  psia  fur  not  less 
than  2 hours.  Unit  of  measurement  for  leaks  shall  be,  atmospheric 
cubic  centimeters  per  second  (Atm  cc/sec)  allowable  limit  for  leaks 
shall  be  10  Atm  cc.'sec  to  10'^  Atm  cc/sec. 

§MP.BUer  ♦ The  supplier  Is  that  contractor  who  has  accepted 
an  order  from  the  Government  or  who  has  entered  Into  a contract  with 
he  Government  for  the  purpose  of  furnishing  parts,  components,  and 
assemblies  complying  with  the  requirements  of  this  standard. 

3-5  gpmepar able  - Noinreparable  is  defined  as  a characteristic 
of  assemblies  or  components  that  can  only  be  repaired  at  the  aainten* 
ance  echelon  where  purging,  evacuation,  or  pressuilzatlon  desct tbed 
i£:  3*2  can  be  accomplished* 
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4.1  Applicability  of  requirements  * The  requirement 5 specified 
herein  shall  be  applicable  to  all  parts  of  the  weapon  system  except 

parts  which  are  encapsulated  or  enclosed  in  hermetically  sealed  containers. 

4.2  Design  Ui.aee  - Reference  to  this  standard  (MIL- STD- 186)  and 
callouts  of  the  code  numbers  on  engineering  drawings  are  ojandutory. 

This  is  required  to  simplify  preparation  of  drawings  and  facilitate  in 
updating  drawings  affected  by  a major  finishing  change. 


4.3  Materials  • Materials  shall  conform  to  applicable  specifi- 
cations as  specified  herein.  Materials  not  covered  by  applicable 
specifications  shall  not  be  used  unless  approved  by  the  procuring 
author Ity. 

4.4  Finishing  requirements  • Unless  otherwise  specified,  all 
fabrication  operations,  such  ss  cutting,  drilling,  punching,  forming, 
grinding,  honing,  welding,  joining,  and  any  ocher  operations  which 
will  affect  th^  finish  of  the  Item  as  well  as  cleaning  (see  4.6)» 
shall  be  completed  prior  to  the  application  of  any  surface  treatments, 
metallic  and  iionmetallic  coatings  required  for  finishing  of  the  metals 
and  alloys. 

4.5  Sur faces  - Unless  otherwise  specified,  parts  shall  conform 
to  specified  dimensions,  surface  toughness  and  condition  pvior  to 
cleaning,  surface  treatment  and  plating.  In  the  case  of  metals  which 
may  respond  Ir.  a nonuniforra  manner  when  metal  removal  is  accomplished 
with  mechanical,  chemical,  electrochemical  methods,  appropriate  inspec- 
tion procedures  shall  be  established  and  used  to  insure  that  each  part 
has  a uniform  surface,  including  freedom  from  pits,  intergranular 
attack  and  significant  etching.  Where  etching  has  occurred,  the  degree 
found  shall  be  demonstreced  not  to  affect  the  serviceability  of  the 
parts. 


4.6  Cleaning  of  surfaces  - Prior  to  application  of  the  surface 
treatments  and  metallic  coatings  covered  by  this  specification 
cleaning  shall  be  ac  specified  herein,  using  materials  and  processes 
which  have  no  damaging  effect  on  the  metal,  including  freedom  from 
pits.  Intergranular  attack  and  significant  etching.  Appropriate  In- 
spection procedures  shall  be  established  and  used.  After  cleaning, 
all  parts  shall  be  completely  free  of  corrosion  products,  scale,  paint, 
grease,  oil,  flux,  and  other  foreign  materials  including  other  metals, 
and  shall  be  given  the  specified  treatment  as  soon  as  practicable 
after  cleaning.  Particular  care  shall  be  exercised  in  the  handling  of 
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parts  to  assure  that  foreign  metals  are  not  Inadvertently  transferred 
to  the  clean  surfaces  as  may  occur  when  steel  is  allowed  to  come  into 
contact  with  zinc  surfaces.  Parts  having  high  residual  tensile 
stresses,  which  are  to  be  cleaned  by  chemical  or  electrochemical  methods, 
shall  be  stress  relieved  prior  to  cleaning.  Parts  which  may  have  high 
sustained  tensile  stresses  as  the  result  of  assembly,  or  crevices  which 
can  retain  cleaning  solutions,  shall  be  cleaned  prior  to  assembly. 

4.7  Organic  soil  removal  - V'apor  decreasing  shall  be  done  with 
trichloi  ethylene  conforming  to  MlL-T-7003  or  perchloroethylene  con- 
forming to  C-T-236,  or  trichloi ethane  1,1,1  conforming  to  MIL-T-81533. 
Carbon  tetrachloride  shall  not  be  used  for  degreasing.  The  use  of 
alcohol  and  Freon  are  permitted  for  cleaning  electronic  assemblies. 

^•3  Painting  - Unless  otherwise  specified  herein,  interior  and 
ejvterlor  surfaces  of  the  weapon  system  shall  be  primed  and  painted. 

4.9  Platinx:  - all  plating  with  the  exception  of  nickel,  chromium, 
gold,  palladium,  platinum,  and  rhodium  shall  receive  a supplementary 
treatment  such  as  phosphate,  chromate,  wash  primer,  varnish  or  con- 
formal coating. 

5.  DETalL  REQUIREMENTS 

5.1  Cleaning  requirements 

5.1.1  (General 


5. 1.1.1  Corrosion  and  beat  resisting  metals  - Corrosion  and 
heat  resisting  metals  and  alloys  shall  be  cleaned  by  suitable  chemical 
or  mechanical  processes,  or  combinations  thereof;  except  materials 
that  are  sensitive  to  deleterious  constituents  such  as  hydrogen, 
oxygen , nitrogen  and  chemical  reactions  such  as  hydrogen  embrittlement, 
oxidation,  or  hardening.  These  materials  shall  be  cleaned  by 
mechanical  processes  only. 

5.1. 1.2  Flux  removal  - Soldering,  welding,  and  brazing  fluxes 
shall  be  completely  removed.  Washing  with  hot  water,  alcohol,  (ethyl 
alcohol  per  MIL-A-6091  or  MIL-E-463,  or  isopropyl  alcohol  per  TT-I-733), 
MIL-C-81302  or  solvent,  blend  of  MIL-C-81302  plus  35%  Isopropyl 
alcohol  per  TT-I-735  or  a solvent  conforming  to  MIL-T-7003  shall  be 
used.  Methyl  or  wood  alcohol  (methanol)  shall  not  be  used  unless 
approved  by  the  procuring  activity. 
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5. 1.1.3  Rinsing  • Where  materials  are  employed  that  sho«  an  acid 
or  alkaline  reaction,  the  cleaned  parts  shall  be  given  a through  water 
rinse  to  remove  all  acid  or  alkali  prior  to  further  treatment o r$ee 
paragraph  5.5.3) 

5.1.2  Aluminum  and  its  alloys  - Aluminum  and  its  alloys  shall  be 
either  chemically  or  mechanically  cleaned.  The  use  of  uninhibited 
alkaline  materials,  such  as  sodium  hydroside  solutions,  and  of  abrasives 
containing  iron,  steel  wool,  copper  wool,  lion  oxide  rouge,  and  steel 
wire,  which  may  become  embedded  and  accelerate  cotrosion  of  aluminum 
alloys  is  prohibited.  Materials  conforming  to  P-C-436  shall  be  used 
for  chemical  cleaning.  Sheet  stock  surfaces  to  recelvie  anodic  con- 
version coating  treatment,  sand  castings,  forging  and  heat  treated 
stock  shall  be  deoxidized  Call  oxide  film  removed  with  u suitable 
etchant)  after  cleaning.  Other  materials  or  methods  may  be  approved 
for  use  by  the  procuring  activity.  For  this  approval,  data  proving 
freedom  from  damage  due  to  etching,  pitting,  and  stress  corrosion 
cracking,  shall  be  submitted  to  that  activity. 

5.1-3  High-hardness  steels  - Steels  of  Rockwell  hardness  C40  or 
over,  including  carburized  and  steel  surfaces  hardened  by  using  other 
methods,  shall  be  either  sand,  abrasive  grit,  steel  shot,  grit  or 
glass  bead  blasted  for  rust  or  scale  removal.  Acid  pickling  or  other 
hydrogen  producing  processes  shall  not  be  used. 

5.1.4  Low-hardness  steels  - Steels  of  RocV.well  hardness  less 
than  C40  shall  be  cleaned  in  accordance  with  TT-C-490  or  acid  pickling 
as  specified  in  Table  I. 

5.1.5  Magnesium  and  its  alloys  - Magnesium  and  its  alloys  shall 
be  cleaned  in  accordance  with  MIL-M-3171  or  MTL-M-45202. 

5.1.6  Titanium  and  its  alloys  - For  titanium  and  titanium 
alloys,  vapor  degreasing  shall  not  be  used,  unless  approved  by  the 
procuring  activity.  When  permitted,  the  titanium  parts  shall  be  pickled 
after  vapor  degreasing.  Where  vapor  degreasing  Is  not  permitted, 

a mild  alkaline  cleaner  conforming  to  P-G-436b  shall  be  used  for  soil 
removal  from  titanium  and  its  alloys.  For  removal  of  cont.-»minatlon 
other  than  organic  soil,  titanium  and  its  alloys  shall  be  mechanlcully 
cleaned.  Other  cleaning  methods  shall  not  be  used,  unless  approved 
by  the  procuring  activity. 

5.1.7  Copper,  Brass.  Cadmium.  Tin  - Cleasilng  shall  be  accomplished 
by  any  method  of  Table  1,  or  as  specified. 

5.1.8  Wood  • Wood  surfaces  shall  be  sanded  or  otherwise  mechani- 
cally prepared  to  provide  a clean,  smooth  surface  free  of  waxes,  oils 
or  greases. 
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5,2  Surface  treatments  - Codes  for  surface  treatments  are 
enumerated  In  Table  II. 

5*2.1  Aluminum  and  aluminum  alloys  - All  aluminum  and  aluminum 
alloys.  Including  clad  aluminum  alloy  surfaces,  shall  be  anodized  to 
produce  coatings  conforming  to  MlL-A-8625,  either  Type  1,  Type  II  or 
Type  III.  When  paint  finishing  systems  are  to  be  applied,  chemical 
films  per  MIL-C-53A1  or  wash  primer,  MlL-C-15328,  may  be  substituted 
for  anodic  coatings. 

5.2.1. 1 Electrically  conductive  surfaces  - Anodic  coatings  shall 
be  omitted  from  surfaces  which  require  high  electrical  conductivity  at 
relatively  high  impedance  and  high  frequencies  (RF).  These  areas 
shall  be  coated  with  an  Inherent  corrosion  resistant  metal  such  as 
nickel.  Chemical  films  conforming  to  MIL-C-5541  are  prohibited. 

5.2. 1.2  Surface  treatment  of  assemblies  - Surface  treatment 
shall  be  applied  to  assemblies  and  detail  parts  prior  to  assembly, 
except  where  surface  treatment  will  Interfere  with  the  Joining  pro- 
cesses such  as  brazing  or  welding.  The  assemblies,  or  parts,  shall 
not  contain  cavities  or  crevices  where  the  process  solutions  can  be 
retained. 


5.2. 1.3  Touch-up  - When  paint  finish  systems  are  to  be  applied, 
all  surfaces  which  have  the  anodic  coating  removed  or  damaged  shall 
be  touched  up  with  MIL-C-55A1  materials  approved  fcr  Class  2 treatment 
by  Grade  B application  (brush  or  swab)  and  the  application  shall  be 
confined  to  the  area  of  damage.  Chemical  film  materials  suitable  for 
Class  1 treatment  by  Grade  B application  shall  be  used  for  touch-up 
If  the  surface  film  is  not  to  be  further  treated  by  painting.  This 
operation  Is  required  for  drilled,  punched  or  countersunk  holes  located 
on  exterior  surfaces,  unless  other  methods  of  corrosion  protection  are 
used  and  approved  by  the  procuring  activity. 

5.2.2  Magnesium  alloys  - 

5.2.2. 1 Method  • All  magnesium  alloys  shall  receive  an  anodic 
coating  In  accordance  with  MIL-M-A5202,  Type  1,  or  Type  11,  Class  A. 
Anodic  coating  applied  in  accordance  with  MIL-M-45202  shall  be  used 
for  parts  subject  to  abrasion,  erosion,  or  wear.  Note:  MIL-M-3171 

treatments  shall  only  be  used  f o * temporary  protection  ct  as  a paint 
base. 
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5.2.2. 2 Touch-up  - All  surfaces  which  have  the  anodic  coating 
removed  or  damaged  shall  be  touched  up,  using  either  the  Type  1 or 
Type  VI  process  of  MIL-M-3171.  Touched-up  or  damaged  magnesium  sur- 
faces, anodic  coated  In  accordance  with  MIL-A-45202,  may  be  reanodlsed. 

5.2.3  Iron  and  steel  • Immediately  following  cleaning  and  before 
the  surfaces  show  any  evidence  of  rusting  or  other  soiling,  all  Iron 
and  steel  surfaces  shall  be  zinc  base  phosphate  treated  In  accordance 
with  TT-C-490,  Type  I.  Iron  base  phosphate  treatment,  TT-C-490, 

Type  II  shall  be  used  If  the  paint  system  to  be  applied  requires  baking 
at  temperatures  exceeding  375°F  or  If  the  part  Is  to  be  formed  or 
shaped  after  phosphating.  In  the  event  that  phosphatlng  cannot  be 
applied,  the  clean  surfaces  shall  be  coated  with  wash  primer  conforming 
to  MIL-C- 15328,  as  called  for  TT-C-490,  Type  III. 

5.2.4  Corrosion  and  heat  resistant  alloys  - The  200,  300,  400 
and  precipitation  hardenings  stainless  steels  shall  be  passivated  by 
immersion  for  30  minutes  In  a hot  (120  to  130®F)  aqueous  solution 
containing  20  percent  by  volume  nitric  acid  (Specific  Gravity  1.42) 
and  2 percent  by  weight  of  sodium  dl chromate,  rinsed  In  clean  hot  water 
and  then  thoroughly  dried.  This  Is  normally  the  final  finish  require- 
ment for  the  300  grade  stainless  steel.  400  series  stainless  steel 
will  not  accept  passivation  unless  fully  hardened.  Tl,e  remainder  of 
the  stainless  steels  will  require  additional  protective  finishes. 
Nitrlded  surfaces  shall  not  be  passivated.  Monel,  Inconel,  Haste- 
Hoys  and  Titanium  do  not  normally  require  further  treatment  after 
cleaning.  Surfaces  to  be  painted  shall  be  coated  with  wash  primer, 
MIL-C-15328. 


5.2.5  Cadmium  - Cleaned  surfaces  shall  be  kept  free  of  finger 
marks,  dirt,  and  dust  or  other  contaminants  and  before  corrosion  occurs 
they  shall  be  chromate  treated  according  to  QQ-P-416,  Type  li.  In  the 
event  that  chromate  treatments  cannot  be  used,  the  surfaces  shall  be 
treated  with  wash  primer,  MIL-C-15328  or  treated  In  accordance  with 
(JQ-P-416,  Type  II,  prior  to  applying  a paint  system. 

5.2.6  Copper  and  copper  alloys  - Surfaces  shall  be  given  a 
black  oxide  coating  according  to  MIL-F-495.  Slack  oxide  surfaces  shall 
be  protected  from  all  contamination  prior  to  application  of  a paint 
system. 

5.2.7  Tin  - Tin  surfaces  shall  receive  a supplementary  treatment 
of  organic  coating,  varnish  MIL-V-173,  or  wash  primer  MIL-P-15328, 
conformal  coating  MIL-I-46058,  or  a paint  system  to  prevent  corrosion. 
Tin  surfaces  shall  be  coated  with  wash  primer  MIL-P- 15328  prior  to 
receiving  a paint  system- 
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5.2.8  »224  ' Wood  surfaces  shall  be  treated  with  wood  preservative 
confoimitig  to  Type  HI  composition  B of  TT.W-572,  using  the  vacuum- 


pressure  or  vacuum* soak  treating  method 
treatment . 


» immeraion  treatment,  or  brush 


r metallic  coatings  ate  enumerated 

in  fable  111.  Metallic  coatings  shall  be  applied  by  electrodeposition, 
electroless  deposition,  spray  metallized,  or  vacuum-deposited  methods 
in  conformance  with  applicable  specifications  listed  herein.  Other 
processes  may  be  used,  subject  to  approval  by  the  procuring  activity. 
Necessary  process  and  quality  control  requirements  shall  be  established 
and  technical  data  developed  which  shall  be  sulmltted  to  the  procuring 
activity  substantiating  that  the  prcposed  coatings  are  equivalent  to 
the  coatings  they  are  intended  to  replace  relative  to  corioslon  re- 
sistance, wear,  and  other  functional  characteristics  and  effect  on 
static  and  dynamic  properties  of  the  metals  and  alloys  to  which  they 
are  applied,  fhe  surface  roughness  of  the  surface  to  be  plated  shall 
be  as  specified  on  the  applicable  drawing.  All  sharp  edges  shall  be 
broken  and  all  burrs  shall  be  removed  before  coating. 

* ‘Cadmium  plating  shall  be  in  accordance 
With  qg-P.416.  bupplementary  treatments  are  required  to  provide  corrosion 
cations"**^  plating  shall  not  be  used  in  the  following  appll- 

L j ^arts  of  hydraulic  equipment  which  may  be  in  contact  with 

hydraulic  fluid. 

(b)  Parts  in  frictional  contact  where  gouging  or  binding  may  be 
a tactor,  or  where  corrosion  would  Interfere  with  normal  functioning. 

spaces,  in  the  presence  of  organic  materials 
which  give  off  corrosive  and  damaging  vapors. 

, ^k£Mi3-^gp.osited  Cadmium  - Parts  which  cannot  be  thoroughly 

cleaned  to  insure  removal  of  the  plating  solution  shall  be  vacuiim 
coated  with  cadmium  in  accordance  with  MlL-C-8837.  Vacuum  deposited 
cadmium  shall  be  used  for  high  hardness  (Rockwell  C-40  or  above) 
subject  t^^  the  deleterious  effects  of  hydrogen  embrittlement. 

5.3.3  j2bi!MiaL,Elatiog  - Chromium  plating  shall  be  used  for 
surfaces  subject  to  wear,  abrasion  or  erosion,  eKcept  where  other 
surface  hardening  processes  are  used  such  as  nitrldlng  and  carburizing, 
or  where  other  wear  and  abrasion  resistant  coatings  are  specified. 

Chromium  plating  shall  be  in  accordance  with  QQ-C-320. 
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5.3.'^>  Black  chromium  platlna  - Black  chromium  plating  shall  be 
used  where  a non-ref lective  surface  abrasion  and  corrosion  resistance 
are  required.  Black  chromium  plating  shall  be  in  accordance  with 
MIL-C- 14538. 

5.3.5  Porous  chromium  olate  - Porous  ctiromium  plate  is  another 
form  of  engineering  chromium.  The  process  produces  etched  channels 
or  pores  in  the  surface  of  the  plating  to  retain  miniature  pools  of 
lubricating  oils.  Porous  chromium  plate  shall  be  In  accordance  with 
MIL-C-20218. 

5.3.6  Gray  chromium  plate  - Gray  chromium  plate  Is  a durable, 
protective  camouflage  finish  used  on  aluminum,  copper  alloys  and 
steel,  such  as  rotary  dials  and  knobs  for  improved  durability  under 
frictional  contact.  Gray  chromium  plate  shall  be  in  accordance  with 
MIL-G-U436. 

5.3.7  Nickel  plating  - Nickel  plating  shall  be  used  for  the 
following  applications  only: 

(a)  Where  temperatures  do  not  eKceed  lOOO^F  and  other  coatings 
would  not  be  suitable. 

(b)  To  minimize  the  effects  of  such  dissimilar  metal  contacts, 
such  as  mild  steel  with  unplated  corrosion-resisting  steel  or  stain- 
less steel  in  contact  with  other  stainless  steel. 

(c)  As  an  undercoat  for  other  functional  coatings. 

(d)  As  a protective  finish  on  metals  without  further  supplemen- 
tary treatment. 

Nickel  plating  of  parts  and  surfaces  shall  be  in  accordance  with 
QQ-N-290. 

5.3.8  Electroless  rickel  coating  - Where  specified,  electroless 
nickel  coating  shall  be  in  accordance  with  MlL-C-26074.  Type  11 
shall  be  specified  where  the  combination  of  high  hardness  and 
corrosion  resistance  are  required. 

5.3.9  Black  nickel  plating  - Black  nickel  plating  shall  be  in 
accordance  with  MIL-P- 18317. 

5-3. iO  Tin  Plating  - Tin  plating  shall  be  used  only  where  the 
properties  of  this  material  present  distinct  advantages  in  comparison 
with  jadmium.  A plating  of  tin  may  be  used  in  lieu  of  cadmium  on  parts 


IS 


M1L-STD-186C  (MI) 

31  October  1971 

that  are  subsequently  soldered.  Where  tin  plating  is  specified,  it 
shall  be  applied  in  accordance  with  KlL-T- 10727.  Caution:  fin  plat- 

ing per  MIL-T- 10727,  Type  I,  shall  pot  be  used  where  electrical  or 
electronic  circuits  are  Involved. 

Hot-dip  coatings  - Hot-dip  coatings  are  preferred  where 
tin-lead  and  tin  plating  are  required.  Hot-dip  tin  shall  be  In  accord- 
ance with  MIL-T- 10727,  Type  II. 

5.3.12  ^Iver  plating  - Silver  plating  shall  be  l.i  accordance 
with  QQ-S-365. 

5.3.13  CiHd  platlnK  - Gold  plating  shall  be  i»i  accordance  with 
M1L-G.45204,  It  shall  be  used  only  where  its  electrical  and  corrosion 
resistance  characteristics  are  required.  Precautions  fcr  electrical 
use  are  outlined  in  MIL- STD- 1250  and  shall  be  observed. 

5.3* Hhcdium-pjating  Rhodium  plating  shall  be  in  accordance 
with  MIL- R- 46085. 


5.3.15  Pellu^iimp  platinK  • Pallalium  plating  shall  be  in  accordance 
with  MIL-P-45209. 

5.3.16  ^ppeti  plating  - Gopper  plating  shall  be  in  accordance 
with  MIL-C- 14550. 

5.4  Nonmetallic  coatings  - Codes  for  nonmecallic  coatings  are 
enumerated  in  Table  11. 

5.4.1  Phosphate  treatments  - Phosphate  treatments  for  ferrous 
parts,  which  are  subsequently  to  be  painted,  shall  conform  to  Type  I 
of  TT-C-490. 

5*^.2  Black  oxide  treatments  - Black  o:cide  treatments,  conform- 
ing to  MIL-C-13924  and  MlL-F-495  shall  be  used  only  on  surfaces  con- 
tinually coated  with  oil  and  not  exposed  to  severe  corrosive  conditions. 
Black  oxide  treatments  shall  be  used  only  for  close  tolerance  parts 
where  more  protective  type  coatings  cannot  be  employed  due  to 
dimensional  changes. 

5.4.3  Hard  rkinodic  coatings  for  aluminum  and  its  alloys  • Where 
hard  anodic  coatings  are  specified,  they  shall  conform  to  Type  III  of 
MIL-A-8625. 

3.4.4  Metallotceramlc  and  ceramic  coatings  - Metal lo-ceiamlc 
and  ceramic  coatings  shall  not  be  used  prior  to  approval  by  the 
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proctiiing  activity.  Necessary  process  and  quality  control  require- 
ments shall  be  established,  and  technical  data  developed  which  shall 
be  submitted  to  the  procuring  activity  substantiating  that  the  pro- 
posed coatings  are  entirely  satisfactory  for  the  intended  use. 

5.5  Organic  coatings  - Codes  for  organic  coatings  are  enumerated 
in  Table  IV. 

5.5.1  General  priming  end  painting  of  surfaces  - Interior  and 
exterior  surfaces  of  the  weapon  system  shall  be  painted  with  the  mate- 
rials specified  herein.  The  painting  sequence  for  all  metals  shall 

be  wash  p'lmer,  primer,  and  top  coats.  The  requirement  for  wash  primer 
may  have  already  beers  specified  in  the  surface  treatment  paragraphs 
on  the  metal  surfaces.  The  use  of  wash  primer  on  high  hardness  RG  40 
steels  is  prohibited.  High  hardness  Rockwell  C 40  steels  should  be 
cleaned,  primed  and  top  coated. 

5.5.2  Equipment  and  facilities  - 

5.5.2. 1 General  - The  equipment  and  facilities  used  in  applying 
surface  finishes  shall  be  suitable  and  adequate  for  the  purpose  and 
shall  be  subject  to  approval  of  the  procuring  activity.  All  safety 
precautions  contained  in  Standard  NFPA  Nos.  30,  33,  and  34  shall  be 
observed.  Painting  shall  be  conducted  in  properly  ventilated  spray 
rooms  or  areas.  Paint  spray  rooms  shall  be  ventilated  by  means  of 
a forced  draft,  effecting  at  least  three  complete  changes  of  air  every 
hour.  Doors  and  windows  shall  be  kept  closed  to  exclude  dirt  and  dust. 
The  air  shall  be  Introduced  into  the  room  in  such  manner  as  not  to 
cause  turbulence  or  excessive  air  currents  which  would  have  the  effect 
of  causing  orange  peel  in  the  paint  film.  Sufficient  ventilation 
shall,  however,  be  maintained  to  keep  dried  overspray  from  settling 
on  surfaces  which  have  already  been  painted  and  are  still  tacky. 

Where  practicable,  water-washed  exhaust  systems  or  grilled  flooring 
over  flowing  water  should  be  used.  Humidity  and  tempeiature  indi- 
cators shall  be  Installed  and  in  proper  operation.  Controls  shall 
be  employed  for  humidity  and  temperature  or  for  temperature  alone 
if  a satisfactory  ratio  of  temperature  and  humidity  can  be  maintained, 
as  defined  herein.  To  insure  that  dirt  and  duct  are  kept  to  a 
minimum,  all  air  entering  spray  booths  or  rooms  shall  be  filtered; 
spray  areas  are  to  b^  kept  clean;  lint-bearing  rags  shall  not  be  allowed 
in  such  areas;  a positive  air  pressure  shall  be  maintained  in  the  spray 
booth  or  room.  Lighting  conditions  shall  be  in  accordance  with  the 
1968  Illuminating  Engineering  Society  Handbook.  Lights  in  the  floor, 
as  well  as  coatings  of  high  light  reflectance,  shall  be  used  where 
required  to  increase  lighting  efficiency.  The  paint  spray  room  floors 
shall  be  cleaned  as  frequently  as  required  In  Insure  good  housekeeping. 
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Se5*2.2  Spray  equipment  > Spray  guns  and  accessories  shall 
conform  to  MlL-S-15847.  All  lines  shall  be  kept  free  from  condensa- 
tion of  oil  and  water  by  filtering  the  lines  as  necessary.  It  is 
essential  that  good  housekeeping  be  practiced.  Faint  lines  shall  be 
cleaned  with  the  same  solvent  used  for  thinning  the  particular  paint, 
at  the  end  of  each  working  day  and  before  changing  color  or  type  of 
paint.  Traps  shall  be  included  in  all  air  lines  used  with  spray 
painting  equipment  in  order  to  entrap  any  condensed  moisture,  oil,  or 
foreign  materials.  Faint  pressure  pots  shall  be  thoroughly  cleaned 
at  least  once  each  week. 

5.5. 2.3  Fersonnel  safety  requirements  - All  requisite  safety 
precautions  shall  be  taken  by  painting  personnel,  under  supervision 
of  the  Safety  Engineer  and  the  Industrial  Health  Officers,  with  regard 
to  toxlcityorindustrial  health  hazards  in  accordance  with  existing 
instructions  and  regulations.  Adequate  paint  spray  respirators,  non- 
sparking shoes,  and  other  safety  devices,  shall  be  made  available  for 
and  utilized  by  painting  personnel. 

5. 5 .2. 4 Electrical  grounding  - All  safety  precautions  contained 
in  Standard  MFFA  No.  33  regarding  storage  of  finishing  materials  and 
thinners,  fire-prevention,  non- sparking  floors  and  equipment,  vapor 
and  explosion-proof  requirements,  are  hereby  applicable.  The  above 
should  not  be  construed  as  covering  all  the  requirements,  but  are 
illustrative  of  general  safety  requirements. 

5. 5. 2. 5 Infrared  lamps  - In  the  use  of  infrared  lamps,  the  size 
of  the  lamps  and  their  number  and  spacing  shall  be  such  as  to  effect 

a distribution  of  heat  as  evenly  as  possible  over  the  painted  surface. 
Adequate  precautions  shall  be  taken  to  avoid  concentration  of  flam- 
mable vapors  in  the  immediate  area  of  the  infrared  lamps  and  the  parts 
being  painted.  In  addition,  wire  mesh  screen  with  suitable  opening 
approximately  2 Inches  wide  shall  be  rigidly  fixed  about  3 or  4 inches 
above  the  lamps  to  prevent  their  breakage  by  falling  objects.  The  in- 
dividual lamps  shall  be  tightened  at  frequent  intervals  to  prevent 
arcing  in  the  sockets. 

5.5.3  Freparation  of  surface  - 

5.5.3. 1 Cleaning,  general  • All  metal  surfaces  shall  be  thoroughly 
clean  and  dry  at  the  time  of  application  of  any  paint- type  coating. 
Meticulous  cleaning  prior  to  all  painting  operations  cannot  be  pver- 
emphasized  since  this  factor  is  of  prime  importance  in  obtaining  a 
satisfactory  paint  finish.  Reclaimed  paint  thinner  or  other  reclaimed 
thinners  shall  not  be  used  for  cleaning  purposes,  since  these  materials 
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may  leave  a grease  film  which  will  cause  poor  adhesion  of  the  next 
coat.  All  abrasive  or  foreign  particles  and  rough  edges  shall  be 
removed  after  sanding  or  cutting  operations  before  application  of 
paint- type  materials.  Cleaning  shall  be  accomplished  with  solvents, 
detergents,  and  processes  which  have  no  deleterious  effect  on  the 
surface  and  which  produce  surfaces  satisfactory  for  receiving  subse- 
quent finishes.  After  general  cleaning  to  remove  the  major  contam- 
inants, such  as  paints,  oil,  soil,  grease,  etc.,  the  following  pro- 
cedures have  been  employed  successfully.  Immediately  prior  to  painting, 
to  obtain  a surface  capable  of  supporting  an  unbroken  film  of  water: 

(a)  Swab  on  MlL-S-18718  solvent,  disbursed  from  plunger-type 
safety  cans,  using  clean  cloths  complying  with  the  requirements  of 
5.5.4.12.2.  Do  not  dip  the  cloths  in  the  container  of  solvent,  as 
this  would  contaminate  the  bulk  of  the  solvent  and  result  in  transfer 
of  the  contaminate  to  the  surface  being  prepared  for  painting. 

(b)  Next  check  the  surface  with  red  litmus  paper  moistened  with 
distilled  water,  which  should  not  turn  blue.  If  the  litmus  paper 
turns  blue,  it  will  be  necessary  to  apply  a 0.20  to  0.25  percent 
chromic  acid  solution  to  achieve  a neutral  or  slightly  acid  surface, 
in  accordance  with  the  procedure  specified  in  5. 5. 3. 2.1. 

(c)  Finally,  check  the  surface  for  absence  of  water -break, 
employing  the  test  procedure  described  in  5. 5. 3. 2. 3. 

5.5. 3. 2 Tests  for  surface  condition  before  painting  - The  follow- 
ing tests  shall  be  conducted  before  the  actual  painting: 

5. 5. 3. 2.1  Reaction  of  surface  - The  surface  shall  have  a neutral 
or  slightly  acid  reaction.  Moistened  red  litmus  paper  when  applied 

to  the  surface  shall  not  turn  blue,  otherwise  a 0.20  to  0.25  percent 
chromic  acid  solution  shall  be  applied  to  achieve  a neutral  or  slightly 
acid  surface.  The  chromic  acid  solution  shf'.ll  be  permitted  to  remain 
on  the  surface  for  2 to  5 minutes  followed  by  a water  rinse,  and  the 
surface  then  wiped  dry  with  clean,  lint-free  cloths  meeting  the 
requirements  of  5.5.4.12.2. 

5. 5 .3. 2. 2 Water-break  trst  - Representative  areas  of  the  surface 
to  be  painted  shall  be  tested  by  the  procedure  described  in  5. 5. 3. 2. 3 
for  ability  to  support  an  unbroken  film  of  distilled  wAter. 
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5. 5. 3. 2. 3 Water -break  test  proceduire  - A mist  of  distilled  water 
shall  be  atomized  on  the  surface  under  test,  representative  of  the 
large  surface  being  tested,  employing  any  convenient  atomizing  device. 
Should  the  water  gather  into  discrete  droplets  within  25  seconds,  then 
the  surface  shows  a "water -break"  and  it  shall  be  considered  presump- 
tion of  the  presence  of  an  impurity  on  the  surface,  such  as  free  alkali, 
residual  detergent,  etc.,  and  the  surface  shall  be  considered  as  also 
having  failed  the  test.  The  surface  shall  have  passed  the  water-break 
test  when  the  water  droplets  do  not  flash-out  suddenly,  but 
coalesce  into  a continuous  film  of  water. 

50.3.2.4  Special  precautions  - Solvent  cleaning  of  the  surface 
is  a requirement  if  there  is  a break  in  the  painting  sequence  of  over- 
night or  longer.  A final  hand  wipe-down  shall  be  performed  immediately 
before  painting  to  insure  scrupulous  cleanliness  and  a proper  palntable 
surface.  After  cleaning,  particularly  after  stripping  operations  or 
steam  cleaning,  special  precautions  shall  be  taken  to  assure  thorough 
draining  of  all  liquids  from  between  faying  surfaces,  crevices,  inspec- 
tion doors,  pockets,  preferably  by  permitting  the  part  to  stand  for  a 
sufficient  time  to  permit  such  drainage,  after  which  the  affected  area 
should  be  recleaned  as  necessary.  It  will  be  found  advantageous  to 
seal  crevices,  joints,  seams,  etc.,  with  a plastic  composition  which 
will  resist  the  action  of  paint  stripper  and  cleaners  and  which  sub- 
sequently can  be  easily  removed. 

5.5.4  Application  of  paint  type  materials  - 

5. 5.4.1  General  - Unless  otherwise  specified  herein  or  in  the 
detail  process  specifications,  paint-type  protective  coatings  may  be 
applied  by  spraying,  brushing,  tumbling,  roller  coating,  flow-coating, 
or  any  other  approved  method  which  will  insure  the  application  of  a 
smooth,  continuous  film  that  is  free  of  imperfections,  such  as  dried 
overspray,  runs,  sags,  blisters,  or  orange  peel.  The  use  of  dipping 
is  subject  to  such  hazards  to  the  quality  of  the  finish  that  the  use 

of  dip  coating  is  strongly  discouraged.  l£,  however,  dipping  of  primer 
is  employed,  the  precautions  stated  in  the  applicable  specification 
shall  be  observed.  PRIOR  TO  SPRAYING  OF  SPRAYING  OF  PAINT,  THE  SAFETY 
PRECAUTIONS  WITH  REGARD  TO  GROUNDING,  AS  PRESCRIBED  BY  5. 5. 2.4  SHALL 
BE  STRICTLY  ENFORCED. 

5. 5.4. 2 Production  spray  test  panels  - Prior  to  the  spraying 
operation,  the  suitability  of  materials  for  the  entire  system  shall 
be  determined  experimentally  on  panels  approximately  4 by  7 inches  in 
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size  o£  the  same  materials  to  be  used  for  the  finished  item.  The  panel 
shall  be  coated  under  prevailing  conditions  with  the  finish  system  that 
is  to  be  applied.  If  the  finish  system  applied  to  the  experimental 
panel  is  satisfactory,  then  full  scale  operations  may  begin.  Defects 
found  in  the  experimental  application,  such  as  blushing,  incorrect 
thickness,  excessive  orange  peel,  sagging,  shall  be  corrected  prior 
to  large  scale  application. 

5. 5. A. 3 Air  and  weather  conditions  - Coatings  shall  not  be  applied 
under  unfavorable  atmospheric  conditions,  such  as  high  humidity,  strong 
drafts,  or  low  temperatures.  In  the  event  the  following  conditions 
cannot  be  met,  painting  operations  shall  be  suspended  until  acceptable 
conditions  are  re-established.  Data  for  thinning  materials  for  spray 
application  at  other  than  standard  room  temperature  and  humidity 
conditions  shall  be  as  specified  in  the  applicable  process  specifications, 
or  shall  be  determined  experimentally  by  the  applicator.  For  cold 
spraying  of  lacquer  thinned  with  TT-T-266  for  thinner,  blushing 
generally  can  be  avoided  by  observing  the  following  humidity  schedule: 

Permissible  atmospheric  conditions  for  spraying  lacquer  containing 
no  added  blush-retardant  thinner 

Dry  bulb  temperature  °F  Percent  relative  humidity  (maximum) 


90 

56 

85 

59 

80 

63 

75 

68 

70 

7A 

65 

80 

60 

85 

Under  conditions  of  high  temperature  26.6  to  35  degrees  C.  (80  to  90 
degrees  F.)  and  low  relative  humidity  (less  than  20  percent),  dry 
spray  may  be  encountered.  Hence,  under  such  conditions,  blush- 
retardent  thinner  shjsH  be  used.  If  blushing  of  lacquer  top  coat  is 
observed  on  the  test  panel  specified  in  5. 5. A. 2,  blush-retardant  thinner 
shall  be  used.  A blush- retardant  thinner  is  available.  Federal  Speci- 
fication TT-E-776,  but  it  should  be  used  with  caution  because  of  the 
slow  release  from  the  film.  The  use  of  this  blush- retardant  thinner 
is  as  follows: 

Specification  TT-E-776: 

For  each  gallon  of  TT-T-266  thinner,  replace  up  to  1%  pints  with 
ethylene  glycol  monobutyl  ether  conforming  to  TT-E-776.  Only  the 
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minimum  amount  necessary  to  alleviate  blushing  should  be  used  since 
sagging  may  result.  Also,  drying  may  be  retarded  as  much  as  110  minutes 
if  ambient  temperatures  are  low. 

Permissible  atmospheric  conditions  for  spraying  lacquer  contain- 
ing blush-retardant  thinner 

Dry  bulb  temperature  °F  Percent  relative  humidity  (maximum) 


90 

60 

85 

64 

80 

69 

75 

75 

70 

81 

65 

87 

60 

90 

Dry  bulb  temperature  - When  humidity  control  is  not  available,  the 
relative  humidity  may  be  lowered  by  raising  the  dry  bulb  temperature 
proportionately,  but  not  to  exceed  32.2  degrees  C.  (90  degrees  F.) 
for  normal  operation  (unless  TT-E-776  blush- retardant  thinner  is  added). 

Safe  limits  for  enamel  • Enamel  can  safely  be  applied  at  higher 
relative  humidities  than  lacquers  without  encountering  blushing. 

5. 5. 4. 3.1  Lacquer  - Air  temperatures  shall  not  be  less  than  15.5 
degrees  C.  (60  degrees  F)  nor  greater  than  32.2  degrees  C.  (90  degrees 
F.)  and  the  relative  humidity  shall  not  be  greater  than  85  percent 
except  in  the  case  where  lacquer  is  used  with  blush- retardant  thinner, 
then  90  percent  is  permissible,  per  paragraph  5. 5.4.3. 

5. 5. 4. 3. 2 Enamel  - For  enamel  topcoats,  epoxy  primer,  wash 
primer  and  epoxy  topcoats,  air  temperatures  shall  not  be  less  than 
15.5  degrees  C.  (60  degrees  F.)  nor  greater  than  37.7  degrees  C. 

(100  degrees  F.)  and  the  relative  humidity  shall  not  be  greater  than 
90  percent. 

5. 5.4.4  Time  of  application  of  paint-type  materials  - 

5. 5.4. 4.1  First  coat  - Surfaces  shall  receive  the  wash  primer 
coating,  or  where  wash  primer  is  not  prescribed,  the  first  primer  coat 
shall  be  applied  within  a 2-hour  maximum  period  after  final  cleaning. 

5. 5. 4. 4. 2 System  - Surface  coatings  shall  be  applied  as  follows: 

Wash  primer  plus  primer  plus  first  lacquer  coat  or  enamel  coat  shall 
be  applied  on  the  exterior  surfaces  within  24  hours.  Where  production 
operations  are  suspended  for  short  periods,  e.g. , over  week-ends. 
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holidays,  etc.,  this  time  may  be  extended  as  necessary,  but  not  to 
exceed  72  hours,  provided  the  adhesion  is  unaffected  threby,  as 
determined  by  the  wet  tape  scratch  adhesion  inspection  test  described 
in  6.3.4  OUTDOOR  STORAGE  OF  PRIMED  PARTS  BEFORE  SUBSEQUENT  FINISHING 
OPERATIONS  IS  PROHIBITED. 

5. 5. 4. 4. 3 Dry  time  (wash  primer)  - When  MIL-P-8585,  zinc  chromate, 
primer  or  MIL-P-52192,  epoxy  primer,  is  used,  the  minimum  and  maximum 
drying  times  shall  be  those  prescribed  by  MIL-P-6808  or  MlL-P-46856 
respectively.  The  minimum  drying  time  for  lacquer- type  primer,  under 
ideal  atmospheric  conditions  shall  be  at  least  1 hour.  Under  other 
conditions,  the  drying  time  of  the  lacquer- type  primer  shall  be  ex- 
tended as  necessary  to  avoid  lifting,  embrittlement,  and  adhesion 
difficulties  Induced  by  the  high  solvency  thinner s in  the  topcoats. 

Tlie  precautions  outlined  in  MIL-P-6808  to  avoid  degradation  of  the 
primer  prior  to  topcoating,  as  a result  of  outdoor  exposure,  espe- 
cially in  sunlight;  shall  be  scrupulously  observed. 

5.5.4.4.4  Drying  time  (primer)  - When  Specification  MIL-F-8S85 
zinc  chromate  primer  or  MIL-P-52192,  epoxy  primer  is  used,  the  minimum 
and  maximum  drying  times  shall  be  those  prescribed  by  Specification 
MIL-P-6808  or  MIL-P-46856  respectively.  The  minimum  drying  time  for 
lacquer-type  primer,  under  ideal  atmospheric  conditions  shall  be  at 
least  1 hour.  Under  other  conditions,  the  drying  time  of  the  lacquer - 
type  primer  shall  be  extended  as  necessary  to  avoid  lifting,  embrittle- 
ment, and  adhesion  difficulties  induced  by  the  high  solvency  thinners 
in  the  topcoats.  The  precautions  outlined  in  Specification  MlL-P-6808 
to  avoid  degradation  of  the  primer  prior  to  topcoating,  as  a result 

of  outdoor  exposure,  especially  in  sunlight,  shall  be  scrupulously 
observed. 


5. 5. 4. 4. 5  Topcoatine  - The  first  coat  of  lacquer  shall  be 
dried  at  least  45  minutes  before  sanding,  tack-ragging,  or  application 
of  the  second  coat.  The  second  coat  of  lacquer  may  be  applied  at  the 
convenience  of  the  manufacturer  but  not  to  exceed  96  hours  after  appli- 
cation of  the  first  coat  provided,  in  cases  where  a delay  occurs 
before  application  of  the  second  coat,  suitable  prior  cleaning  and 
light  scuff  sanding  is  performed  on  the  first  lacquer  coat  to  assure 
adequate  adhesion  of  the  second  coat.  A solvent  wipe-down  is  mandatory 
if  there  is  an  overnight  delay  or  longer  in  the  painting  sequence. 
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5. 5. 4. 5 Spravlno:  over  bare  metal  - Wash  primer  shall  be  applied 
in  accordance  with  MlL-C-3507.  Zinc  chromate  primer  shall  be  applied 
over  the  wash  primer  in  accordance  with  MlL*P-6808.  Epoxy  primer  shall 
be  applied  in  accordance  with  MIL-P-46856 . 

545.4.6  Thickness  of  finish  (dry  thickness)  - The  film  thickness 

o£  each  single  dried  coat  of  paint-type  material  shall  be  controlled 
within  the  following  limits:  0.0003  to  0.0005  inch  for  wash  primer, 

0.0006  inch  for  one  coat  of.  zinc  chromate  primer,  0.0005  to  0.0008 
inch  for  one  coat  of  lacquer,  and  0.0008  to  0.0012  inch  for  one  mist 
plus  one  wet  coat  of  enamel  or  varnish,  or  as  specified  in  the  appli- 
cable finishing  specification.  The  thickness  of  two  coats  of  zinc 
chromate  primer  shall  not  exceed  0.0007  inch  on  surfaces  which  are  to 
be  topcoated.  Because  of  the  greatly  reduced  corrosion-inhibiting 
effectiveness  and  coverage  in  dried  film  thickness  of  less  than  0.0003 
inch,  solitary  zinc  chromate  primer  films  below  this  thickness  should 
be  avoided.  The  general  finish  shall  be  maintained  below  the  maximum 
thickness  specified  to  avoid  cracking,  flak;lng,  and  checking  of  the 
paint  finish.  Where  sanding  surfacer  is  used,  which  is  permitted  only 
on  limited  areas,  and  subject  to  the  restrictions  contained  in  5.5.4.11 
the  thickness  of  the  finish  may  be  increased  in  these  areas  by  0.0006 
inch.  Where  insignia  and  markings  are  added  by  painting,  the  total 
thickness  of  finish  on  these  areas  may  be  increased  by  approximately 
0.001  inch.  Where  decalcomanias  are  used,  the  additional  thickness 

is  controlled  by  the  decalcomania  specification. 

5. 5. 4. 7 Application  of  lacquer  - Lacquer  is  normally  applied  by 
the  cold  spray  process.  In  the  cold  spray  process,  in  general,  two 
full  wet  consecutive  passes  of  the  spray  gun.  One  coat  shall  be  applied 
by  one  double  or  cross  pass  of  the  gun,  followed  by  a second  similar 
application  after  the  first  coat  has  set  up.  A minimum  of  45  minutes' 
drying  time  shall  be  allowed  between  lacquer  coats.  If  insufficient 
time  is  allowed  for  drying  of  the  first  coat  and  evaporation  of  the 
major  portion  of  the  thinner,  the  thinner  in  the  second  coat,  may, 

when  added  to  the  unevaporated  thinner  remaining  in  the  first  coat, 
cause  sags  and  runs.  Ilie  force  of  the  air  from  the  spray  gun  could 
also  diebrub  the  softened  first  coat  and  produce  considerable  orange 
peel. 


5. 5.4. 8  Application  of  enamel  - A thin  coat  or  "tack"  of  enamel 
shall  be  applied  >?ith  a light  pass  of  the  gun,  and  while  it  is  still 
tacky,  followed  with  one  full  wet  coat.  No  mist  coat  shall  be  used 
after  application  of  the  wet  enamel  coat. 


24 


M1L-STD-186C  (Ml> 
31  October  1971 


5. 5. 4. 9 Application  of  Insignia  and  markings  - Paint  used  for 
tbe  application  of  insignia  and  markings  shall  be  of  the  same  specifi- 
cation as  the  background  material.  On  bare  metal  the  Insignia  shall 
be  applied  by  means  of  a complete  wash  primer  plus  primer  plus  topcoat 
finish  scheme.  On  painted  surfaces  coated  with  a complete  finish 
scheme  only  the  topcoat  material  is  required  for  marking.  The  addi- 
tional thickness  of  finish  resulting  from  the  application  of  insignia 
and  marking  shall  be  within  the  limits  prescribed  in  5. 5.4.6.  Work- 
manship shall  be  of  high  quality  with  clear,  sharp  outlines  of  charac- 
ters. Any  method  that  causes  ridges  in  the  application  of  insignia 
and  markings  shall  be  avoided  as  much  as  possible,  and  the  use  of  a 
knife  or  any  metal  blade  on  the  part  in  the  application  procedure  is 
prohibited.  Masking  tape  used  in  the  application  of  insignia  and  mark- 
ings shall  be  removed  as  soon  as  practicable  to  avoid  staining  of  the 
painted  surfaces. 

5.5.4.10  Use  of  masking  tape  - Masking  tape  used  in  the  appli- 
cation of  insignia  and  markings  shall  be  such  as  not  to  impair  the 
properties  of,  or  discolor,  the  paint  film  when  such  tape  is  used  in 
the  particular  painting  process  employed.  Absence  of  these  defects 
shall  be  verified  by  examining  the  painted  surface  after  the  tape  has 
been  removed  and  the  surface  exposed  to  sunlight  for  a minimum  of  48 
hours. 


5.5.4.11  Use  of  sanding  surfacer  - In  small  areas  on  exterior - 
surfaces  that  are  severely  scratched  or  abraided,  or  where  otherwise  - 
considered  necessary  to  obtain  an  aerodynamical ly  smooth  exterior 
surface  on  limited  areas,  one  coat  of  MIL-S-974  sanding  surfacer  will 
be  permitted  bur  the  material  shall  not  be  applied  to  the  entire  part, 
and  its  use  shall  be  held  to  an  absolute  minimum.  Only  a minimum 
thickness  of  surfacer  shall  be  applied.  The  material  shall  be  sprayed 
on  after  the  primer  coat  and  immediately  under  lacquer  or  enamel  top- 
coats. Surfacer  must  not  be  used  for  purposes  of  concealing  rivet  or 
screw  heads.  Allow  the  surfacer  to  air-dry  at  least  16  hours,  and 
then  water-sand  very  smooth  with  Nr.  400  wet  or  dry  sandpaper  to  a 
thickness  of  0.0006  inch.  For  emergency  use,  4 hours  air-dry  before 
sanding  will  be  acceptable,  provided  extreme  care  is  exercised  to 
prevent  scratching  of  the  surfaces.  Sanding  may  extend  through  to 
the  primer  coat  in  spots  but  care  must  be  exercised  to  avoid  either 
sanding  through  to  expose  bare  metal  or  removing  appreciable  amounts 
of  the  primer  coat.  After  the  sanding  operation,  the  part  shall  be 
washed  with  water  to  remove  grit  and  foreign  matter  and  allowed  to 
dry  thoroughly.  The  quantity  of  sanding  surfacer  shall  not  exceed 
1 quart,  diluted  for  application,  per  2,500  square  feet  of  exterior 
surface. 
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5*5.4.12  Miscellaneous  requirements  - 

5.5.4.12.1  Tack- ragging  - To  insure  that  all  areas  to  be  painted 
are  free  from  foreign  matter,  they  shall  be  "tack- ragged"  iounediately 
before  painting.  The  "tack«ragging"  shall  be  accomplished  on  each 
area  to  be  finished  immediately  prior  to  the  application  of  finishing 
material  to  that  area.  "Tack- ragging"  is  more  applicable  to  those 
surfaces  requiring  sanding  to  obtain  aerodynamical ly  smooth  properties. 

5.5.4.12.2  Cloths,  tack-rags  - Only  clean,  soft,  dry,  contaminant- 
free,  lint-free,  desized,  wiping  cloths  shall  be  employed  in  all  steps 
of  surface  preparation,  chemical  surface  treatment,  cleaning,  tack- 
ragging, and  painting  operations.  Use  of  commercial  rental  wiping 
cloths  is  prohibited.  Laundered  shop  cloths  are  permitted  when  the 
following  conditions  are  met: 

(a)  The  cloths  returned  from  laundering  shall  be  only  those 
originally  sent  to  the  laundry  by  the  paint  sho,;'S  of  the  contractor 
or  overhaul  station.  Suitable  marking  by  permcsient  marking  inks  or 
dyes  shall  be  employed  to  insure  segregation  and  return  of  cloths 
used  for  paint  shop  purposes. 

(b)  The  laundered  cloths  shall  comply  with  DDD-T-539,  plus  the 

following  additional  requirements:  Complete  absence  of  any  trace  of 

silicone-type  material  as  determined  by  laboratory  tests,  including 
Soxhlet  extraction. 

5.5.4.12.3  Touch-up  - The  use  of  aerosol  spray-cans  of  finishing 
materials  is  permitted  for  touch-up  of  scratches  and  heads  of  fastenings, 
as  well  as  small  areas  not  exceeding  4 square  inches.  When  necessary 

to  touch-up  or  refinish  a bare  spot  on  an  assembly,  the  edges  of  the 
finish  adjacent  to  the  bare  spot  shall  be  tapered  by  sanding.  The  wash 
primer  should  then  be  spotted  in  over  the  bare  area  and  feathered 
over  the  old  finish*  The  wash  prime’  will  adhere  to  an  acceptable 
degree  to  the  adjacent  finish  but  the  adhesion  will  not  be  as  outstanding 
at  these  edges  as  it  is  to  bare  metal.  The  wash  primer  may  be  omitted 
if  thin  scratches  or  small  areas  are  involved. 

5.5.4.12.4  Smoothness  of  wash  primer  and  primer  coats  - The  wash 
primer  should  be  dry  scuffed  with  kraft  paper  in  accordance  with  MIL- 
G-8507.  The  primer  should  be  applied  as  smoothly  as  possible,  since 
specks  and  occ .fusions  will  cavrj  through  to  the  topcoat  and  impart 
undesirable  roughness  to  the  final  finish.  In  spraying  p'imer,  proper 
spray  techniques  are  necessary  to  avoid  dry  over spray  which  results  in 
excessive  roughness.  A properly  applied  primer  film  should  be  free 
from  streaks,  blisters,  seeds,  excessive  silkings,  or  other  irregu- 
lari tics  of  surface.  Bry  scuff  sanding  by  hand,  using  No.  400  or 
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No.  320  sandpaper  should  be  employed,  as  necessary,  to  remove  specks 
o£  roughness  that  might  carry  through  to  the  topcoats,  but  extreme 
care  should  be  exercised  to  avoid  removing  the  primer  down  to  wash 
primer.  Great  caution  is  necessary  to  avoid  gouging  the  surface  of 
rivets  and  other  protuberances  and  edges  of  faying  surfaces  with  the 
sandpaper,  apd  thus  remove  the  primer  to  bare  metal,  which  results  in 
subsequent  susceptibility  to  corrosion.  Should  this  be,  normal  touch- 
up  with  primer  should  be  accomplished.  Areas  where  primer  presents  a 
distinctly  rough  appearance  not  removable  by  sanding  should  be  stripped 
and  new  primer  applied  to  the  area  involved.  If  bubbling  of  the  wash 
primer  and  subsequent  coatings  are  encountered  on  magnesium,  it  may 
be  token  as  evidence  of  inadequate  surface  treatment  of  the  magnesium. 
Such  bubbled  coatings  should  be  removed  immediately  and  the  surface 
given  a manually  applied  chemical  surface  treatment,  followed  by  wash 
primer. 


5.5.4.12.3  Final  dry  of  the  finish  - The  parts,  after  painting, 
shall  be  permitted  to  dry  in  a dust-free  atmosphere  for  a sufficient 
time  prior  to  moving  to  insure  that  the  paint  is  adequately  dry  and  to 
avoid  damage  of  the  finish.  Painted  parts  shall  also  be  protected 
from  condensing  taoisture  and  rain  during  the  first  24  hours  after 
painting.  This  time  may  vary  somewhat  depending  on  the  temperature 
and  type  of  paint  used. 

6.  INSPECTION 

6.1  Responsibility  for  inspection  - Unless  otherwise  specified 
In  the  contract  or  purchase  order,  the  supplier  is  responsible  for  the 
performance  of  all  Inspection  as  specified  herein.  Except  as  other- 
wise specified,  the  supplier  may  utilize  his  own  facilities  or  any 
commercial  laboratory  acceptable  to  the  Government.  The  Government 
reserves  the  right  to  perform  any  of  the  inspections  set  fo^th  in  this 
standard  where  such  inspections  are  deemed  necessary  to  assure  supplies 
and  services  conform  to  prescribed  requirements. 

6.2  General  inspection  requirements  - All  equipment  being  processed 
shall  be  inspected  at  the  various  stages  of  cleaning,  surface  treating, 
electroplating,  and  application  of  other  types  of  finishes  and  coatings, 
to  ascertain  that  each  process  is  done  in  strict  accordance  with  this 
standard  and  individual  specifications.  The  inspections  and  tests 
covered  in  this  section  shall  not  be  considered  restrictive.  Any 
condition  not  in  full  accord  with  the  applicable  drawings  end  speci- 
fications shall  be  regarded  as  defective. 
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6.2.1  Tests  - MaterialS9  prior  to  their  use,  shall  be  inspected, 
sampled  and  tested  in  accordance  with  the  applicable  specification  and 
standard  to  determine  compliance  with  the  requirements  of  the  parti* 
cular  specification. 

6.3  Paint  application  - 

6.3.1  General  - Inspectors  shall  conduct  frequent  and  regular 
checks  to  assure  compliance  with  the  requir aments  of  this  standard. 

The  items  specifically  detailed  below  shall  receive  the  mdst  scrupulous 
attention  by  Inspectors  and  Quality  Control  personnel. 

6.3.2  Cleanliness  - Inspectors  shall  conduct  tests  just  prior  to 
application  of  paint- type  coatings  to  assure  that  the  surface  is 
thoroughly  clean  and  free  from  contaminants.  The  water  break  test 
described  in  5. 5. 3. 2 and  the  litmus  paper  test  described  in  5. 5. 3. 2.1 
shall  be  applied  to  questionable  surfaces  to  assure  that  adequate 
cleaning  and  rinsing  procedures  have  been  employed  and  to  check  for 
freedom  from  residual  steam- cleaning  compound  and  other  cleaning 
materials  residues.  If  representative  test  areas  fail  these  tests, 
the  parts  shall  be  returned  to  the  cleaning  process  and  recleaning 
accomplished. 

6.3.3  Hiding  power,  gloss,  and  smoothness  - Inspectors  shall 
conduct  regular  and  frequent  inspection  tests  to  insure  smoothness  of 
finish  system.  Regardless  of  whether  the  finish  is  high  gloss  or  low 
gloss,  specks  and  bumps  detected  visually  or  by  drawing  the  finger 
tips  across  the  sanded  or  rubbed  finish  in  various  directions  shall 
be  removed*,  there  shall  be  no  seediness  or  roughness  caused  by  dried 
overspray,  improper  thinning,  or  improper  gun  adjustment.  The  painted 
surfaces  (when  dry)  shall  be  checked  visually  for  hiding  power  and 
gloss  by  comparison  with  an  approved  sample. 

6.3.4  Adhesion  - Inspectors  shall  conduct  regular  and  frequent 
wet  tape  adhesion  tests  on  the  exterior  finish  after  drying  for  a period 
of  at  least  48  hours  for  a lacquer  system  and  72  hours  for  an  enamel 
system,  the  test  to  be  conducted  on  a sufficient  number  of  samples  to 
assure  maintenance  of  a satisfactory  level  of  adhesion  on  full  production. 
In  performing  this  test,  it  is  suggested  that  a piece  of  cloth  or 
plastic  be  taped  on  the  area  under  inspection.  The  test  area  shall  be 
kept  soaked  24  hours  minimum  with  tap  or  distilled  water.  The  test 
areas  shall  have  a minimum  diameter  of  3 inches.  Remove  the  wet  cloth 
and  blot  up  the  surface  water.  Immediately  thereafter,  apply  a 1-inch 
strip  of  tape,  UU-T-106  (only  newly  manufactured  tape  shall  be  used), 
adhesive  down.  Press  the  tape  down,  using  two  passes  of  a 2%  pound 
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rubber  covered  roller  or  employ  firm  pressure  with  the  thumb.  In 
general  the  tape  shall  not  be  applied  over  rivets,  skin  laps,  holes, 
slots,  or  screw  heads.  Repeated  application  of  the  tape  on  one  area 
is  not  necessary.  Remove  the  tape  in  one  abrupt  motion  and  examine 
the  tested  area  for  any  paint  damage,  such  as  removal  of  paint  at  one 
of  the  layers  of  the  finish  system  or  removal  of  the  entire  system  from 
metal.  Test  panels  shall  be  sprayed  with  the  complete  finish,  along 
with  production  items,  and  scratch  wet  tape  adhesion  tests  per  method 
6301.1  of  Fed-Std  Test  Method  141  conducted  on  these  panels  after  a 
24-hour  soaking  period  in  distilled  water,  the  test  to  be  conducted 
immediately  after  removal  from  the  water.  Suitable  adjustments  shall 
be  made  in  the  materials  and  processes,  based  on  the  results  of  these 
tests. 

6.3.5  Film  thickness  • Contractors,  inspectors,  and  painters 
shall  exercise  constant  diligence  to  maintain  careful  control  of  the 
thickness  of  paint  finish  during  the  production  process  to  insure 
continual  adherence  to  the  established  thickness  limits  as  specified 

in  5. 5. 4. 6.  Inspectors  shall  conduct  regular  and  frequent  paint  thick- 
ness measurements  on  the  production  parts  with  a suitable  measuring 
device  on  a sufficient  number  of  selected  areas  to  assure  maintenance 
of  the  overall  thickness  of  the  finish  below  the  maxima  detailed  in 
5.5. 4. 6.  The  thickness  measurement  of  the  paint  film  shall  be  taken 
after  all  scuffing  and  sanding  operations  are  completed  on  the  paint 
coat  being  measured.  When  the  painter  has  the  gun  adjusted  and  is 
ready  to  start  spray  painting,  he  shall  first  spray  paint  test  panels 
as  prescribed  in  5. 5.4. 2.  The  thickness  of  the  paint  should  then  be 
measured  on  the  panels  with  a micrometer  or  an  Ames  Thickness  Gauge 
Oi.  equivalent,  allowing  0.0001  to  0.0002  inch  for  further  contraction 
in  thickness  to  be  expected  during  the  drying  of  the  paint.  If  the 
film  thickness  exceeds  the  allowable  maximum,  as  specified  above, 
necessary  adjustments  shall  be  made  of  the  spray  gun,  paint  viscosity, 
etc.,  and  the  trail  spraying  repeated  until  proper  thickness  is  obtained. 
Then  the  painters  may  proceed  with  painting.  The  approved  sprayed  test 
panels  may  also  be  utilized  for  verifying  the  process  for  quality  con- 
trol end  qualifying  the  individual  painters. 

6.3.6  Sampling  frequency  - Sampling  for  the  inspection  tests  of 

Section  6 shall  be  accomplished:  (a)  When  a new  supplier  furnishes 

materials  used  in  the  production  process,  (b)  When  evidence  occurs  of 
deterioration  in  the  quality  of  the  finish,  (c)  When  a change  of  process 
or  sequence  is  affected,  and  (d)  A minimum  of  one  inspection  a week 

for  those  weeks  when  painting  facilities  are  used.  The  quality  con- 
trol tests  of  6.3.2,  6.3.3,  6.3.4  and  6.3.5  of  this  standard  shall  be 
conducted  at  least  once  a week  in  the  production  painting  of  parts, 
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as  a minim^jun  requirement.  The  results  of  the  inspection  tests  shall 
be  re^Fiewed  by  the  Government  Inspector  for  conformance  with  established 
quality  criteria. 

6.3.7  Laundering  of  shop  cloths  - When  laundered  shop  cloths  are 
employed.  Inspectors  shall  conduct  regular  and  frequent  inspection 
tests  at  the  laundry  or  after  return  of  the  laundered  cloths,  or  both; 
and  spot- tests  of  the  cloths  just  prior  to  actual  usage  in  the  shop, 
in  sufficient  numbers  to  assure  compliance  with  the  provisions  of 
5o5.4. 12.2  herein. 


Patent  Notice  - When  Government  drawings,  specifications,  or  other 
data  are  used  for  any  purpose  other  than  in  connection  with  a defi- 
nitely related  Government  procurement  operating  the  United  States 
Government  thereby  incurs  no  responsibility  nor  any  obligation  what- 
soever; and  the  fact  that  the  Government  may  have  formulated,  furnished, 
or  in  any  way  supplied  the  said  drawings,  otherwise  as  in  any  other 
manner  licensing  the  holder  or  any  other  person  or  corporation,  or 
conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  be  any  way  be  related  thereto. 
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PREFACE 


This  book  intends  to  build  a bridge  for  the  student  and  the  young  engineer:  to  link  the  rocket 
propulsion  fundamentals  and  elements  (which  are  well  covered  in  the  literature)  with  the  actual  rocket 
engine  design  and  development  work  as  it  is  carried  out  in  industry  (which  is  very  little,  if  at  all 
covered  in  literature).  The  book  attempts  to  further  the  understanding  of  the  realistic  application  of 
liquid  rocket  propulsion  theories,  and  to  help  avoid  or  at  least  reduce  time  and  money  consuming 
errors  and  disappointments.  In  so  doing,  it  also  attempts  to  digest  and  consolidate  numerous  closely 
related  subjects,  hitherto  often  treated  as  separate,  bringing  them  up  to  date  at  the  same  time. 

The  book  was  written  “on  the  job"  for  use  by  those  active  in  all  phases  of  engine  systems 
design,  development,  and  application,  in  industry  as  well  as  government  agencies.  Since  it  addresses 
itself  to  human  beings  set  out  to  create  new  machines,  rather  than  describing  machines  about  to 
dominate  man,  the  language  chosen  may  not  always  be  “functional”  in  the  strict  sense  of  the  word. 

The  book  presents  sufficient  detail  t''  familiarize  and  educate  thoroughly  those  responsible  for 
various  aspects  of  liquid  propellant  rocketry  including  engine  systems  design,  engine  development, 
and  flight  vehicle  application.  It  should  enable  the  rocket  engineer  to  conduct,  independently,  com- 
plete or  partial  engine  systems  preliminary  detail  designs  and  to  understand  and  judge  the  activities 
in,  and  the  problems,  limitations,  and  “facts  of  life”  of  the  various  subsystems  making  up  a complete 
engine  system.  It  also  attempts  to  educate  those  ultimately  interested  in  specialized  subsystems  and 
component  design  (thrust  chamber,  turbopump,  control  valves,  etc.)  about  their  own  as  well  as  neigh- 
boring subsystems  and  about  the  complete  engine  system.  This  should  enable  the  student  to  prepare 
realistic  analytical  calculations  and  design  layouts  with  a long  headstart  toward  the  final  specialized 
designs  for  subsystem  production  release. 

Special  emphasis  has  been  placed  on  engine  flight  application  to  stimulate  engine  systems  and 
subsystem  designers  to  think  in  these  terms  from  the  outset.  The  book  is  intended  as  a textbook, 
with  specific  consideration  of  the  teacher  without  industry  experience.  We  hope  it  will  stimulate 
those  desiring  to  specialize  in  the  area  of  a rocket  engine  subsystem  by  supplying  adequate  informa- 
tion to  enable  them  to  benefit  fully  from  the  specialized  literature.  Thus  it  provides  a realistic  expert 
introduction  for  those  joining  the  liquid  propellant  rocket  engine  field. 

We  gratefully  acknowledge  the  most  valuable  assistance  by  members  of  the  Rocketdyne  and  the 
Space  Divisions  of  North  American  Rockwell,  Inc.,  Los  Angeles.  We  are  particularly  indebted  to  R.  B. 
Grate,  C.  A.  MacGregor,  H.  M.  Alexander,  S.  B.  Macaluso  and  T.  Holwager  of  Rocketdyne  Division, 
and  to  R.  B.  G.  Bpple,  R.  W.  Westmp,  R.  D.  Hammond,  and  D.  A.  Bngels  of  Space  Division,  who 
reviewed  the  various  chapters  of  the  manuscript  and  contributed  valuable  ideas. 

Special  recognition  goes  to  R.  F.  Strauss  of  Astrosystems  International,  New  Jersey,  who 
inspired  the  manuscript  and  rendered  valuable  assistance  during  the  various  phases  of  its  preparation. 

In  particular,  the  authors  are  indebted  to  the  manifold  support  they  received  from  North  American 
Rockwell,  Inc.,  and  its  divisions.  Rocketdyne’s  engine  technology  has  provided  a major  foundation 
for  the  book. 


Dieter  K.  Huzel 
David  H.  Huang 
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Impeller  design  relative  outlet  flow  angle: 

Referring  to  figure  6-38a,  and  to  equation 
(6-42),  the  width  of  the  impeller  at  the  vane  inlet 


ft 

12855  -■  . 

3.12xffx  8.45  x 53.1x0.82"'®°° 

From  equation  (6-43),  the  width  of  the  impel- 
ler at  the  discharge 


ft  9imp 

^ 3.12  nd2Cin2f2 


12855 


3.12  X ffx  J -i.8  X 68.5  X 0.88 


= 1.91  in 


From  equation  (6-5)  the  overall  pump  flow 
coefficient 


_ Cm2  ^52.5^ 
U2  453 


0.116 


A-1  Stage  Engine  Oxidizer  Pamp  Impeller  Design 
Summary 

Required  impelleir  developed  head  and  ARimp 
= 3252  ft,  Qimp=18855  gpm  flow  capacity 

Inlot  velocity  diagram  (at  mean  inlet  effective 
diameter  d^) 

a,'=61°13',  j8i'  = 13°3' 

Ui  =258.5  ft/sec,  Vi'  =835  ft/sec 
c,'=60.5  ft/sec,  Cui'=89.2  ft/sec. 

Cm  1=53.1  ft/sec 

Outlet  velocity  diagram  (at  outlet  diameter  d2) 
a2'  = ll°58',  /32'  = 14°22' 

«2=453  ft/sec,  V2' =211.6  ft/sec 
C2'  =853.4  ft/sec,  Cu2  =248  ft/sec, 

C|jj  2 = 52. 5 ft/ sec 

Inlet  dimensions 

inlet  eye  diameter=dit=11.05  in 
inlet  hub  diameter=di/i=4.65  in 
inlet  mean  effective  diameter  = dj  = 8.45  in 
inlet  vane  angle  at  diameter  dj  =jSi  =13°3' 
inlet  vane  width  bi  =3.56  in 


Outlet  dimensions 

outside  diameter  d2  =14.8  in 
discharge  vane  angle  ^2  =24° 
impeller  outlet  width  b2  = l-91  in 
Number  of  impeller  vanes  (eq.  6-44)  Zj  = 182/3 
=24/3=8 


Design  of  Casings 

The  main  function  of  a pump  casing  is  to  con- 
vert the  kinetic  energy  of  high  flow  velocity  at 
the  impeller  discharge  into  pressure.  It  does  not 
contribute  to  the  generation  of  head.  The  con- 
struction of  a typical  centrifugal  puuip  casing  is 
shown  in  figure  6-5.  The  front  section  of  the 
casing,  which  provides  the  pump  inlet  and  houses 
the  inducer,  is  called  the  suction  nozzle.  The 
rear  section  of  the  casing,  which  collects  the 
fluid  from  the  impeller  and  converts  the  velocity 
head  into  presst>re  prior  to  discharge,  is  called 
the  volute. 

Since  the  flow  path  in  a suction  nozzle  is 
short  and  the  flow  velocities  are  relatively  low, 
the  head  loss  in  a suction  nozzle  due  to  friction 
is  very  small.  The  contour  of  the  suction  nozzle 
is  designed  to  suit  the  inducer  configuration.  A 
tapered  suction  nozzle  (as  shown  in  fig.  6-14), 
also  known  a i an  end  suction  nozzle,  together 
with  a taperrjd  inducer,  yields  best  results  in 
most  respects.  This  nozzle,  the  area  of  which 
gradually  decreases  toward  the  impeller  eye, 
greatly  steadies  the  flow  and  assures  uniform 
feed  to  the  impeller.  In  liquid  oxygen  pumps, 
frequently  a liner  made  of  a material  such  as 
Kel-F  is  inserted  between  inducer  and  suction 
nozzle  wall.  Hiis  eliminates  the  possibility  of 
metal-to-metal  rubbing  in  the  presence  of  narrow 
inducer  tip  clearances.  Rubbing  in  liquid  oxygen 
pumps  may  cause  dangerous  explosions.  In 
turbopumps  of  the  single-shaft  type  (fig.  6-18), 
the  fuel  is  introduced  to  the  fuel  pump  in  a radial 
direction.  Special  guide  devices  are  required  in 
the  inlet  to  minimize  pressure  drops  because  of 
the  need  of  turning  the  flow  axially  into  the 
inducer. 

Two  types  of  volute  casing  ate  used  in  rocket 
centrifugal  pumps,  the  plain  volute  and  the  dif- 
fusing vane  volute  (see  fig.  6-43).  In  the  first, 
the  impeller  discharges  into  a single  volute 
channel  of  gradually  increasing  area.  Here,  the 
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PLAIN  VOLUTE  PUMP  DIFFUSING  VANE  VOLUTE  PUMP 

Figure  6-43. -Plain  volute  and  diffusing  vane 
vo’  ^e  centrifugal  pump  casings. 


major  part  of  the  conversion  of  velocity  to  pres- 
sure takes  place  in  the  conical  pump  discharge 
nozzle,  hi  the  latter,  the  impeller  first  dis- 
charges into  a diffuser  provided  with  vanes.  A 
major  portion  of  the  conversion  takes  pl»oe  in 
the  channels  between  the  diffusing  vanes  before 
the  fluid  reaches  the  volute  channrl.  The  main 
advantage  of  the  plain  volute  is  its  simplicity. 
However,  the  diffusing  volute  is  more  efficient. 
Head  losses  in  pump  volutes  are  relatively  high. 
Approximately  7G  to  90  percent  of  the  flow  kinetic 
energy  is  converted  into  pressure  head  in  either 
volute  type. 


Figure 6-44,-Plaitt  volute  casing  of  a centrifugal 
pump. 


The  hydraulic  characteristics  of  a plain  volute 
are  determined  by  several  design  parameters 
which  include:  volute  throat  area  ay  and  flow 
areas  a$,  included  angle  0s  between  volute  side 
walls  (fig.  6-44),  volute  tongue  angle  ay,  radius 
rt  at  which  the  volute  tongue  starts,  and  volute 
width  63.  Their  design  values  are  somewhat 
influenced  by  the  pump  specific  speed  Ns  and 
are  established  experimentally  for  best  per- 
formance. 

All  of  the  pump  flow  Q passes  through  the 
volute  throat  section  ay,  but  only  part  of  it 
passes  through  any  other  section,  the  amount 
depending  on  the  location  away  from  the  volute 
tongue.  One  design  approach  is  to  keep  a con- 
stant avert^e  flow  velocity  C3  at  all  sections  of 
the  volute.  Thus 

c ' - Q 1 9 Q (6-69) 

3.123yS.12  36O30  ^ ' 

where 

C3'  = average  flow  velocity  in  the  volute,  ft/sec 
Q = rated  design  pump  Ocw  rate,  gpm 
3y  =area  of  the  volute  throat  section,  in^ 

30  =area  of  a volute  section  (in^),  at  an  angular 
location  6 (degrees)  from  the  tongue 


The  design  value  of  the  average  volute  flow 
velocity  c^  may  be  determined  experimentally 
from  the  correlation 

c^  = Kvy/W^  (6-70) 

where 

Ky  = experimental  design  factor;  typical  values 
range  from  0.15  to  0.55.  Ky  is  lower  for 
higher  specific  speed  pumps 
AH = rated  design  pump  developed  head,  ft 
g = gravitational  constant,  32.2  ft/sec^ 

In  order  to  avoid  impact  shocks  and  separa- 
tion losses  at  the  volute  tongue,  the  volute  angle 
ay  is  designed  to  correspond  to  the  direction  of 
the  absolute  velocity  vector  at  the  impeller  dis- 
charge: ay"=a2‘  Higher  specific  speed  pumps 
have  higher  values  of  03  and  thus  require  higher 
ay.  The  radius  rt  at  which  the  tongue  starts 
should  be  5 to  10  percent  larger  than  the  outside 
radius  of  the  impeller  to  suppress  turbulence  and 
to  provide  an  opportunity  for  the  flow  leaving  the 
impeller  to  equalize  before  coming  into  contact 
with  the  tongue. 

The  dimension  63  at  the  bottom  of  a trap- 
ezoidal volute  cross  section  is  chosen  to  mini- 
mize losses  due  to  friction  between  impeller 
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discharge  flow  and  volute  side  walls.  For  small 
pumps  of  lower  specific  speeds,  63  =2.0  62  > 
where  &2  is  the  impeller  width  at  the  discharge, 
in.  For  higher  specific  speed  pumps,  63  = 1.6  to 
1.75 hj.  Ilie  maximum  included  angle  6s  be- 
tween the  volute  side  walls  should  be  about  60°. 
For  higher  specific  speed  pumps,  or  for  higher 
impeller  discharge  flow  angles  03',  the  value  of 
6s  should  be  made  smaller. 

The  pressure  in  the  volute  cannot  always  be 
kept  uniform,  especially  under  off-design  oper- 
ating conditions.  This  results  in  a radial  thrust 
on  the  impeller  shaft.  To  eliminate  or  reduce 
the  radial  thrust,  double-volute  casings  have 
been  frequently  used  (fig.  6-45).  Here,  the  flow 
is  divided  into  two  equal  streams  by  two  tongues 
set  180°  apart.  Although  the  volute  pressure 
unbalances  may  be  the  same  as  in  a single- 
volute casing,  the  resultant  of  all  radial  forces 
may  be  reduced  to  a reasonably  low  value,  owing 
to  symmetry. 

The  diffusing  vane  volute  has  essentially  the 
same  shape  as  a plain  volute,  except  that  a num- 
ber of  passages  are  used  rather  than  one.  This 
permits  the  conversion  of  kinetic  energy  to  pres- 
sure in  a much  smaller  space.  The  radial  clear- 
ance between  impeller  and  diffuser  inlet  vane 
tips  should  be  narrow  for  best  efficiency.  Typical 
values  range  from  0.03  to  «'^.12  inch,  depending 
upon  impeller  size.  The  v idth  of  the  diffuser  at 


Figure  6'45,-Typical  single  discharge,  180° 
opposed  double-volute  casing  ot  a centrifugal 
pump. 


its  inlet  can  be  approximated  in  a manner  similar 
to  that  used  for  the  width  of  a plain  volute  (i.e., 
1.6  to  2.0  impeller  width  b2)-  A typical  diffuser 
is  shown  in  figure  6-46.  The  vane  inlet 
angle  03  should  be  made  equal  or  close  to  the 
absolute  impeller  discharge  flow  angle  <12 . The 
design  valuo  of  the  average  flow  velocity  at  the 
diffuser  throat  C3'  may  be  approximated  by 


where 

Cg  = average  flow  velocity  at  the  diffuser  throat, 
ft/sec 

dg  = impeller  discharge  diameter,  in 
dg  = pitch  diameter  of  the  diffuser  throats,  in 
Cg*  = absolute  flow  velocity  at  impeller  dis- 
charge, ft/sec 

Since  each  vane  passage  is  assumed  to  carry 
an  equal  fraction  of  the  total  flow  Q,  the  follow- 
ing correlation  may  be  established: 

where 

bg  = width  of  the  diffuser  at  the  throat,  in 
ftg  = diffuser  throat  height,  in 
z = number  of  diffuser  vanes 
Q = rated  design  pump  flow  rate,  gpm 
The  number  of  diffuser  vanes  z should  b9 
minimum,  consistent  with  good  performance,  and 
should  have  no  c ^mmon  factw  with  the  nut.-iber  of 
impeller  vanes  to  avoid  resonances.  If  possible. 


Figure  6-46. -Typical  layout  ot  the  diffuser  tor  a 
centrifugal  pump  volute  casing. 
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the  cross  section  of  the  passages  in  the  diffuser 
are  made  nearly  square;  i.e.,  63  =*3.  The  shape 
of  the  passage  below  the  throat  should  be  diverg- 
ing, with  an  angle  between  10°  to  18°.  The 
velocity  of  the  flow  leaving  the  diffuser  is  kept 
slightly  higher  than  the  velocity  in  the  pump 
discharge  line. 

Rocket  pump  casings  are  frequently  made  of 
high-quality  aluminum-alloy  castings.  In  low- 
pressure  pumps,  the  casing  wall  thickness  is 
held  as  thin  as  is  consistent  with  good  foundry 
practice.  Owing  to  the  intricate  shape  of  the 
castings,  stress  calculations  are  usually  based 
upon  prior  experience  and  test  data.  For  a rough 
check,  the  hoop  stress  at  a casing  section  may 
be  estimated  as 

St=pjr  (6-73) 

where 

St = hoop  tensile  stress,  Ib/in* 

p = local  casing  internal  pressure,  psia  (or 
pressure  difference  across  the  casing 
wall,  psi) 

a = projected  area  on  which  the  pressure  acts, 
in^ 

a'  =area  of  casing  material  resisting  the  force 
pa,  in^ 

The  actual  stress  will  be  higher,  because  of 
bending  stresses  as  a result  of  discontinuities 
and  deformation  of  the  walls,  and  thermal  stresses 
from  temperature  gradients  across  the  wall. 

Sample  Calculation  (6-8) 

The  flow  conditions  at  the  outlet  of  the  A-1 
stage  engine  oxidizer  pump  impeller  were  de- 
rived in  sample  calculation  (6-7).  Calculate  and 
design  a double-volute  (spaced  180°),  singie- 
discharge-type  casing  (as  shown  in  fig.  6-45)  for 
the  same  pump,  assuming  a design  factor  Ky  of 
0.337. 


any  section  from  0°  to  180°  away  from  the  volute 
tongue  may  be  calculated  for  both  volutes  as 

dQ 12420  0 — n fi'ya a 

^ " 3 . 12  X 360  X C3  “ 3 . 12  X 360  X 146  ^ ^ 

At  0=45°,  845=3.42  in^:  at  0=90°.  8go  = 6.84in^: 
at  0=135°,  8i3s  = 10.26  in^;  and  at  0=180°, 

8jgo  = 13.68  in^. 

Total  volute  throat  area  at  the  entrance  to  the 
discharge  nozzle 

8v= 2x13.68= 27.36  in* 

The  volute  angle  ay  can  be  approximated  as 
av=a2'  = ll°58'.  say  12° 

The  radius  ft  at  which  the  volute  tongues 
start  can  be  approximated  as  (assuming  5 percent 
clearance) 

dj  14  ft 

rt=~xl.05=-~2xi.05=7.77  in 

The  width  at  the  bottom  of  the  trapezoidal 
volute  section  shall  be 

63=1.7552  = 1.75x1.91  in=3.34in 

Allowing  for  a transition  from  the  shape  of  the 
volute  to  round,  we  use  a diameter  of  6.25  inches, 
or  an  area  of  30.68  in*,  for  the  entrance  to  the 
discharge  nozzle.  With  a 10°  included  taper 
angle  and  a nozzle  length  of  10  inches,  the  exit 
diameter  of  the  discharge  nozzle  can  be  deter- 
mined as 

dfe=6.25+2xl0xtan  5° 

=6.25+8xl0  x 0.0875  = 6.25 + 1 . 75 
=8  in  (or  an  area  of  50.26  in*) 


Solatioa 


Plow  velocity  at  the  nozzle  inlet: 


Prom  equation  (6-70),  the  average  volute  flow 
velocity  may  be  calculated  as 


12420 

3.12x30.68 


= 130  ft/see 


C3  =Ky\f& gAJ?=0.337x\/§x 32.8 xg930  =146 ft/sec  Plow  velocity  at  the  nozzle  exit: 


Referring  to  figures  6-44  and  6-45,  and  from 
equation  (6-69),  the  required  volute  flow  area  at 


12420 

3.12x50.26 


= 79.4  ft/sec 
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Balancing  the  Axial  Thrust  of  Centrifugal  Pumps 

Unbalanced  axial  loads  acting  on  the  inducer- 
impeller  assembly  of  centrifugal  pumps  are  pri- 
marily the  result  of  changes  in  axial  momentum, 
and  of  variations  in  pressure  distribution  at  the 
periphery  of  the  assembly.  These  unbalanced 
forces  can  be  reduced  by  mounting  tvro  propellant 
pumps  back  to  back,  as  shown  in  figures  6-14 
and  6-18.  More  subtle  balancing  of  the  axial 
loads  can  be  accomplished  by  judicious  design 
detail,  which  is  especially  important  in  high- 
pressure  and  high-speed  pump  applications. 
Either  one  of  the  following  two  methods  is  fre- 
quently used. 

With  the  first  method  (as  shown  in  fig.  6-47), 
a balance  chamber  is  provided  at  the  back  shroud 
of  the  impeller,  between  back  wearing  ring  diam- 
eter dbr  and  shaft  seal  diameter  d^.  Balancing 
of  axial  loads  is  effected  by  proper  selection  of 
the  projected  chamber  area  and  of  the  admitted 
fluid  pressure.  The  pressure  level  Pc  in  a bal- 
ance chamber  can  be  controlled  by  careful  ad- 
justment of  the  clearances  and  leakages  of  the 
back  wearing  ring  and  the  shaft  seals.  The 
required  Pc  may  be  determined  by  the  following 
correlation: 


Pow (dftf*  - ds^) - Pvn(dbt^  - dfr^) 

+ PMdtr^ -dt^)+Pondh^+-~”'°±  Tg  (6-74) 


where 

Pc  = balance  chamber  pressure,  psia 
Pv  = average  net  pressure  in  the  space  be- 
tween irnincller  shrouds  and  casing 
walls,  psia 

Pi  = static  pressure  at  the  inducer  outlet,  psia 
Po  = static  pressure  at  the  inducer  inlet,  psia 
dg  = effective  shaft  seal  diameter,  in 
db  =hub  diameter  at  the  inducer  inlet,  in 
de  = inducer  tip  diameter = eye  diameter  at  the 
impeller  inlet,  in 

dir  = front  wearing  ring  diameter,  in 
djjr  =back  wearing  ring  diameter,  in 
vi'i  = inducer  weight  flow  rate,  Ib/see 
Cm  0- axial  flow  velocity  at  the  inducer  inlet, 
ft/see  (converts  to  radial) 
g = gravitational  constant,  32.2  ft/sec* 

Te  = external  axial  thrust  due  to  unbalanced 
axial  loads  of  the  other  propellant  and/or 


the  turbine;  lb.  A positive  sign  indi- 
cates a force  which  tends  to  pull  the 
impeller  away  from  the  suction  side,  a 
negative  sign  indicates  the  opposite. 

The  static  pressure  at  the  inducer  outlet,  pj , 
can  be  either  measured  in  actual  tests,  or  approx- 
imated by 


Pi=kiPo  (6-75) 


where 

ki  = design  factor  based  on  experimental  data 
(ranging  from  1.1  to  1.8) 

Po  = static  pressure  at  the  inducer  inlet,  psia 
The  average  pressure  in  the  space  between 
impeller  shrouds  and  casing  side  walls,  Pv,  may 
be  approximated  by 


n -n  . 3 

^*■^576  2g  P 


(6-76) 


where 

«2  = peripheral  speed  at  the  impeller  outside 
diameter  d2,  ft/sec 

U]  = peripheral  speed  at  the  impeller  inlet  mean 
effective  diameter  d,,  ft/sec 
p = density  of  the  pumped  medium,  Ib/ft^ 


The  main  advantage  of  the  balance  chamber 
method  is  flexibility.  The  final  balancing  of  the 
turbopump  bearing  axial  loads  can  be  accom- 
plished in  component  tests  by  changing  the  value 
of  Pc  through  adjustment  of  the  clearances  at  the 
wearing  ring  and  shaft  seals.  However,  this 
tends  to  increase  leakage  losses. 

In  the  second  method  (as  shown  in  fig.  6-48), 
straight  radial  ribs  are  provided  at  the  back 
shroud  of  the  impeller  to  reduce  the  static  pres- 
sure between  the  impeller  back  shroud  and  cas- 
ing wall  through  partial  conversion  into  kinetic 
energy.  This  reduction  of  axial  forces  acting  on 
the  back  shroud  of  the  impeller  may  be  approxi- 
mated by  the  following  correlation; 


ds') 


l«r^-Os^)  (s+t) 


3« 


2s 


(6-77) 


where 

Fa  “reduction  of  the  axial  forces  acting  on  the 
back  shroud  of  impeller,  lb 
dr  -outside  diameter  of  the  radial  ribs,  in 
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Figure  6-47.-Balancing  axial  thrusts  of  a centrifugal  pump  by  the  balance  chamber  method. 


Figure  6'48.-Balancing  axial  thrusts  of  a centrifugal  pump  by  the  radial  rib  method. 


dg  = effective  shaft  seal  diameter^lnside  diam- 
eter of  the  radial  ribs,  in 
Uf  = peripheral  speed  at  diameter  dr,  ft/sec 
Ug  = peripheral  speed  at  diameter  dg,  ft/ sec 
g = gravitational  constant,  32.2  ft/sec^ 
p = density  of  the  pumped  medium,  Ib/ft^ 

( = height  or  thickness  of  the  radial  ribs,  in 
s = average  distance  between  casing  wall  and 
impeller  back  stiroud,  in 

The  required  Fg  may  be  determined  by  the 
following  oorrelatlon: 


Pvff(d/r*  -d8*)-4F,  = p,fr(d/r*  -dt*) 

+ (6-78) 

The  pressures  p,  and  Pv  may  be  approximated 
by  equations  (6-75)  and  (6-76).  See  equation 
(^74)  for  other  terms. 

Sample  Calculation  (6-9) 

Radial  ribs  (similar  to  those  in  fig.  6-48)  are 
used  on  the  back  shroud  of  the  A-1  stage  engine 
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oxidizer  pump  impeller,  with  the  following  dimen- 
sions: 

Outside  diameter  of  the  radial  ribs,  dr=  14.8 
in  (equal  to  dj) 

Inside  diameter  of  the  radial  ribs,  ds  = 4.8  in 
Height  of  the  radial  ribs,  t = 0.21  in 
Width  of  the  radial  ribs.  w=0.25  in  (not 
critical) 

Average  distance  between  the  casing  wall 
and  impeller  back  shroud,  s = 0.25  in 
Estimate  the  reduction  of  the  axial  forces 
acting  on  the  back  shroud  of  the  impeller,  due  to 
the  radial  ribs. 


Solution 

The  peripheral  speed  at  diameter  dr 

nN  . ffxTOOO  - . » Acntt/ 

720  = 

The  peripheral  speed  at  the  diame<.er  dg 

nN  , IT X 7000  • o \An  *Ai 
"»  = 720‘'»=^20“"^  ® = ^^^ 

From  equation  (6-77),  the  reduction  of  the 
axial  force? 

O =^(21(..01  - 23.04) 

X 71  38  X = 74  680  lb 

6.4  DESIGN  OF  AXIAL-FLOW  PUMPS 

Except  when  used  ao  inducers,  application 
of  axial-flow  pumps  in  rocket  engines  is  essen- 
tially limited  to  liquid  hydrogen  systems  in  a 
multistage  configuration.  Hius,  the  following 
discussions  are  applicable  to  axial-flow  hydro- 
gen pumps  only.  Multistage  axial-flow  hydrogen 
pumps  are  applied  in  regions  which  are  beyond 
the  capability  of  a single-stage  centrifugal  pump, 
since  their  construction  is  oomparatively  simple 
(fig.  6-4).  As  can  be  seen  in  figure  6-6,  the  fluid 
In  an  axial-flow  pump  flows  ftom  one  stage  to 
the  next  with  a minimum  of  connecting  passages. 

The  head  rise  of  a typical  single-stage  cen- 
trifugal hydrogen  pump  is  limited  to  about  65  000 
ft  (2000  pel).  Beyond  this  point,  a multistage 


axial-flow  pump  is  selected.  For  each  stage  of 
an  axial-flow  pump,  head  rises  of  5000  to  9000 
feet  can  be  obtained. 

The  capacity  of  an  axial-flow  hydrogen  pump 
is  usually  limited  to  about  5500  gpm  as  a mini- 
mum. This  is  due  to  the  minimum  practical 
height  Ay  of  the  vanes  (fig.  6-49).  For  heights 
below  0.5  inch,  the  tip  clearance  required  fcr 
efficient  performance  becomes  critical,  causing 
manufacturing  problems.  A reduction  in  rotor 
diameter  below  certain  values  is  not  practical 
either,  because  of  the  high  rpm  required  for 
proper  blade  speed. 

Figure  6-50  presents  typical  operating  regions 
of  various  liquid  hydrogen  pump  types.  These 
include  centrifugal  pumps  of  (Na)i  =500  per 
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Figure  e-AS.-Ellect  ol  vane  height  on  the  per- 
formance of  an  axial-flow  pump. 
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U(C,  cos  a,  +Cj  cos  02 

+ C3  cos  03  + C4  cos  04) 

1308  (2880  X 0.906  + 1070  x 0.058 

+2880  x 0.906+1070  x 0,058) 
32.2x778x359 

= 0.78 

The  turbine  machine  efficiency  is  assumed  to 
be  the  same  as  that  used  in  design  (a); 

jjia  = 0.852 

From  equation  (6-148).  the  overall  turbine 
efficiency 

~ ^ 0.852  = 0.664 

A-1  StagQ  Engine  Alternate  Turbine  Design 
Summary  (Two-Stage,  Two-Rotor,  Pressure- 
Compounded,  Impulse  Type) 

For  velocity  diagrams  at  mean  diameter  dm. 
see  figure  6-59. 

U = 1308  fps: 

ai=25°:  /3i=43°8‘;  Ci=2880fps;  Fi  = 1784 
fps;  a2=86°40';  j82=38°;  Ca  = 1070  fps; 

F2  = 1736  fps:  03=25“:  183  =43°8‘:  C3= 2880 
fps:  73  = 1784  fps;  o4=86°40';  ^4=88°; 

C4  = 1070  fps:  74  = 1736  fps 
Isentropic  enthalpy  drops: 

First-stage  nozzles.  Aff0.1i  = 179.5  Btu/Tb 
First-st£®e  rotor  blades.  Affi_2*  = 10.75  Btu/lb 
Second-stage  nozzles,  AH2^<  = 158  Btu/lb 
Second-stage  rotor  blades,  Aff3.4>  = 10.75 
Btu/lb 

Working  efficiencies: 

7yt=66.4%:  i;n  = 92%;  Tjnb=78%;  J7m  = 85.2% 
Mean  diameter  of  nozzles  and  blades: 
dm =42.7  in 

Comment:  The  overall  efficiency  of  the 
pressure  compounded  turbine  is  higher  than  that 
of  design  (a).  However,  a relatively  large  dm  is 
required  (weight,  size). 

6.6  DESIGN  OF  TURBOPUMP  BEARINGS, 
SEALS,  AND  GEARS 

Turbopump  Bearing  Design 

A turbopump  shaft  is  supported  by  two  or  more 
bearings,  llie  loads  on  the  bearings  are  the 


result  of  forces  which  act  on  the  shaft  or  on  the 
parts  supported  by  the  shaft.  These  forces  may 
be  divided  into  two  classes:  those  which  act  at 
right  angles  to  the  shaft  axis  (radial  forces),  and 
those  which  act  parallel  to  the  shaft  axis  (thrust 
loads). 

Radial  loads  on  turbopump  bearings  may  re- 
sult from  one  or  more  of  the  following  sources: 

(1)  Weights  of  parts  such  as  shafts,  pump 

impellers,  turbine  rotors,  gears 

(2)  Centrifugal  forces  due  to  unbalance  of 

these  rotating  parts 

(3)  Forces  due  to  inertia,  resulting  from  rapid 

acceleration 

(4)  Resultant  radial  forces  on  the  impeller 

due  to  nonuniform  pressure  distribution 

in  the  discharge  volute  of  the  pump 

(5)  Tangential  or  torque  forces  induced  by  the 

gears 

Thrust  loads  on  turbopump  bearings  may  re- 
sult from  one  or  more  of  the  following  sources: 

(1)  Weight  of  rotating  parts  mounted  on  a 

vertical  shaft 

(2)  Unbalanced  axial  thrust  of  the  pumps 

(3)  Resultant  axial  thrust  on  the  turbine  rotor 

blades 

For  the  turbopumps  of  liquid  rocket  engines, 
high-speed  ball  and  roller  bearings  are  used 
almost  exclusively.  A typical  two-bearing  de- 
sign is  shown  in  figure  6-7.  A ball  bearing 
carries  both  radial  and  thrust  loads.  It  is  paired 
with  a roller  bearing  which  carries  only  radial 
loads,  however,  of  a higher  magnitude.  A typi- 
cal three-bearing  arrangement  is  shown  in  figure 
6-63.  The  shaft  radial  loads  are  carried  by  a 
single  roller  bearing  at  the  turbine  end  and  by  a 
roller  and  a ball  bearing  on  the  pump  side.  The 
ball  bearing  also  absorbs  the  thrust  loads.  As  a 
rule,  the  shaft  thrust  loads  in  a turbopump  are 
carried  by  a single  or  dual  bearing  located  at 
one  end  of  the  shaft.  Thus  loads  from  thermal 
expansion  or  contraction  of  the  shaft  are  avoided. 

Bearing  design  data  with  regard  to  load- 
carrying  capacity,  operating  speed,  and  service 
life  are  usually  furnished  by  the  manufacturers. 
The  useful  life  of  a bearing  is  dependent  upon 
its  speed  and  load,  and  may  be  expressed  by  the 
correlation: 
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V r u -V  ( Rated  speed,  rpm  \ 
Life,  hours  - b operating  speed,  rpm  j 


( Rated  capacity,  lb  V /0.j5o\ 
\Actual  working  load,  lb/  ^ ' •' 


where  Jfi,- design  factor  usually  furnished  by 
manufacturer. 

If  a bearing  is  subjected  to  both  thrust  and 
radial  loads,  the  two  can  be  combined  into  a 
single  equivalent  radial  load: 

P=R+xA  (6-154) 


where 

P= equivalent  radial  load  used  for  bearing 
selection,  lb 
R= actual  radial  load,  lb 
A = actual  thrust  load,  lb 
X = design  coefficient  usually  furnished  by 
manufacturer 

Rocket  turbopurnp  bearings  quite  commonly 
are  cooled  and  lubricated  by  the  propellants 
pumped.  They  are  usually  operated  at  very  high 
“DN”  values,  a parameter  wMch  is  the  product 
of  the  bearing  bore  D (millimeters),  and  the  bear- 
ing rotative  speed  N (rpm). 

Propellant  lubrication  has  the  advantage  of 
eliminating  an  additional  lubricant  supply  sys- 
tem, and  of  simplifying  bearing  sealing  problems. 
The  following  are  important  design  considera- 
tions for  propellant-lubricated  bearings: 

(1)  Characteristics  of  the  propellants,  such 
as  thermal  stability,  operating  temper- 
ature, chemical  inertness,  viscosity. 

(S)  Compatibility  of  the  bearing  materials 
with  the  propellants.  The  application 
of  certain  high-strength  alloys  is  some- 
times limited  by  the  propellants  used. 

The  "DN"  rating  is  convenient  when  selecting 
high-speed  ball  or  roller  bearings.  As  the  rota- 
tive speed  of  a bearing  increases,  contact  fatigue 
of  the  outer  race  caused  by  centrifugal  loads  of 
the  balls  or  rollers  may  cause  failures.  In  addi- 
tion, bearing  contact  speeds  will  result  in  non- 
rolling phenomena  with  attendant  failures  caused 
by  overheating.  Through  proper  selection  of  the 
bearing  geometry,  these  problems  can  be  mini- 
mized, and  the  DN  rating  increased.  Note  that 
for  a given  horsepower  rating,  the  shaft  size 
based  on  allowable  stress  does  not  decrease 


proportionally  with  the  increase  of  shaft  design 
speed.  Thus  the  required  bearing  DN  value 
rapidly  increases  for  high-speed  turbopumps.  As 
a result,  especially  for  liquid  hydrogen  applica- 
tion, the  turbopump  rpm  is  often  determined  by 
the  DN  limits  of  the  bearings. 

A most  important  bearing  design  consideration 
is  the  expected  operating  life  of  the  rocket  en- 
gine. The  bearings  must  have  adequate  statisti- 
cal probability  of  conforming  with  this  require- 
ment. A generally  accepted  life  rating  for  ball 
and  roller  bearings  is  the  "B-IO  life.”  The  term 
denotes  the  operating  life  (hours)  of  a “popula- 
tion” of  bearings  at  a given  load  and  speed,  at 
tho  expiration  of  which  statistically  10  percent 
of  them  will  have  failed.  Of  course,  in  actual 
rocket  engine  operation,  component  reliability 
must  be  much  higher.  Bearing  life  at  a given 
load  and  speed  varies  inversely  with  reliability. 
For  instance,  the  B-1  life  (99  percent  reliability) 
is  one-tenth  of  the  B-10  life  (90  percent  relia- 
bility), or  one-fiftieth  of  the  B-50  life  (50  percent 
reliability).  Therefore,  turbopump  bearings  are 
generally  designed  for  a B-10  life  of  at  least  100 
hours.  This  corresponds  to  a B-1  life  of  10 
hours,  or  a B-0.1  life  (99.9  percent  reliability)  of 
1 hour,  the  latter  by  order  of  magnitude  being  the 
life  the  bearing  most  likely  will  actually  see. 

For  critical  applications,  an  even  higher  life 
rating  may  be  selected. 

Figure  6-61  presents  the  centrifugal  load  DN 
limits  in  terms  of  10,  100,  and  1000  hours  of 
B-10  life  for  a typical  ball  bearing  design  (extra- 
light series). 

The  stress-limiting  DN  values  of  roller  bear- 
ings are  much  higher  than  for  ball  bearings; 
however,  it  is  extremely  difficult  to  control  the 
temperature  rise  in  a roller  bearing,  if  the  DN 
value  is  above  1.5x10®,  due  to  excessive  cage 
slip.  Generally,  rocket  turbopump  bearings  have 
been  successfully  operated  at  DN  values  up  to 
1.5  X 10®.  Limited  test  information  indicates 
possible  satisfactory  operation  at  3.0  x lO®  DN. 

Dynamic  Seal  Design 

The  principal  dynamic,  i.e.,  rotating  seal 
types  used  in  liquid  rocket  turbopumps  ace  the 
labyrinth,  face-riding,  and  shaft-riding  seals. 
Satisfactory  seal  operation  depends  upon  good 
design  which  considers  many  factors,  including 
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Figure  6-61.-Ball  bearing  centrifugal  load  DN  limits. 


fluid  pressure  surges,  vibration,  expansion  and 
contraction  of  sealing  components,  contact  pres- 
sure between  sealing  surfaces,  rubbing  veloci- 
ties of  the  sealing  surfaces,  smooth  and  friction- 
free  operation  of  internal  sealing  parts,  and  on 
squareness  of  the  sealing  surfaces.  Any  influ- 
ence which  directly  or  indirectly  subsequently 
alters  these  factors  can  cause  improper  operation 
of  the  seal. 

As  shown  in  figure  6-63,  the  labyrinth  seal  is 
a clearance-type  seal.  The  fluid  tending  to  pass 
through  the  sealing  interface  is  throttled  many 
times  and  is  forced  to  follow  a devious  path. 

The  function  of  a labyrinth  seal  is  not  to  prevent 
fluid  leakage  entirely,  but  rather  to  reduce  leak- 
age to  a reasonable  level  at  a minimum  of  fric- 
tion and  wear.  'Bie  amount  of  leakage  through  a 
labyrinth  seal  can  be  estimated  by  the  correla- 
tion 

Qe  = CsAc  V24fi  APs/p  (6-155) 

where 

Qe  = leakage  rate,  in^/sec 
Ac  =seal  clearance  area,  in* 

Aps= pressure  differential  across  the  seal, 
Ib/in* 


p = density  of  the  fluid  Ib/in^ 

Cg  =seal  leakage  coefficient,  established 
experimentally 

Labyrinth  seals  are  used  for  the  wearing  rings 
of  pump  impellers,  as  well  as  for  the  rotating 
seals  attached  to  the  sealing  diaphragm  between 
two  turbine  stages. 

In  a face-riding-type  seal  the  sealing  is 
accomplished  through  rubbing  contact  between 
the  precision-lapped  faces  of  a floating  seal 
washer  and  a shoulder  ring.  The  mating  faces 
are  at  a right  angle  to  the  axis  of  rotation.  As 
shown  in  figure  6-63,  the  floating  seal  washer  is 
attached  to  a metal  bellows.  The  bellows,  in 
turn,  is  welded  to  a stationary  seal  housing 
which  is  secured  and  statically  sealed  to  the 
casing.  The  bellows  provides  flexibility  and 
spring  force  to  the  contact  face,  permitting  it  to 
follow  axial  and  angular  movement  without  leak- 
age. Sometimes  a lip  seal  is  used  in  conjunction 
with  a spring-loaded  floating  washer,  instead  of 
a bellows. 

The  shaft-riding  seal  (fig.  6-63)  consists  of  a 
seal  housing,  a seal  retaining  plate,  and  several 
seal  segments.  The  segments  form  a ring  around 
the  shaft  and  are  held  against  it  by  garter  springs. 


DESIGN  OF  CONTROLS  AND  VALVES 


289 


ACTUATING  FLUID 
SUPPLY  LINE 


Figure  7-83. -Schematic  of  a typical  piston-type 
actuator. 

3p  = acceleration  of  the  piston,  ft/sec® 

A I =area  of  the  piston  actuating  side,  in® 

^2  =area  of  the  piston  vent  side,  in® 

Pi  = actuating  pressure,  psia.  This  is  the 
pressure  at  the  actuating  fluid  source, 
less  the  supply-line  pressure  drop  which 
depends  on  the  flow  rate  (a  function  of 
acceleration  ap) 

P2  =vent  pressure,  psia.  This  is  the  ambient 
pressure,  plus  the  vent-line  pressure  drop 
wMch  also  depends  on  flow  rate  (again  a 
function  of  acceleration  ap) 

Ff  = resistance  force  of  the  control  function,  lb, 
which  also  may  be  a function  of  accelera- 
tion ap 

Ft  = friction  forces  (seals,  sliding  surfaces, 
etc.),  lb 

Fs= initial  spring  force,  lb  (at  x=0) 

C = spring  rate,  Ib/in 

X = distance  traveled  by  the  piston  from  its 
initial  position,  in 

Since  the  relations  between  Pi,  P2,  Ff  . and  ap 
are  not  linear,  equation  (7-10)  may  become  com- 
plex and  require  a high-speed  computer  hir 
solution. 

7.7  DESIGN  OF  DYNAMIC  SEALS  FOB 
FLIIID-FLOW-CONTROL  COMPONENTS 

Apart  from  the  static  seals,  which  will  be 
treated  in  chapter  IK,  two  basic  types  of  dynamic 
seals  are  required  for  fluid-flow-control  compo- 
nents: seals  for  moving  (reciprocating  and  rotat- 
ing) cylindrical  elements  such  as  actuator  pis- 


tons, shafts,  and  rods;  and  seals  for  valve  seats. 
Here,  too,  temperature  is  one  of  the  most  impor- 
tant design  considerations.  Seals  can  be  classi- 
fied into  those  for  medium-temperature  service 
(-60°  to  400°  F),  low-temperature  service  (-60° 
to  -485°  P),  and  high-temperature  service  (400°  F 
and  up).  Hie  selection  of  the  configurations  and 
the  materials  for  these  seals  is  based  to  a large 
extent  on  service  conditions  and  type  of  fluid 
involved.  Generally,  soft  nonmetallic  or  elas- 
tomeric seals  are  used  wherever  possible.  The 
outstanding  advantage  of  these  seals  is  that 
they  function  satisfactorily  despite  minor  imper- 
fections in  the  seal  or  the  mating  part. 

Design  of  Dynamic  Seals  for  Medium-Temperature 
Services 

Elastomeric  0-rings  have  been  widely  applied 
a dynamic  seals  for  moving  cylindrical  parts  as 
well  as  for  valve  seats.  However,  proper  design 
techniques  must  be  observed  to  assure  success. 
Figure  7-24  and  table  7-5  represent  recommended 
design  practices  for  diametral-squeeze-type 
0-ring  seals  for  typical  dynamic  and  static  appli- 
cations. Figure  7-86  shows  a typical  0-ring  seal 
used  for  a valve  seat.  Important  design  consid- 
erations for  dynamic  0-ring  seals  are  summarized 
as  follows: 

1.  Design  correlations  between  fluid  pres- 
sttre,  0-ring  compound  hardness  and  diametral 
clearance. -A  frequent  cause  of  seal  failure  is 
the  extrusion  of  diaraetral-squeeze-type  0-rings 
into  the  clearance  gap  adjacent  to  the  0-ring 
groove  (when  under  pressure)  (fig.  7-25),  leaving 
a permanent  deformation  after  the  pressure  is 
reduced.  Fluid  pressure  influences  0-ring  seal 
design  because  it  affects  the  choice  of  compound 
hardness.  The  combination  of  fluid  pressure  and 
chosen  hardness  will  determine  the  maximum 
clearance  E that  can  be  tolerated  safely.  A 
proper  combination  of  clearance  and  0-ring  hard- 
ness may  prevent  0-ring  extrusion  (table  7-5).  In 
general,  the  0-ring  nominal  section  diameter  is 
chosen  as  large  as  space  and  installation  con- 
siderations will  permit.  Past  designs  usually 
will  provide  a useful  guide.  In  addition.  Teflon 
backup  rings  as  shown  in  figure  7-85  are  recom- 
mended for  dynamic  0-ring  seals  at  sealing  pres- 
sures over  SOO  psi  and  for  static  0-ring  seals  at 
pressures  above  1500  psi. 
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Figure  7-24.-DiametTal-squeeze-type  0-ring  seals  in  typical  dynamic  and  static  applications. 


2.  Surface  finish  requirements. -The  finish  of 
the  sliding  surfaces  in  contact  with  dynamic 
0-ring  seals  should  be  as  smooth  as  possible. 
They  should  be  ground,  honed,  or  polished  to  a 
microinch  finish  of  8 to  10  rms.  It  has  been 
found  that  a finish  within  this  range  yields  a 
longer  life  than  either  rougher  or  smoother  fin- 
ishes. Codirectional  patterns,  as  produced  by 
honing,  have  been  proven  to  be  the  best  surface 
finish  for  any  type  of  dynamic  sliding  seal.  For 
still  better  results,  after  an  initial  finishing,  the 
surface  could  be  hard  chrome  or  nickel  plated 
and  again  finished.  The  plating  provides  a hard, 
slippery  surface  that  resists  corrosion,  wear,  and 
scratching.  A microinch  finish  of  60  rms  or  bet- 


ter is  recommended  for  surfaces  in  contact  with 
static  diametral-squeeze-type  0-ring  seals. 

3.  Friction  of  dynamic  0-ring  seals. -The 
breakaway  friction  of  a dynamic  0-ring  seal  is 
usually  about  three  times  the  running  friction. 
Breakaway  and  running  frictions  increase  with 
fluid  pressure,  0-ring  hardness,  diametral 
squeeze,  and  decrease  of  temperature.  Accurate 
values  of  0-ring  frictions  can  only  be  obtained 
experimentally  for  a given  design. 

4.  Selection  of  0-ring  compounds. -A  great 
variety  of  0-ring  elastomer  compounds  is  avail- 
able, with  trade  names  such  as  Silicone  rubber. 
Buna  N,  Butyl,  Viton,  Teflon,  and  Kel-F.  The 
selection  of  an  0-ring  compound  and  its  physical 


Table  7-5.-Recommended  Design  Practice  for  Diametral-Squeeze-Type  0-Ring  Seals 


[See  fig.  7-15  for  explanation  of  dimensions;  all  dimensions  in  inches] 


0-ring 

nominal 

section 

diameter 

0-ring 

section 

diameter 

Diametral  squeeze, 
min 

C-gland  width 

D- 

groove 

length 

R- 

radius, 

min 

8xB- 

diametral 

clearance, 

max 

Dynamic 

Static 

“Dynamic 

^’Static 

1/16 

0.070  i0.003 

wm 

0.015 

0.057 

0.052 

3/38 

1/64 

0.005 

3/38 

0.103  +0.003 

■ESI 

.017 

.090 

.083 

9/64 

1/64 

.005 

1/8 

0.139+0.004 

.028 

.183 

.113 

3/16 

1/38 

.006 

3/16 

0.210+0.005 

.032 

.188 

.173 

9/38 

3/64 

.007 

1/4 

0.275  +0.006 

Hil 

.049 

.240 

.220 

3/8 

1/16 

.008 

Fluid  pressure 

0-ring  compound  hardness 

0-1000  psi 
1000-8000  psi 
8000  psi  and  higher 

70  Shore  “A*  Durometet 
80  Shore  ‘A"  Durometer 
90  Shore  “A”  Durometer 

“Tolerance  = +0.000,  -0.001. 
^’Tolerance  s +0.000,  -0.005. 
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EXTRUSION  OF  O-RING  RINGS  TO  PREVENT 

UNDER  PRESSURE  EXTRUSION 


Figure  7-85.~Extrusion  of  the  diametral-squeeze- 
type  0-ring  under  pressure  and  the  application 
of  backup  rings. 

properties  (furnished  by  the  producer)  is  based 
on  operating  conditions  such  as  type  of  fluid  or 
propellant,  pressure,  temperature,  and  type  of 
seal  (dynamic  or  static). 

5.  Installation  of  diametral-squeeze-type 
0-ring  seais.-Proper  installation  of  0-rings  dur- 
ing component  assembly  is  extremely  important 
to  assure  an  effective  seal.  Generous  chamfers 
or  radii  should  be  provided  on  all  edges  and 
corners  in  contact  with  0-rings  to  minimize  the 
possibility  of  cutting  or  scratching  during  the 
assembly  process. 

6.  0-ring  seals  for  valve  seats. -0-rings  can 
be  applied  effectively  as  seals  for  valve  seats 
(fig.  7-26).  The  resiliency  of  the  0-ring  absorbs 
shook  loads  and  seals  tightly  at  all  pressures, 
even  when  some  dirt  and  grit  are  present  in  the 
system.  One  design  problem  is  to  prevent  the 
0-ring  from  being  blown  out  of  the  groove.  This 
can  be  prevented  by  providing  a dovetail  0-ring 
groove  in  a two-piece  valve  poppet  (see  fig. 
7-26). 


Design  of  Dynamic  Seals  for  Low-Temperature 
Services 

For  cryogenic  or  low-temperature  services, 
lip-type  seals  made  of  elastomer  sheets  (figs. 


Figure  7-SG.-Typical  valve  seat  0-ring  seal 
design  for  poppet-type  valves. 


7-27,  7-28,  and  7-29)  are  used  effectively  as 
dynamic  seals  for  moving  cylindrical  parts  and 
valve  seats.  This  type  of  seal  has  been  applied 
successfully  at  sealing  pressures  over  2000  psi, 
and  at  temperatures  as  low  as  -425°  F.  They 
are  also  reasonably  effective  when  sealing  low- 
molecular-weight  gases  such  as  helium  and 
hydrogen. 


SETTER.  Alt  r.--«W3I0NS 
TO  8E  tN  INCIIE9 


Figure  7-27. -Typical  rotating  lip-seal  design  for 
valve  actuator  shaft. 


mTE:  UolruoUmvlMipKined:  Flnlihoatll 

MtfKMofUkeMtlaodmcdiuctviiluhe  LIP  SEAL  DETAIL 
Bultobea3iU0a»t«UH.  ' 

AU  dinnitooB  to  in  lo  (ociMt. 

AU  loleiaocca  to  be  t .010. 

Figure  7-28. -Typical  valve  seat  lip-seal  design 
for  butterfly-type  valves. 

The  basic  design  principle  of  lip  seals  is  to 
employ  the  fluid  pressure  to  increase  the  contact 
pressure  at  the  sealing  surfaces.  Duo  to  their 
lip  configuration,  the  resilience  of  these  seals 
is  maintained  even  at  very  low  temperatures. 
Design  considerations  for  lip  seals  are  similar 
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to  those  for  O-ring  seals.  The  design  approaches 
can  best  be  illustrated  by  examples.  Figure  7-S7 
shows  a typical  valve  shaft  rotating  lip  cial 
arrangement,  including  dimensions  and  surface 
finishes,  for  liquid  oxygen  and  hydrogen  service. 
Figure  7-28  presents  the  valve  seat  lip  seal  of  a 
butterfly  valve  for  use  with  the  same  liquids. 
Valve  seat  0-ring  seals  (fig.  7-26)  made  of  Kel-F 
have  also  been  successfully  applied  in  poppet- 
type  valves  for  liquid  oxygen.  The  design  of 
lip  seals  for  piston-type  actuators  using  low- 
temperature  helium  gas  as  the  actuating  fluid  is 
shown  in  figure  7-29. 

In  liquid  hydrogen  service,  metallic  bellows 
(as  shown  in  fig.  7-30)  have  been  used  to  a great 
extent  to  achieve  positive  dynamic  sealing. 
However,  pressure  levels  and  available  space 
impose  limitations  on  their  application. 

Design  of  Dynamic  Seals  for  High-Temperature 
Services 

‘ The  metallic  bellows  (fig.  7-30)  is  most  fre- 
quently used  as  reciprocating-type  dynamic  seals 
for  high-temperature  services.  Two  types  of 
metallic  b jllows  are  distinguished;  thebydraulic- 
formed  and  the  multidisk  welded  type.  The 
former  is  made  of  one  to  three  plys  of  sheet 
metal  and  is  designed  for  all  pressure  ranges. 

The  latter  is  for  relatively  low-pressure  services 
and  for  high  flexibility. 

A metallic  bellows  of  any  type  behaves,  in 
part,  like  a helical  spring.  The  spring  rate 
(Ib/in  of  movement)  is  a direct  function  of  the 

DOUBLE  UP  SEALS 
FOR  ACTUATOR  PISTON 

DOUBLE  UP  SEALS  ^ 


Figure  7-S9.-Lip  seals  for  piston-type  actuators. 
Double  lip  seals  seal  pressures  both  ways. 


WELDED  TYPE  6EUDWS  USED  AS 
RECiPSOCATWO  TYPE  OVHAMiC  SEALS 

Figure  7-S0.-Metallic  bellows  used  as  recipro- 
cating-type dynamic  seals  in  a typical  poppet 
valve  for  high-  and  low-temperature  services. 

elastic  modulus,  and  of  approximately  the  square 
of  the  thickness  of  the  material.  It  is  also  a 
function  of  the  outside-inside  diameters  and  of 
the  number  of  convolutions  and  their  curvature. 
For  maximum  flexibility  (inches  of  stroke/lb  of 
load),  a minimum  inside  diameter  combined  with 
a maximum  outside  diameter  should  be  used. 
Also,  material  thickness  (within  stress  limita- 
tions) and  modulus  of  elasticity  should  be  mini- 
mum. 

Generally,  bellows  design  data,  such  as  stock 
size,  allowable  working  pressure,  spring  rate, 
materials  and  service  temperature,  are  supplied 
by  the  manufacturers.  Important  design  consid- 
erations are  discussed  in  the  following: 

1.  Application  of  pressure. -When  a bellows 
is  subjected  to  a differential  pressure  between 
interior  and  exterior,  it  is  preferable  to  apply  the 
higher  pressure  to  the  exterior.  This  reduces 
stress,  and  permits  higher  pressures  and  longer 
life  for  a given  design. 

2.  Provision  of  mechanical  stops. -These 
should  alv/ays  be  provided  to  prevent  extension 
of  the  bellows  beyond  its  permissible  extended 
length  and  compression  beyond  its  "bottomed" 
height. 


Chapter  VIII 

Design  of  Propellant  Tanks 


Liquid  propellant  rocket  engines  and  the 
tanks  feeding  them,  together  with  certain  au:sil- 
iary  systems  such  as  pressurization,  form  the 
propulsion  system.  For  reasons  set  forth  in 
section  1.5,  a discussion  of  tank  design  is  in- 
cluded here.  The  need  for  close  coordination 
between  engine  and  tank  designer  is  reempha- 
sized, particularly  if  they  are  members  of  dif- 
ferent contractors. 

8.1  BASIC  DESIGN  CONHCURATIONS  OF 
PROPELLANT  TANKS 

The  configuration  cf  propellant  tanks  de- 
pends largely  on  vehicle  mission  and  size.  In 
most  modem  designs,  the  tanks  form  an  integral 
part  of  the  vehicle  structure.  Propellant  tanks 
can  be  categorized,  according  to  vehicle  appli- 
cation, as  follows: 

(1)  Prepackaged  storable  liquid  systems 

(2)  Booster  stage  systems 

(3)  Upper  stage  systems 

Propellant  Tanks  for  Prepackaged  Storable 
Liquid  Systems 

Figure  8-1  presents  the  configuration  of  a 
typical  prepackaged  storable  liquid  propulsion 
system.  The  tanks  are  arranged  in  tandem,  with 
a common  bulkhead  between.  This  system  is 
designed  for  long  storage  periods,  perhaps  3 to 
10  years.  A main  characteristic  of  these  ays- 
tems  is  that  the  propellants  are  factory  loaded 
and  are  hermetically  sealed  in  the  tanks  by  burst 
diaphragms.  Both  tank  and  diaphragm  construc- 
tion materials  must  be  compatible  with  the  pro- 
pellants for  the  stores  duration.  In  the  exam- 
ple, the  propellants  are  expelled  by  pressurized 
gases  produced  by  a solid  propellant  gas  gener- 
ator. The  tank  walls  form  an  integral  part  of  the 
vehicle  structure  and  are  designed  to  withstand 
the  internal  pressure  loads  as  well  as  the  vehicle 


dynamic  loads.  In  some  designs  the  tanks  are 
further  stabilized  by  the  internal  pressure  against 
buckling;  i.e.,  the  walls  are  always  kept  under 
tension  loads  by  a specified  pressure  level  main- 
tained during  stor^e  and  handling.  In  smaller 
units,  the  walls  are  usually  capable  of  taking 
external  loads  without  being  pressurized  inter- 
nally. Operational  tank  pressures  for  these  range 
from  400  to  2000  psia. 

Prepackaged  storable  liquid  systems  are  usu- 
ally employed  to  relatively  short-duration,  low- 
thrust  applications.  Since  the  tanks  form  an 
integral  part  of  the  propulsion  system,  they  are 
designed  and  furnished  by  the  engine  builder.  In 
one  design,  the  thrust  chamber  is  located  inside 
the  aft  tank  and  welded  directly  to  the  tank 
bulkhead. 

Propellant  Tanks  for  Booster  Stage  Systems 

Figure  8-2  presents  the  propellant  tank  design 
configuration  of  a typical  propulsion  system  as 
used  in  the  booster  stages  of  a large  launch 
vehicle  such  as  the  Saturn  V.  The  system  shown 
can  be  used  for  either  storable  or  cryogenic  pro- 
pellants. The  tanks  are  arranged  in  tandem; 
their  walls  form  an  integral  part  of  the  vehicle 
structure.  For  booster  application,  overall  ve- 
hicle systems  optimization  usually  dictates  use 
of  a turbopump'fed  engine  system.  This  permits 
relatively  low  operational  tank  pressures,  rang- 
ing from  30  to  100  psia. 

Since  the  tanks  represent  a large  percentage 
of  the  vehicle  structural  (inert)  weight,  advan- 
tage is  taken  of  the  low-pressure  levels  by  con- 
structing the  tanks  with  extremely  thin-wall 
thicknesses.  However,  the  often  huge  tank 
structures  thus  become  sensitive  to  external 
buckling  loads.  To  stabilize  the  tank  structures 
of  large  booster  stage  systems,  two  basic  design 
avenues  are  open:  pressure-stabilization  and 
self-supporting  structures,  fa  the  pressure- 
stabilized  systems,  such  as  the  Atlas  ICBM,  the 
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Figure  8~1. -Propellant  tank  design  configuration  of  a typical  prepackaged  storable  liquid  propulsion 

system. 


Figure  S-r.-Propeiiant  tank  design  configuration  of  a typical  booster  stage  propulsion  system. 
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tank  pressures  must  be  constantly  maintained 
above  a specified  minimum  by  elaborate  con- 
trols. This  tank  structure  basically  is  a thin- 
wall  monocoque,  requiring  special  handling 
procedures.  In  most  booster-stage  systems,  the 
propellant  tanks  are  self-supporting  types,  the 
tank  walls  being  reinforced  by  skin  stringers 
(fig.  8-2),  or  by  other  structural  means,  such  as 
waffle  grid  patterns. 

When  cryogenic  propellants  are  used,  tank 
insulation  may  be  required.  Insulation  is  manda- 
tory in  liquid  hydrogen  system  to  prevent  ambient 
air  liquefaction  which  causes  high  heat  transfer 
rates  with  attendant  high  boiloff  rates,  and  safety 
hazards. 

Propellant  Tanks  for  Upper  Stage  Systems 

Figure  8-3  presents  the  propellant  tank  de- 
sign configuration  of  a typical  pressure-fed, 
upper  stage  propulsion  system.  Here,  the  tanks 


are  contained  within  an  outer  cylindrical  shell, 
through  which  thrust  is  transmitted  to  the  pay- 
load.  The  shell  is  designed  to  withstand  all 
anticipated  boost  and  flight  loads.  The  propel- 
lant tankage  consists  of  two  individual  units. 
The  main  fuel  tank  is  located  forward,  and  the 
main  oxidizer  tank  near  the  aft  end.  The  two 
welded  aluminum-alloy  tanks  are  modified 
spheres,  faired  into  conical  sections  at  the  bot- 
tom, for  propellant  discharge.  The  tanks  are 
bolted  to  the  shell  structure  around  their  support 
ring.  The  thrust  chamber  assembly  is  located 
just  below,  and  closely  coupled  to,  the  oxidizer 
tank.  Thrust  is  transmitted  to  the  outer  shell 
through  the  aft  half  of  the  oxidizer  tmik.  Both 
tanks  may  be  insulated  independently,  |or  cryo- 
genic propellant  service. 

Many  upper-stage  vehicles  employ  a pressur- 
ized gas  feed  propulsion  system.  Tank  pres- 
sures range  from  100  to  400  psia.  The  system 
shown  in  figure  8-3  uses  stored  helium  gas  for 


FUEL 

TANK 

VENT 


FliEU  TANK 
PRESSURAN' 


HIGH  PRESSURE  HELLIUM 
STORAGE  QOTTUES 


MAIN  OXIDIZER  VALVE 


MAIN  FUEL  VALVE 


THRUST  CHAMBER 
ASSEMBLY 


GIM8AL  ACTUATOR 


INTER -STAGE  ATTACHMENT 
TO  BOOSTER  STAGE 


SECTION  A-A 

Figure  8-3,^Pwpellant  tank  design  configuration  of  a typical  upper  stage  propulsion  system. 
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pressurization.  The  gas  is  stored  at  an  initial 
pressure  level  from  4500  to  5500  psia  at  -S00°  P 
in  two  liquid-nitrogen-jacketed,  high-pressure 
spherical  bottles  located  between  the  two  main 
propellant  tanks. 

It  is  for  upper  stages  propulsion  systems  that 
the  engine  designer  may  most  likely  also  design 
the  tankage.  The  following  discussions  t'lere- 
fore,  will  confine  themselves  to  these  systems. 
By  contrast,  the  design  of  booster  tanks  will 
probably  always  be  made  by  an  independent 
group.  However,  many  of  the  design  principles 
presented  here  are  equally  applicable  to  booster 
tanks  and  may  thus  further  the  understanding  of 
their  design  problems. 

8.2  GENERAL  DESIGN  CONSIDERATIONS 

FOR  PROPELLANT  TANKS 

The  tank  design  is  greatly  influenced  by 
systems  optimizal’en  within  the  overall  vehicle 
design.  A principal  design  objective  is  for  the 
vehicle  to  yield  the  highest  payload  and/or  ve- 
locity increment  with  maximum  possible  relia- 
bility. Design  details  depend  largely  upon  type 
of  propellants,  vehicle  mission  requirement  and 
configuration,  propulsion  system  design,  and 
available  construction  materials  and  fabrication 
techniques.  Some  of  the  most  important  consid- 
erations follow. 

Propellant  Properties 

Propellants  affect  tank  design  mainly  by  their 
physical  and  chemical  characteristics.  The  boil- 
ing point  or  storage  temperature  of  a propellant 
determines  the  operating  temperature  range  of 
the  tank  assembly.  Cryogenic  propellants  cause 
tank  design  problems  from  thermal  gradients, 
from  the  need  for  insulation  and  from  the  need 
for  construction  materials  capable  of  remaining 
ductile  at  very  low  temperatures.  The  very  low 
density  of  some  propellants,  such  as  liquid  hy- 
drogen, requires  tanks  of  considerable  volume. 
The  highly  corrosive  and  reactive  properties  of 
other  propellants  severely  limit  the  selection  of 
tank  materials. 

Shape  and  Size  of  Propellant  Tanks 

Propellant  tanks  are  pressure  vessels.  Dis- 
regarding other  factors,  the  lightest  pressure 


vessel  for  a given  volume  is  a spherical  shell, 
since  it  has  the  smallest  surface  to  volume  ratio. 
It  also  has  the  smallest  shell  stress  for  a given 
internal  pressure.  While  a sphere  may  be  the 
lightest  pressure  vessel,  the  combination  of 
several  spheres  into  the  generally  cylindrical 
envelope  typical  for  most  rocket  vehicles  would 
cause  a sizable  volume  penalty.  Furthermore,  a 
sphere  would  preclude  the  use  of  the  tank  wall 
as  a load-carrying  member  of  the  vehicle  struc- 
ture (figs.  8-1  and  8-2),  resulting  in  further 
weight  and  volume  penalties. 

Thus  both  vehicle  con.iguration  and  tank 
pressure  level  will  determine  the  shape  of  pro- 
pellant tanks.  For  vehicles  of  relatively  large 
length-to-diameter  ratios  and  of  limited  space 
envelopes,  cylindrically  shaped  tanks  are  used. 
For  relatively  high  tank  pressures  and  less 
stringent  space  conditions,  spherical  tanks  may 
be  employed  to  best  advantr^e  (fig.  8-3).  The 
ends  of  cylindrical  tanks  can  have  either  spheri- 
cal or  eUipsoidal  shapes.  The  basic  cylindrical 
tank  with  spherical  ends  is  lighter  than  one  with 
ellipsoidal  ends.  However,  the  overall  weight  of 
an  ellipsoidally  ended  tank  may  be  less  when 
the  shorter  interstage  structure  required  is  con- 
sidered. In  some  designs  the  propellant  tank  aft 
ends  are  faired  into  conical  or  other  special 
shapes  to  accommodate  the  thrust  loads  from 
engine  assemblies  as  well  as  to  minimize  trapped 
propellants. 

The  required  size  or  volume  of  a propellant 
tank  is  the  sum  of  usable  propellant  volume  and 
other  volume  requirements: 

Vt=V+T+B+U  (8-1) 

where 

Ft = propellant  tank  design  volume,  ft^ 

V = usable  propellant  volume  calculated  from 
propulsion  system  requirements,  ft^  (may 
include  a “usable  residual"  term  repre- 
senting design  reserves,  mixture  ratio 
shift  effects,  etc.) 

T strapped  propellant  volume.  This  is  a func- 
tion of  system  design  configuration  and 
includes  propellants  trapped  in  tank, 
ducts,  thrust  chamber  cooling  jacket, 
etc.,  ft® 

B s boiled-off  propellant  volume  (applicable 
only  to  cryogenic  propellants),  ft® 

U stank  ullage  volume,  ft® 
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The  calculation  of  pra^llant  volume  is  based 
on  the  propellant  density  at  specific  tempera^ 
tures.  A standard  temperature  of  68°  F is  used 
for  storable  propellants.  Boiling  point  condi- 
tions a;  ambient  pressure  are  used  for  the  cryo- 
genic propellants.  The  tank  ullage-volume  cal- 
culations should  allow  for  propellant  volume 
changes  due  to  temperature  change  of  the  tanked 
propellant,  and  for  tank  deformation  when  pres- 
surized. This  is  especially  important  for  pre- 
packaged storable  liquid  systems  to  prevent 
excessive  tank  ullage  pressures  when  the  system 
is  exposed  to  a specified  upper  temperature  limit 
during  storage.  Adequate  ullage  volume  is  also 
required  to  maintain  tank  pressure  at  starting 
when  the  relative  ull^e  volume  increase  is  large 
and  may  tax  the  response  of  the  pressurization 
system. 


Sample  Calculation  (8-1) 

The  foUowing  data  are  given  for  the  A-4  stage 
propulsion  system,  including  two  engines: 
Oxidizer  (N2O4)  density,  90.12  Ib/ft® 

Oxidizer  weight  flow  rates,  12.78  Ib/sec/ 
engine 

Fuel  (N2H4)  density,  63.17  Ib/ft^ 

Fuel  weight  flow  rate,  10.65  Ib/sec/engine 
Nominal  engine  firing  duration  at  full  thrust, 
410  sec 

Trapped  oxidizer  volume.  To =0.9  ft® 

Trapped  fuel  volume,  T/=1.8  ft® 

Tank  ullage  volume,  U=2.5%  of  propellant 
volume 

Determine  the  volume  of  the  propellant  tanks. 


Solution 

The  required  usable  oxidizer  volume 


Fo 116.2  ft® 


90.12 


The  oxidizer  tank  ullage  volume 

»o=(t'o  + To)  »<  0.025=117.1  x0.025=2.9  ft® 

From  equation  (8-1),  the  required  design  vol- 
ume of  the  oxidizer  tank 


Fto=l'o+ ^0+ 1^0=116.2+0.9+2.9=  120  ft® 


The  required  usable  fuel  volume 

138.2  ft® 

The  fuel  tank  ullage  volume 

Uf= (F/+  Tf)  X 0.025= 140  x 0.025  = 3.5  ft® 

From  equation  (8-1),  the  required  design  vol- 
ume of  the  fuel  tank 

Vti=  Vi+Tt+U{=  138.2 + 1.8 + 3.5 = 143.5  ft® 


Propellant  Tank  Arrangement 

In  most  vehicle  systems,  the  propellant  tanks 
are  arranged  in  tandem.  Other  arrangements  are 
used  for  specific  design  reasons.  Figure  S-4 


(a)  TANDEM  PROPELLANT  TANKS  WITH  COMMON  BULKHEAD 
AND  SEMRATE  HEUUM  BOTTLES  - 
TANKAQE  WEIGHT,  100  PERCENT 


HELIUM  BOTTLE  IN  THE  MIDDLE  - 
TANKAQE  WEIOHT,  93  PERCENT 


(e)  CONCEWmiG  PROPELLANT  TANKS  WITH  INTEGRATED 
HELIUM  BOTTLE  AT  APT  END- 
TANKAGE  WEIGHT,  IIS  PERCENT 


aozst 

g — 

( ,-0.878 

0.0E6 — J ir‘'U— KJ 

r 

HELIUM 



DRV  ca-l 
WET  ca.-t 

1C  ™eu  . 

1 i - A 

IN  CUUSTER-  TANKAGE  WEirHT,  ISZ  PERCENT 

Plgme  8-4.-yarious  propellant  tank  arrange- 
ments of  a typical  vehicle  system. 
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presents  various  propellant  tank  configurations 
for  a typical  vehicle  system  using  helium  for 
tank  pressurization.  A design  analysis  will  de- 
termine the  best  solution  for  a given  propellant 
storage  volume  and  vehicle  space  envelope. 
General  considerations  are: 

(1)  Minimum  overall  weight 

(2)  Maximum  storage  volume  in  a given  en- 

velope 

(3)  Least  possibility  of  propellant  mixing 

(4)  Clean  aerodynamic  vehicle  shape 

(5)  Ease  of  installation  of  ducts  and  lines 

(6)  Ease  of  insulation 

(7)  Ease  of  fabrication  and  handling 

(8)  Minimum  trapped  (unusable)  propellants 

Arrangement  (a)  is  taken  as  standard.  Ar- 
rangement (b),  combining  tandem  propellant 
tanks  with  an  integrated  helium  bottle  in  be- 
tween, results  in  lowest  weight;  however,  it 
poses  design  problems  in  the  routing  of  pneu- 
matic lines  and  controls.  Arrangement  (c)  with 
concentric  tanks  eases  the  installation  of  pro- 
pellant ducts,  but  has  the  possibility  of  simul- 
taneous puncture  of  both  tari!;s  (by  bullets  or 
from  other  causes),  and  subsequent  mixing  of  the 
propellants.  Arrangement  (d)  with  multiple  tanks 
has  the  highest  weight,  but  is  easier  to  fabricate 
and  handle  especially  for  very  large  vehicles. 

Working  Loads 

The  propellant  tanks  are  structural  members 
which  must  be  designed  to  withstand  a combina- 
tion of  the  following  probable  working  loads: 

(1)  Internal  pressure  loads  and  their  dynamic 

effects 

(2)  Axial  thrust  loads  and  their  dynamic 

effects 

(8)  Bending  moments  due  to  vehicle  trans- 
verse accelerations,  wind  loads,  and 
shifting  of  the  center  of  gravity 

(4)  Aerodynamic  forces 

(5)  Thrust  vector  control  forces 

(6)  Vibration  loads 

(7)  Loads  produced  by  mounting  arrangement 

(8)  Loads  caused  by  thermal  transients  and 

gradients 

(9)  Loads  produced  during  ground  handling 

In  most  vehicle  systems,  internal  tank  pres- 
sure loads  and  axial  thrust  loads  are  the  princi- 
pal ones.  Other  loads  require  careful  evaluation, 
including  model  tests  or  full-size  experiments. 


Safety  Factors  for  Propellant  Tank  Designs 

The  recommended  criteria  for  working  loads 
presented  in  chapter  II  (eqs.  2-8 through  2-11)  are 
generally  applicable  to  propellant  tank  designs. 
However,  when  calculating  allowable  working 
stresses  from  tank  internal  pressure,  the  follow- 
ing correlations  are  recommended  for  various 
situations: 

(1)  No  hazard  to  personnel  or  vital  equipment: 

S]y  — Fy  (8-2) 

or 


(2)  Special  safety  devices  are  provided  for 
personnel  (example:  the  booster  for  a 
manned  upper  stage  which  has  an  ejec- 
tion device  with  an  exceptionally  high 
degree  of  reliability): 

Sw=^  (8-4) 

or 


(3)  Hazard  to  personnel  or  vital  equipment: 


1.33 

(8-6) 

Fu 

1.65 

(8-7) 

where 

8^,= maximum  allowable  working  stress,  psi; 
i.e.,  the  stress  due  to  maximum  tank 
working  pressure  under  normal  transient 
and  steady  operating  conditions 

Fy= yield  strength,  psi,  of  the  tank  construc- 
tion material,  at  operating  temperature 
conditions 

Fu=«ltimate  strength,  psi,  of  the  tank  con- 
struction material  under  operating  tem- 
perature conditions 

Sw  is  calculated  for  both  Fy  and  Fu.  The 
lower  value  should  then  be  used.  All  propellant 
tanks  are  subjected  to  hydrostatic  pressure  tests 
prior  to  acceptance.  For  case  (1),  the  proof  test 
pressure  equals  maximum  tank  working  pressure. 
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For  case  (2)  and  (3),  the  proof  test  pressures 
should  be  110  percent  of  the  maximum  tank  work- 
ing pressure.  For  high-pressure  inert  gas,  long- 
duration  storage  bottles,  the  following  correla- 
tions are  recommended: 

No  hazard  to  personnel: 


Hazard  to  personnel: 


(8-9) 


Sample  Calculation  (8-8) 

The  start  transient  of  a prepackaged  storable 
liquid  propulsion  system  for  an  aircraft-launched 
missile  is  programed  not  to  reach  main-stage 
level  until  the  missile  is  at  a specific  distance 
from  the  aircraft. 

Calculate  the  maximum  allowable  working 
stresses  for  the  propellant  tanks,  if  they  are 
made  of- 

(a)  Aluminum  alloy  6061-T6,  Fy= 35  000  psi, 

Fu  = 45  000  psi 

(b)  Aluminum  alloy  6066-T6,  Fy= 50  000  psi, 

Fji  — 57  000  psi 


or 


Pu  _ 45 000 
1.35  1.35 


-33360  psi 


The  maximum  allowable  working  stress  for 
mainstage  = 31 800  psi. 

(]^  Tank  made  of  aluminum  alloy  6066-T6.- 
During  start  transient 


or 


Py  ,50000 
1.33  1.33 


= 37600  psi 


c _ .57000 

*"'"1:33 


= 34560  psi 


The  maximum  allowable  working  stress  during 
start  transient =34  560  psi. 

During  mainstage  operation 


or 


Py  50000 
"1.1"  1.1 


= 45400  psi 


„ Pu  57  000 
®"'"1.35"  1.35 


= 42200  psi 


The  maximum  allowable  working  stress  during 
mainstage  = 42 200  psi. 

Material  and  Fabrication  Considerations  in 
Propellant  Tank  Design 


Solution 

(^)  Tank  made  ot  aluminum  alloy  6061 -T6.- 
Since  the  system  involves  personnel  safety  during 
start  transient,  equations  (8-6)  and  (8-7)  will  be 
applied. 


or 


„ _ Pn  _ 45  000 

Tes’TeT 


Thus,  the  maximum  allowable  working  stress 
during  start  transient =26 300  psi. 

During  mainstage  operation,  personnel  are 
considered  safe  and  equations  (8-4)  and  (8-5)  can 
be  used: 


In  addition  to  considerations  of  propellant 
compatibility  and  operational  temperature  ranges, 
selection  of  construction  materials  for  propellant 
tanks  is  based  on  their  strength-to-density  ratio 
at  a given  temperature  and  on  their  ductility. 

For  a given  working  pressure,  the  lightest  tank 
structure  will  be  the  one  made  of  the  material 
with  the  highest  ratio  of  ultimate  strength  to 
density.  Most  frequently  used  construction  ma- 
terials for  propellant  tanks  are: 

(1)  Aluminum  alloys,  such  as  6061-T6, 

6066-T6,  and  2014-T6.  Room  temper- 
ature properties:  Average  density  p 
= 0.1  Ib/in®,  Fy  up  to  60000  psi,  Pu  up 
to  70000  psi,  Fu/p=70xl0^ 

(2)  Stainless  steels,  such  as  AISI 347  (for 

low-pressure  tanks  only),  17-7  PH  and 
PH  15-7  Mo.  Room  temperature  proper- 
ties: Average  density  p= 0.285  Ib/in®, 
Fy  up  to  200000  psi.  Fu  up  to  220000 
psi.  Fu/p=77.2xl0< 


s„  31 800  psi 


33S 


DESIGN  OF  LIQUID  PROPELLANT  ROCKET  ENGINES 


(3)  Fiber  glass,  filament  wound  with  an 

aiuminum-aUoy  liner.  Room  temperature 
properties  (fiber  glass  only):  Average 
density  p=0.08  Ib/in^,  Fu  = 120000  psi. 
Fu/p= ISO  X 10* 

Ajuminum  alloys  are  compatible  with  most 
storable  and  cryogenic  propellants,  and  may  be 
used  for  working  temperatures  up  to  350°  P. 
Stainless  steels  are  suitable  for  storable  (lim- 
ited duration)  and  cryogenic  propellants,  and  are 
suitable  I'or  higher  temperatures  (800°  F maxi- 
mum). Fiber  glass  is  limited  to  moderate  tem- 
perature conditions  (-60°  to  160°  P). 

Fabrication  methods  for  propellant  tanks 
depend  largely  upon  the  type  of  material  used. 
Most  important  considerations  for  tank  fabrica- 
tion are  dimension  control,  heat  treating,  and 
welding.  The  lowest  recommended  wall-stock 
size  for  propellant  tanks  is  about  0.010  inch  for 
stainless  steels  and  0.020  for  aluminum  alloys. 
While  tank  stress  calculations  must  consider  the 
lower  limit  of  wall-thickness  variation,  the  upper 
limit  is  used  for  tank-weight  calculation.  The 
strength  of  a metal  may  fall  into  a band,  too,  the 
width  of  which  depends  on  the  heat-treating 
process.  Stress  calculation  will  be  based  on  the 
minimum  expected  strength.  The  quality  of  the 
welding  process  or  the  efficiency  of  a welded 
join'i:  may  require  extra  stock  added  to  the  wall 
thickness  as  calculated  from  other  working 
stresses.  An  assumed  weld  efficiency  of  85  to 
95  percent  is  a reasonable  value  for  steels  (50 
to  65  percent  for  aluminum).  To  minimize  weight 
penalties,  build-up  lands  may  be  used  at  the 
welds  (fig.  8-9)  for  an  equivalent  109  percent 
weld  efficiency.  Figure  8-5  presents  the  con- 
stimction  of  a welded  propellant  tank.  Note  the 
segmented  tank  end  which  is  typical  for  large- 
size  tanks. 

Other  Propellant  Tank  Design  Problems 

Many  other  design  and  analysis  problems  will 
have  to  be  carefully  considered  before  a suc- 
cessful propellant  tank^e  can  be  produced.  The 
relatively  thin,  highly  stressed  shells  make  it 
diifficult  to  attach  concentrated  loads.  The  loads 
must  be  spread  out  in  a suitable  way  to  prevent 
localized  overstresses.  Cryogenic  propellants 
may  create  thermal  transient  and  gradient  prob- 
lems. While  the  empty  portion  of  a tank  may  be 


Figure  8-S. -Typical  welded  propellant  tank 
construction.  S'  ✓ 2. 


subject  to  aerodynamic  heating,  the  filled  por- 
tion may  be  at  a very  low  temperature.  Addi- 
tional thermal  problems  may  arise  in  outer  space, 
from  solar  heating  of  one  tank  side  and  radiation 
cooling  of  the  other. 

Also  partly  the  tank  designer’s  responsibility 
is  the  solution  of  certain  problems  associated 
with  the  management  of  the  propellants  within 
the  tanks,  such  as: 

(1)  Uniform  dispersion  of  the  entering  tank 

pressurant 

(2)  Sensing  of  propellant  quantities  (PU) 

(3)  Prevention  of  propellant  sloshing 

(4)  Expulsion  of  the  propellants  under  ad- 

verse conditions 

(5)  Fill,  drain,  vent  and  pressure  relief  of  the 

propellant  tanks 

8.3  STRUCTURAL  DESIGN  OF  PROPELLANT 
TANKS 

As  a rule,  the  wall  thickness  of  propellant 
tanks  is  first  calculated  from  stresses  caused  by 
internal  pressure  loads  and  discontinuities.  Then 
the  design  is  checked  for  other  loads.  If  the 
wall  thickness  of  a pressure  vessel  is  small  com- 
pared to  the  radii  of  wall  curvature  (t/r<  1/15), 
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and  offers  no  resistance  to  bending,  <-he  wall 
is  subjected  only  to  direct  or  hoop-membrane 
stresses,  assumed  to  be  uniformly  distributed 
over  the  thickness.  However,  if  any  disconti- 
nuity is  present  along  the  wall,  such  as  an  abrupt 
change  in  radius  of  curvature  or  wall  thickness, 
discontinuity  and  bending  stresses  are  added. 

At  a sufficient  distance  from  the  juncture  be- 
tween tank  ends  (sphere  or  ellipsoid)  and  cylin- 
drical shell  (where  interaction  does  not  occur), 
the  maximum  stress  in  the  tank  wall  due  to  in- 
ternal pressure  is  calculated  using  the  hoop- 
membrane  stress  formula  only. 

Figure  8-6  identifies  the  major  tank  elements. 
In  an  optimum  tank  design,  the  wall  thickness 
varies  according  to  a combination  of  local  mem- 
brane, bending,  and  discontinuity  stresses.  This 
is  especially  true  for  the  spherical  and  ellipsoi- 
dal tank  ends.  The  structural  calculation  meth- 
ods for  volume,  wall  thickness,  wall  surface 
area,  and  weight  of  various  tank  shapes  will  now 
be  discussed.  The  following  general  terminology 
is  used: 

Pt  = maximum  tank  working  pressure,  psig 
Sk^= maximum  allowable  working  stress  of  the 
tank  construction  material,  psi 
p = density  of  the  tank  construction  material, 
lb/in3 

E ^modulus  of  elasticity,  psi 
V = Poisson’s  ratio 
e^rsweld  efficiency 


where  a = nominal  radius  of  the  tank,  in 

(2)  Wall  thickness,  in,  required  to  withstand 
membrane  stresses  from  internal  tank 
pressure: 

. Pta 


(3)  Wall  surface  area,  in^: 

As=4  jra® 

(4)  Weight,  lb: 

Wg  = 47r3®tgp 

(5)  Critical  pressure  due  to  external  leading, 

psi.  When  the  external  pressure  is 
higher  than  the  internal  tank  pressure, 
the  pressure  differential  across  the  tank 
wall  may  cause  the  tank  to  bucide. 

PcT=-^y/W^  (8-14) 

Ellipsoidal  and  Spherical  Tank  Ends  (fig.  8-6) 

Note  that  the  spherical  end  is  a special  case 
of  ellipsoidal  end,  in  which  the  major  half- 
diameter, a.  equals  the  minor  half-diameter,  b. 

(1)  Volume: 

Ellipsoidal  tank  end  volume,  in^: 


(8-U) 

(8-12) 

(8-13) 


Spherical  Tanks 
(1)  Volume,  in^: 

(8-10) 


Figure  8'6.-Nomenclature  of  principal  tank 
elements. 


(8-15) 

Spherical  tank  end  volume,  in^: 

(8-16) 

where 

a = elliptical  tank  end  major  hali:-diameter,  in 
= radius  of  the  cylindrical  tank  section 
b= elliptical  tank  end  minor  half-diameter,  in 
(2)  Wall  thicknesses  considering  combined 
membrane,  discontinuity,  and  local  bend- 
ing stresses  caused  by  internal  tank 
pressure  pt.  An  equivalent  wall  thick- 
ness, which  is  an  average  value  of 
knuckle-and-crown  thickness,  may  be 
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used  to  calculate  the  weight  of  the  tank 
ends. 

Kpta 
* Sn,ev{r 

(8-17) 

* _ PtR 
2 

(8-18) 

. (tk+tcr) 

® 2 2S,^ 

(8-19) 

. Pt3(lf+i) 

® 2S„, 

(8-20) 

<0  (''4) 

ts'(K+i) 

(8-21) 

^NOTC«  FOR  SPHERICAL  TANKS  USE  K*O.SO  AT  k*I.O 
FOR  SPHERICAL  HEADS  USE  K>O.S7  AT  k • 10 


to 


(8-23) 


where 

k =tank  end  ellipse  ratio =a/&;  fc=l  for  a 
spherical  end 

R =tank  end  crown  radius,  in=ka;  R = a for  a 
spherical  end 

K = stress  factor,  a function  of  the  ellipse 
ratio  k.  Figure  8-7  presents  a K versus 
k cm:ve  for  combined  membrane,  discon- 
tinuity, and  local  bending  stresses 
tfc  =wall  thickness  at  the  knuckle,  in 
tor = wall  thickness  at  the  crown,  in 
te  = equivalent  wail  thickness  of  an  ellipsoidal 
tank  end,  in 

ts  = equivalent  wall  thickness  of  a spherical 
tank  end,  in 

to  =wall  thickness  of  a cylindrical  tank  sec- 
tion, in 

(3)  Wall  surface  area: 

Ellipsoidal  tank  end  surface  area,  in^: 


Figure  8-7.-EUipse  ratio  k versus  knuckle  stress 
factor  K,  compression  stress  -K,  and  parameter 
E'.  (From  ARS  paper,  "Design  Criteria  and 
Analyses  for  Thin-Walled  Pressurized  Vessels 
and  Interstage  Structures,"  by  T.  J.  Hart.) 


where 


s/a^-b"^ 

e - eccentricity  = 


(4)  Weight: 

Ellipsoidal  tank  end  weight,  lb: 


2k 


(8-25) 


Spherical  tank  end  weight,  lb: 

Wa=2naHsp  (8-26) 


where 


46  = 3^*+- 


nb^  In 


1 ru+e)i 

2e 


(8-23) 


8;jherical  tank  end  surface  area,  in^: 

/Iss2ffa2  (8-24) 


E' 


= design  factors 2 


1 


In 


k-y/k^ 


(see  fig.  8-7) 

(5)  Critical  pressure  due  to  external  loading, 
psi: 

For  an  ellipsoidal  tank  end,  it  may  be 
approximated  as 
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Cb2Ete^ 
Pcre  - IJ2 


(8-27) 


For  a spherical  tank  end 
0.342  Ets^ 

Pots- ^ (approximately)  (8-28) 


(5)  Weight,  lb: 

c ~ 2 Trslctc  p (8-32) 

(6)  External  loading  critical  pressure,  psi: 

For  a short  tank  (i.e.,  lc<4.9a\/a/ii)): 


where 

Cb=huckling  coefficient,  a function  of  E/tg, 
ranging  from  0.05  to  0.10 


Cylindrical  Tank  Section 

(1)  Volume,  im^: 


Vc  = ?ra^Ic  (8-29) 


where 

a = radius,  in 
ic= length,  in 

(2)  Wall  thickness,  in,  required  to  withstand 
membrane  stresses  due  to  internal  tank 
pressure: 


to 


Pta 


(8-30) 


(3)  Discontinuity  stresses. -The  discontinuity 

at  the  juncture  between  the  cylindrical 
tank  section  and  the  tank  ends  will 
cause  bending  and  shear  loads  along  the 
cylindrical  circumference  at  the  junc- 
ture, and  the  adjacent  areas.  These 
discontinuity  stresses  are  superimposed 
upon  the  membrane  stresses  and  com- 
prise: (^  axial  bending  stress;  (^hoop 
bending  stress;  (c)  additional  hoop 
stress  due  to  the  shear  load;  (d)  shear 
stress.  Discontinuity  stresses  fade  out 
rapidly,  so  that  they  become  negligibly 
small  a short  distance  ftom  the  juncture. 
Detail  analyses  of  discontinuity  stresses 
can  be  found  in  standard  textbooks.  In 
general,  buildup  of  wall  thickness  of 
less  than  0.5  tc.  near  the  juncture,  will 
suffice  for  most  designs,  with  only  small 
weight  penalty. 

(4)  Wall  surface  area,  in^: 


(8-31) 


Etc^  .If  1 tc* 

Perc=0.807-j^  (8-33) 

For  long  tanks  (i.e.,  io=4.9av^a/tc): 
Etc^ 

Porc  = 4(i_y2)33  (8-34) 

where  E= modulus  of  elasticity. 


Sample  Calculation  (8-3) 

The  following  design  data  are  specified  for 
the  A-4  stage  propulsion  system,  which  employs 
a cylindrical  propellant  tank  section  with  ellip- 
soidal ends  (preliminary  layout  shown  in  fig. 
3-10). 

Required  design  volume  of  the  oxidizer  tank, 
Fto  = 120ft3 

Maximum  oxidizer  tank  working  pressure, 

Pto  = 180  psia 

Required  design  volume  of  the  fuel  tank, 

Ftf  = 143.5 

Maximum  fuel  tank  working  pressure,  ptf  = 170 
psia 

Internal  radius  of  the  cylindrical  tank  section, 
a=41  in 

Tank  construction  material,  aluminum  alloy 
6066-T6:  Fy  = 50000psi;  Fu  = 57  000psi; 
p= 0.101  lb/in3;  E = 10.4  x 10®  psi;  v=0.36 
Weld  efficiency,  evi,  = l00  percent. 

Determine  the  following: 

Required  internal  tank  dimensions 

(^  Required  thickness  of  the  tank  walls  at 
various  sections,  considering  internal 
pressure  loads,  discontinuity,  and  local 
bending  stresses 

Approximate  weight  of  the  tankage 

(^)  Critical  external  loading  pressures,  using 
a buckling  coefficient,  Cb-0.10  for  the 
tank  ends 


Aq  - 2 Ttalc 
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Solution 

(a)  Since  the  oxidizer  tank  consists  of  two 
ellipsoidal  ends  without  a cylindrical  section, 
equation  (8-15)  may  be  applied: 

,,  2xg  373*5 


quired  wall  thickness  at  the  knuckle  of  the  oxi- 
dizer tank  end 


. ifPta_0.80xl80x41_„ 

— mm — ■“ 


From  equation  (8-18),  the  required  wall  thick- 
ness at  the  crown  of  the  oxidizer  tank  end 


We  rearrange  to  obtain  the  minor  elliptical 
half-diameter  of  the  tank  ends: 


3x7to  3x120x1788 
“8x2373*  4X37X(41)* 


29.4  in 


PtR  180x1.395x41 
^°'®“2S,i,“  8 x 34560 


=0.149  in 


Prom  equation  (8-19),  the  equivalent  wall 
thickness  of  the  oxidizer  tank  end 


The  tank  end  ellipse  ratio: 


k= 


a_  41  _ 
5 29.4“ 


1.395 


Since  we  use  an  ellipsoidal  end  of  the  same 
proportion  at  the  fuel  tank  top,  the  fuel  tank  vol- 
ume may  be  treated  as  the  volume  of  a cylindri- 
cal tank  section  with  the  length  ic.  From  equa- 
tion (8-29),  the  volume  of  the  fuel  tank: 


teo- 


_ (tko + tcro)_  (0.171 -HO.  149)  _ 


= 0.16  in 


NOTE!:  In  some  designs,  weight  has  been  saved 
by  taking  advantage  of  the  fact  that  the  bulkhead  com- 
mon to  both  tanks  is  subject  to  a relatively  small  dif- 
ferential pressure  in  operation.  Such  systems,  how- 
ever, require  more  elaborate  pressurization  and  loading 
systems  including  interlocks.  In  case  of  malfunction, 
the  common  bulkhead  may  suffer  serious  damage. 

The  required  wall  thickness  at  the  knuckle  of 
the  fuel  tank  end: 


Ftf=Jra*lc 


, _*^tf  143.5x1728 
‘’“373*“  37X(41)^ 


= 46.9  in 


To  summarize  the  uiternal  dimensions  of  the 
tankage: 

3=41  in,  5=29.4  in,  k=1.395,  lc  = 46.9in 


. _ «koPtf_ 0.171  xl70_„ 
tkf=-T! — = — rss =0.162  in 


Pto 


180 


The  required  wail  thickness  at  the  crown  of 
the  fuel  tank  end: 


torf= 


^croPtf  _ 0.149x170 
Pto  " 180 


= 0.141  in 


(^  We  assume  that  certain  missions  of  the 
A-4  vehicle  require  it  to  be  man  rated.  From 
equations  (8-6)  and  (8-7),  the  maximum  allowable 
working  stresses  are  derived: 


C - -50000_„„„nn„  . 

o - _57000„„„ 

“ res " TeT" 


We  use  the  lower  value  of  34560  psi. 

From  figure  8-6,  the  tank  end  stress  factor  K 
of  the  combined  stresses  is  0.80  for  an  ellipse 
ratio  k of  1.395.  Prom  equation  (8-17),  the  re- 


The  equivalent  wall  thickness  of  the  fuel  tank 
end: 


. («kf+fcrf)_(0.162+0.141)_„,,.„ 

tof= g =^- g ‘=0.152 

From  equation  (8-30),  the  required  wall  thick- 
ness of  the  cylindrical  tank  section: 


t Ptf3_  170x41 
®"S„  “ 34560 


= 0.202  in 


Provide  a buildup  of  0.4  to  on  the  cylindrical 
tank  section  wall  near  the  juncture  to  allow  for 
discontinuity  stresses: 
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tcj  = tc + 0.4 1= 0.202  + 0.4  x 0.202  = 0.283  in 
To  suuunatize: 

^ko~0.171  iOi  tcro~0.149  ini  tgo~0.16  in 
tkf  =0.162  in,  terf=0.141,  tef=0.152in 
fc=0.202in,  tcj=0.283in 

(c)  From  equation  (8-25),  the  weight  of  the 
oxidizer  tank  end: 

_ Tra^tgoE'p 

Prom  figure  8-7,  B'  is  4.56,  for  i=l.S95: 


Cb2 Btet^  _ 0.10  X 2 X 10.4  x 10®x(0.152)2 
Poref=  g2  (1.395x41)2 

= 14.7  psi 


We  find  that  lc<4.9a>/a/tc.  Thus  equation 
(8-33)  applies,  yielding  an  external  loading  criti- 
cal pressure  for  the  cylindrical  tank  section 


Pore 


0.807  X 10.4  xlO^x  (0.202)2 


46.9x41 


.4//  1 /O.202Y 

\V1- (0.36)2/  V 41  / 


= 13.9  psi 


"eo 


X 0.16x4.56x0.101 
2x1.395 


= 139.5  lb 


Axial  Compressive  Loading  on  the  Cylindrical 
Tank  Section 


The  weight  of  the  fuel  tank  end: 

Ilf  _**^eo*ef_139.5x0.152_,„o  o lu 

O BIS 

From  equation  (8-32),  the  weight  of  the  cylin- 
drical tank  section: 

Wo =2  nalotop = 8 X 41  x46.9  x0.202  x0.101=  246.4  lb 

Add  4 percent  of  overall  tankage  weight  for 
local  wall  thickness  buildups,  to  allow  for 
welded  joints,  discontinuity  stresses,  etc.,  and 
for  tolerances  during  fabrication. 


In  integrated  propellant  tank  designs  (figs. 

8-2  and  8-3),  the  cylindrical  tank  section  must 
withstand  large  axial  compressive  loads  during 
vehicle  handling  and  operation.  If  the  tank  is 
not  pressurized,  i.e.,  if  tank  pressure  = ambient 
pressure,  the  critical  axial  compressive  stress 
for  an  unstiffened  cylindrical  tank  may  be  calcu- 
lated as 

where  Sc  = critical  axial  compressive  stress,  psi. 

This  is  the  axial  compressive  stress 
that  will  cause  the  tank  to  buckle 


Approximate  overall  weight  of  the  tankage 
Gess  accessories): 

Wt=1.04(8xWeo  + Wef+H'c) 

= 1 .04 (8  X 139.5 + 138.8  + 246.4) = 685  lb 

(d)  Prom  equation  (8-27),  the  critical  external 
loading  pressure  for  the  oxidizer  ends 

Cb2Eteo^  _ O.lOx  2 X 10.4  x 10®  x (0.16)2 
Poreo-  (1.395x41)^ 

= 16.3  psi 

The  critical  external  loading  pressure  for  the 
fuel  tank  end: 


One  method  of  increasing  the  axial  load- 
carrying ability  of  a cylindrical  tank  section  with 
minimum  weight  penalty  is  to  pressurize  the  tank. 
This  is  known  as  pressure  stabilization.  Inter- 
nal pressure  will  raise  the  critical  buckling 
stress  of  a tank;  or  it  may  be  used  to  counter- 
balance an  axial  compressive  load  Fa.  lb,  where 

Fa=7ra2pt  (8-36) 

Pressurization  will  also  reduce  tank  failures 
from  very  large  bending  loads.  However,  if  the 
pressure  is  ever  permitted  to  dsop  below  a value 
necessary  to  carry  the  axial  and  bending  loads, 
the  tank  will  collapse  and  the  vehicle  will  prob- 
ably be  damaged  beyond  repair. 
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An  alternative  method  of  increasing  the  exter- 
nal load-carrying  ability  of  a cylindrical  tan!:  is 
to  make  it  self-supporting.  This  involves  stiff- 
ening the  cylindrical  skin  by  means  of  longitudi- 
nal and  circumferential  members,  or  honeycomb 
structures.  The  members  may  be  either  separate 
stiffeners  welded  to  the  tank  wall,  or  may  be 
made  integral  with  the  wall  by  machining  or 
chemically  milling  a thicker  sheet. 


Sample  Calculation  (8-4) 

For  the  A-4  stage  tankage,  calculate: 

(a)  Critical  axial  compressive  load  of  the 

cylindrical  tank  section  with  no  internal 
pressure. 

(b)  Required  internal  tank  pressure  to  offset 

an  axial  compressive  load  of  100000 
pounds  with  no  compressive  stress  on 
the  cylindrical  tank  section. 


Solution 

(a)  Prom  equation  (8-35),  the  critical  com- 
pressive stress  of  the  cylindrical  tank  section: 


= 20360  psi 


X 10.4x10® 


The  critical  axial  compressive  load  of  the 
cylindrical  tank  section: 


Fc = So  X 2 ?ratc  = 20  360  x 2 w x 41  x 0.202 
= 1060  000  lb 


the  tank.  This  effect  produces  a surge  of  the 
tank  internal  pressure.  For  very  short  impacting 
times  (less  than  1.2x10“®  sec),  the  following 
correlations  are  established  for  cylindrically 
shaped  propellant  tanks: 


_ cw 


(8-37) 


c= 


2.5gpa(l-0.8v) , 

Etn 


(8-38) 


where 

Ps  = pressure  surge  due  to  the  impact,  psi 
w = equivalent  flow  rate  of  the  propellant  due 
to  the  impact,  Ib/sec 
a = radius  of  the  cylindrical  tank,  in 
tc  =wall  thickness  of  the  cylindrical  tank,  in 
g = gravitational  constant,  32.2  ft/sec® 
c = acoustic  velocity  of  the  restrained  propel- 
lant, in/sec 

c'  =free  acoustic  velocity  of  the  propellant, 
in/sec 

Fp= compressive  modulus  of  elasticity  of  the 
propellant,  ps; 

E = modulus  of  elasticity  of  the  tank  construc- 
tion material,  psi 

V = Poisson’s  ratio  of  the  tank  construction 
material 

In  many  prepackaged  liquid  applications,  the 
propellant  tankage  is  required  to  withstand  cer- 
tain impact  loads,  as  specified  by  the  height  of 
the  drop  tests.  The  details  of  estimating  tank 
pressure  surges  from  a free-fall  impact  are  illus- 
trated by  sample  calculation  (8-5). 


From  the  results  it  is  obvious  that  the  A-4 
stage  tankage  is  capable  of  withstanding  a sub- 
stantial axial  compressive  load  without  internal 
pressurization. 

(W  From  equation  (8-36),  the  required  inter;  al 
tank  pressure: 


Pt= 


100000 

;rx(41)2 


= 18.95  psi 


Water  Haiiumer  Effects  Due  to  Impact 

When  a loaded  propellant  tank  is  subject  toon 
impact  force,  a water-hammer  effect  occurs  within 


Sample  Calculation  (8-5) 

The  following  data  are  given  for  the  cylindri- 
cal fuel  tank  of  a prepackaged  storable  liquid 
propulsion  system: 

Fuel,  N2H4 

Fuel  density,  pp=63.17  Ib/ft® 

Compressive  modulus  of  elasticity  of  the  fuel, 

£p= 6.06x10® 

Free  acoustic  velocity  of  the  fuel,  c'  = 80100 
in/seo 

Tank  construction  material,  aluminum  alloy 
6066-T6 

Modulus  of  oLasticity  of  the  tank  construction 
material,  £ = 10.4x10® 
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Poisson’s  ratio  of  the  tank  construction  mate- 
rial, v=0.36 

Radius  of  the  cylindrical  tank,  a=4  in 
Length  of  the  cylindrical  tank,  ic  = 50  in 
Wall  thickness  of  the  cylindrical  tank,  to 
=0.167  in 

For  a tank  falling  in  direction  of  its  longitu- 
dinal axis,  estimate: 

(a)  Tank  pressure  surge  due  to  the  impact 

after  a 6-foot  free  drop 

(b)  Tank  pressure  surge  due  to  the  impact 

after  a 30-foot  free  drop 


The  equivalent  propellant  flow  rate  due  to 
impact: 


w = ppTia^V = 63.25  X n-x 


X 35.9  = 792.5  Ib/sec 


The  tank  pressure  surge  due  to  impact  after  a 
20-foot  free  drop: 


cw  ,43100  x 792.5 
Tia^g  ffx  (4)2x386 


= 1765  psi 


Solution 

(a)  For  a 6-foot  free  drop  the  final  velocity  at 
impact: 

V = V^= V2  X 32.2  X 6 = 19.65  fps 

This  yields  an  equivalent  propellant  flow  rate 
due  to  impact  of 

w = ppva^V = 63. 17X  7TX  x 19.65  = 434.5  Ib/sec 


8.4  DESIGN  OF  STORABLE  LIQUID 

PROPELLANT  TANKS 

The  design  of  tanks  for  storable  liquid  pro- 
pellants uses  the  same  general  design  practices 
applied  to  other  propellant  tanks,  except  in  the 
area  of  compatibility.  Most  storable  propellants 
will  remain  stable  for  long  periods  of  time  if 
stored  in  tanks  constructed  of  materials  compati- 
ble with  the  propellants.  To  minimize  propellant 
decomposition  and  tank  material  corrosion,  the 
surface  of  tank  walls  in  contact  with  the  propel- 
lants must  be  smooth  and  clean. 


From  equation  (8-38),  the  acoustic  velocity  of 
the  restrained  fuel 


c= 


30100 


2.5x6.06x108x4(1-0.8x0 
10.4x106x0.167 


1 + 

= 43100  in/sec 
Impact  time  delay  in  the  tank 
50 


J6) 


c 43100 


= 1.16xl0~8  sec  (i.e.,  <1.2  xlO'^  sec) 


Using  equation  (8-37),  we  obtain  the  tank 
pressure  surge  due  to  impact  after  a 6-foot  free 
drop’ 


„ _ cW  _ 43100  x 434^ 
7rx(4)^x386 


(b)  After  a 30-foot  free  drop,  the  fiual  veloc' 
ity  at  impact  is 


V = v/2fi5 = \/8732.8xg0=  35.9  fps 


Tank  Material  Compatibility 

Prior  to  final  selection,  a detail  study  is  re- 
quired to  determine  the  compatibility  of  potential 
tank  construction  materials  with  the  propellant 
combination  involved.  In  this  study,  two  major 
considerations  should  be  kept  in  mind:  (1)  the 
expected  stor^e  life  of  the  propulsion  system, 
and  (2)  the  credibility  of  the  available  data. 

For  a required  storage  period  of  less  than  3 
years,  the  compatibility  data  for  many  materials 
with  various  propellants  are  generally  reliable. 
However,  for  longer  peuods,  such  as  a 10-year 
storage  requirement,  the  design  data  are  usually 
extrapolated  from  the  results  of  relatively  short- 
term testing.  Figure  8-8  illustrates  the  typical 
extrapolated  corrosion  and  passivity  rate  of 
aluminum  alloy  6066-T8  exposed  to  the  liquid 
phase  of  inhibited  red  fuming  nitric  acid  (IRFNA). 

Much  of  the  available  compatibility  test  data 
tend  to  contradict  each  other.  This  is  the  result 
of  differing  test  methods,  conditions,  and  criteria. 
It  involves  the  risk  that  although  a material  may 
be  acceptable  for  a relatively  short  exposur it 
may  fail  when  the  exposure  time  to  a particular 
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Figure  8-8.-Typical  extrapolated  corrosion  and 
passivity  rate  of  aluminum  alloy  6066-T6  ex° 
posed  to  the  liquid  phase  of  IRFNA. 

environment  is  increased.  Whenever  a dis'^ep- 
ancy  of  material  compatibility  is  observed,  thor- 
ough verification  of  the  test  conditions  is  in- 
dicated. For  most  of  the  long-term  storable 
propellant  tankage,  the  aluminum  alloys  are  used 
for  best  results.  Austenitic  and  semiaustenitic 
stainless  steels  should  be  used  only  for  rather 
short-term  storage. 

Tank  Construction 

One  of  the  prime  design  objectives  of  storable 
propellant  tank^e  is  the  elimination  of  mainte- 
nance during  storage  and  prefiring  activities. 
This  ma;;  be  accomplished  by  an  all-welded, 
hermetically  sealed  construction.  To  achieve 
hermetic  sealing,  leakproof  burst  diaphragms  are 
installed  throughout  the  inlets  and  outlets  of  the 
tankage.  Propellant  fill  ports  are  welded  shut 
after  tanking.  Tandem  tanks  are  favored  over 
concentric  tanks,  since  propellants  are  more 
positively  separated  during  storage,  transporta- 
tion. and  other  adverse  conditions.  In  some  ap- 
plications, the  common  bulkhead  between  two 
propellant  tanks  is  designed  to  withstand  a dif- 
ferential pressure  in  either  direction  that  may 
result  from  inconsistent  burst  diaphragms.  How- 
ever, the  burst  diaphragm  at  the  pressurant  inlet 
to  the  oxidizer  tank  of  the  A-4  system  is  de- 
signed to  a lower  burst  pressure  than  that  of  the 
pressurant  inlet  diaphragm  for  the  fuel  tank. 

This  insures  that  the  oxidizer  tank  pressure  is 
always  the  higher. 

Full-penetration  welds  should  be  used  in  the 
construction  of  all  propellant  tanks.  This  is 
especially  important  for  storable  propellants. 


A full-penetration  “100  percent”  weld  is  one 
where  complete  fusion  has  taken  place  to  the 
root  of  the  joint.  Unfused  edges,  oxide  notch,  or 
any  concavity  at  the  root  indicate  lack  of  full 
penetration.  All  full-penetration  welds  which 
cannot  be  visually  examined  on  the  reverse  side 
must  be  X-rayed  to  assure  full  penetration.  Fig- 
ure 8-9  presents  the  design  detail  of  a typical 
fuU-penetration,  single-welded  butt  joint. 

If  possible,  interpropellant  welding  (i.e.,  the 
fuel  and  oxidizer  are  separated  by  only  one 
welded  joint)  should  be  avoided  in  tank  designs. 
A double-weld  design  will  prevent  the  mixing  of 
propellants  due  to  a single  failure  of  welded 
joints.  Figure  8-10  presents  the  design  of  a 
typical  storable  propellant  tank  with  a forged 
one-piece  common  bulkhead.  A double-weld  de- 
sign is  used  on  the  center-hold  joint  for  the 
oxidizer  duct. 

Tank  Wall  Surface  Requirements 

The  inner  surfaces  of  the  storable  propellant 
tank  wall  must  be  relatively  free  of  rust  deposits 


Figure  8-9. -Design  detail  of  a typical  full- 
penetration,  single-welded  butt  joint  for  pro- 
pellant tanks. 


Figure  8-10.-Design  of  a typical  storable  pro- 
pellant tank  with  a forged  one-piece  common 
bulkhead. 
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and  tool  marks.  All  welded  joints  should  be 
ground  to  achieve  a smooth  dent-free  contour.  If 
an  aluminum  alloy  is  used  for  tank  construction, 
anodizing  of  the  inner  surfaces  is  recommended. 
The  tank  should  be  cleaned  and  treated  before 
use.  The  process  rendering  the  surface  n inac- 
tive is  known  as  passivation.  Basically,  passi- 
vation involves  the  cleaning  of  tank  interior  with 
solvents  and,  in  some  cases,  the  treatment  with 
alkaline  or  acid  solution.  Passivation  differs 
from  conditioning  or  stability  testing  of  a tank. 
Stability  testing  of  a tank  involves  the  applica- 
tion of  a propellant  rinse  prior  to  propellant 
tanking. 


8.5  DESIGN  OF  CRYOGENIC  LIQUID 
PROPELLANT  TAI4KS  AND  THEIR 
INSULATION 

In  the  design  of  cryogenic  propellant  tanks, 
there  are  several  potential  problem  areas  which 
may  affect  proper  Amctioning  and  reliability: 

(1)  Properties  of  the  i^k  construction  mate- 

rials at  the  cryogenic  propellant  service 

temperature  range 

(2)  Thermal  stresses  induced  in  the  tank 

structure  by  temperature  gradients 

(3)  The  relief  of  tank  pressure  caused  by 

boiloff  of  the  cryogenic  propellants 

(4)  Thermal  insulation  of  the  tank  walls 

The  knowledge  of  the  precise  strength  char- 
acteristics, degree  of  brittleness,  and  notch  sen- 
sitivity of  the  tank  construction  materials  at 
cryogenic  temperatures  (as  low  as  -423°  P for 
liquid  hydrogen  service)  is  a prerequisite  for 
their  selection.  In  general,  most  of  the  aluminum 
alloys,  the  austenitic  and  semiaustenitic  stain- 
less steels,  possess  good  mechanical  properties 
at  cryogenic  temperatures  (also  see  ch.  II).  The 
thermal  stresses  can  be  analyzed  by  determining 
the  temperature  profile  at  various  regions  of  the 
tank  and  may  be  minimized  by  discrete  design 
approaches.  The  capacity  of  the  tank  relief 
valve  should  be  based  on  the  maximum  antici- 
pated propellant  boiloff  rate  during  ground  hold 
and  actual  operation  of  the  vehicle  systems. 

Among  the  cryogenic  propellants,  liquid  hy- 
drogen imposes  the  most  serious  tank  desigB 
problems.  This  is  mainly  due  to  its  very  In-r 
service  temperature  and  its  relatively  large  .> 
cific  volume.  Design  problems  are  especia'’!’|( 


acute  with  the  hydrogen  tank  insulation.  It  often 
becomes  one  of  the  most  critical  design  factors  in 
a hydrogen-fueled  vehicle  system.  The  difficul- 
ties a'rising  in  hydrogen  systems  in  connection 
with  heat  transfer  may  be  dramatically  illustrated 
as  follows: 

Assume  two  tanks  of  equal  size,  subject  to 
the  same  heat  influx  per  unit  time.  One  is  filled 
with  liquid  oxygen,  the  other  with  liquid  hydro- 
gen. The  ratio  of  heat  of  vaporization  per  unit 
weight  O/H=0A8,  but  the  density  ratio  is 
0//f=14.3.  Thus  the  volume  rate  of  vaporization 
in  the  hydrogen  tank  is  6.85  times  faster  than  in 
oxygen.  In  reality,  the  heat  influxes  would  not 
be  equal  for  two  uninsulated  tanks,  because  of 
the  higher  temperature  differential  across  the 
wall,  and  especially  because  of  the  greaUy  in- 
creased heat-transfer  rate  from  air  liquefaction 
on  the  hydrogen  tank  surface.  This  may  further 
accelerate  the  hydrogen  volume  boiloff  rate  to 
approximately  70  times  luat  of  oxygen.  In  an 
actual  oxygen/hydrogen  system,  operating  at  a 
weight  mixture  ratio  0/H=B,  the  tanked  mixture 
ratio  by  volume  is  H/0 =Z.2Z.  Depending  on  the 
shape  of  the  tanks  (surface  ratio),  this  may  again 
double  or  triple  the  relative  boiloff  rate  of  hydro- 
gen. The  absolute  necessity  for  insulation  to 
drastically  reduce  heat  influx  into  a hydrogen 
system  becomes  apparent. 

Boiloff  rates  are  not  the  only  problem  caused 
by  the  physical  properties  of  hydrogen.  Near  the 
ambient  boiling  temperature,  the  gradient  of 
vapor  pressure  is  2.4  psi/°R,  as  compared  to 
0.78  psi/°R  for  liquid  oxygen.  Moreover,  this 
gradient  increases  rapidly  with  increasing  tem- 
pe;ature,  which  would  be  experienced  following 
tank  pressurization.  Figures  8-11  and  8-12  shoy 
the  trend  for  both  liquid  oxygen  and  hydrogen. 
The  data  have  great  significance  to  pump  NPSH. 
As  may  be  seen,  just  one  degree  of  liquid- 
hydrogen-temperature  rise  requires  a 3-psi  in- 
crease in  tank  pressure  to  maintain  proper  NPSH. 
In  a large  vehicle,  the  required  increase  in  tank- 
wall  thickness  may  affect  payload  capability 
noticeably.  The  situation  is  further  aggravated 
by  the  high  heat  influx  into  hydrogen,  for  reasons 
mentioned  in  connection  with  boiloff.  Even  for 
relatively  short  boost  periods,  rapid  warmup  may 
create  a problem  more  severs  than  boiloff,  and 
places  further  emphasis  on  adequate  insulation. 
Tile  following  discussion  of  tank  insulations. 
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Figure  8-ll.-Rate  of  change  of  saturation  vapor 
pressure  to  temperature  for  liquid  hydrogen. 


therefore,  is  specially  slanted  to  hydrogen 
service. 

Insulation  Requirements  for  the  Cryogenic 
Propellant  Tanks 

Most  vehicle  missions  include  three  distinct 
phases  during  which  effective  insulation  for  the 
cryogenic  propellant  tanks  is  essential:  ground 
hold  period,  the  boost  phase,  and  coast  flight  in 
space.  The  propellant  tank  insulation  design 
will  primarily  be  based  on  flight  performance 
criteria.  However,  propellant  evaporative  losses 
during  long  hold  periods  on  the  ground  requiring 
continuous  topping  may  also  become  a signifi- 
cant cost  item.  If  long  hold  periods  with  a filled 
tank  are  anticipated,  it  may  be  indeed  economical 
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Figure  8-12. -Rate  of  change  of  saturation  vapor 
pressure  to  temperature  for  liquid  oxygen. 


to  provide  an  insulating  blanket  on  the  tanks, 
which  is  remotely  removed  just  prior  to  liftoff. 
During  the  boost  phase,  high  temperatures  from 
aerodynamic  heating,  and  large  aerodynamic 
forces  are  encountered.  Although  of  short  dura- 
tion, this  phase  dictates  the  structural  elements 
of  the  insulation.  During  coast  flight  in  space, 
the  principal  source  of  thermal  energy  is  radia- 
tion from  the  Sun  and  the  planets.  By  the  use  of 
radiation  shields  surrounding  the  basic  tank  in- 
sulation, the  heat  flux  across  the  tank  wall  can 
be  effectively  controlled.  The  properties  of  the 
materials  used  in  a solar  shield  are  very  impor- 
tant, such  as  the  absorptivity  and  emissivity  of 
the  surface  when  subjected  to  various  types  of 
radiation  and  body  temperatures.  Magnesium 
oxide  and  silver  are  two  materials  showing  prom- 
ise for  use  in  solar  shields.  These  materials 
may  be  applied  as  coatings  onto  a lighter  base 
material  such  as  aluminum.  The  amount  of 
shielding  required  depends  on  the  duration  of  the 
coast  flight  and  on  optimization  of  shield  weight 
versus  propellant  boiloff  weight. 


Basic  Insulation  Types 

Major  desirable  design  features  of  an  insula- 
tion include:  light  weight,  uniform  and  repeat- 
able  insulation  characteristics,  ease  of  applica- 
tion, low  cost,  low  hazard,  reasonable  ruggedness, 
ease  of  repair,  good  reliability,  and  above  all, 
low  heat  conductivity. 

Excellent  results  can  be  achieved  with  a 
laminated-type  insulation.  Tliis  employs  an 
aluminum  foil  and  fiber-glass  structure,  often  in 
multiple  layers.  The  aluminum  foils  act  as  re- 
flectors, effectively  rejecting  radiative  heat, 
while  the  evacuated  space  in  between  prevents 
conductive  heat  transfer.  This  insulation  can  bo 
applied  to  single-curved  and  to  large-diameter, 
double-curved  surfaces.  The  laminar  insulation 
is  sensitive  to  dam:^e,  however,  possibly  re- 
sulting in  loss  of  vacuum  due  to  cracks  and  to 
infiltration  of  leak  gases.  Application  to  air- 
borne system  thus  has  been  infrequent. 

For  the  latter,  honeycomb-supported  struc- 
tures are  finding  wide  application.  Figure  8-13 
shows  the  typical  example  of  an  externally  ap- 
plied hydrogen  tank  insulation  of  this  type.  A 
Vi-  to  ?4-ineh  nominal-size  plastic  honeycomb  is 
installed  between  an  inner  and  outer  facing 
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Figure  8-13.~Construction  elements  of  a typical 
liquid  hydrogen  tank  insulation  design  (exter- 
nal type). 

sheet.  The  cells  may  or  may  not  (weight!)  be 
filled  with  an  isocyanate-type  foam.  The  foam 
bubbles  or  the  properly  sealed  cells  will  form 
individual  vacuum  spaces  when  cold  (cryopump- 
ing).  However,  because  of  the  possibility  of 
vacuum  degradation  by  infiltration  of  air  (outer 
insulation),  or  hydrogen  (inside  insulation),  it  is 
often  preferred  to  purge  the  cells  with  helium, 
for  which  lateral  passage  ways  must  be  provided. 
The  purge  also  serves  as  a leak-detection  de- 
vice, in  conjunction  with  gas  analyzers,  to  de- 
tect contamination  of  the  helium  from  leaks.  In 
figure  8-13,  a separate  gap  is  purged  with  helium, 
ratlier  than  the  honeycomb  cells. 

The  thermal  conductivity  of  the  insulation 
shown  is  about  3.8><10~’'  Btu-in/in*-see-°F  (0.2 
Btu-in/ft2-hr-°F). 

Thermal  conductivities  of  various  types  of 
insulation  vary  from  O.OSx  10“’  to  6. Ox  10“’ 
Btu-in/in^-sec-°F.  Their  densities  range  from 
8.0  to  20  Ib/ft®.  Since  the  quality  of  an  insula- 
tion will  affect  cost  and  weight,  an  optimization 
study  will  have  to  be  made,  based  on  mission 
characteristics. 

Sample  Calculation  (8-6) 

Determine  the  heat-transfer  rates  in  Btu/in’- 
sec  across  the  tank  insulation  shown  in  figure 
8-13  durlng- 

(a)  Ground  hold. -The  temperature  of  the  in- 

sulation surface  near  the  tank  wall  is 
around  “360°  P and  the  out^r  surface  is 
70°  P. 

(b)  Boost  phase. -The  inner  insulation  sur- 

face  temperature  reaches  -210°  F and 
the  outer  insulation  temperature  reaches 
800°  P. 

jfi 


Solution 

(a)  During  ground  hold,  the  temperature  dif- 
ferential across  the  insulation  AT=70-(-360) 
=430°  P.  The  overall  thickness  of  the  insulation 
t = 2 X 0.03 + 0*75 = 0.81  in.  From  equation  (4-19), 
the  heat  transfer  rate 

= 8.02x10“^  Btu/in’-sec 

(b)  During  the  boost  phase,  AT=800-(-210) 

= 1010°  P.  The  heat-transfer  rate 

=4.74x10““’  Btu/in’®-sec 

Selection  of  Tank  Insulation  Designs 

Many  factors  will  influence  the  selection  of  a 
tank  insulation  design.  The  insulation  may  be 
located  internal  or  external  to  the  tank  wall;  it 
can  be  integral,  or  disposable  during  boost;  i.e., 
it  can  be  bonded  in  place  or  mechanically  re- 
tainea.  Basically,  any  insulation  applied  to  a 
tank  must  be  justified  with  respect  to  advantages 
of  performance  and/or  economy. 

Locating  the  insulation  inside  of  the  propel- 
lant tank  has  the  obvious  advantage  of  protecting 
the  insulation  from  handling  damage.  The  tank 
structure  is  isolated  from  the  severest  low- 
temperature  effects  of  the  propellant  and  is  thus 
subjected  to  only  moderate  thermal  cycling  from 
its  source.  Internal  insulation  also  minimizes 
propellant  loss  when  chilling  the  tank  during 
filling.  However,  if  a crack  or  leak  should  occur 
in  internal  insulation  of  a hydrogen  tank,  gaseous 
hydrogen  would  enter  the  crack  and  gradually  in- 
crease the  heat  transfer.  Other  undesirable  fea- 
tures of  internal  insulation  are  apparent,  such 
as:  difficulties  in  installation;  in  locating  and 
repairing  of  leaks;  and  in  cleaning  the  tank. 
Internal  insulation  is  also  subject  to  higher 
pressures  and  more  severe  temperature  effects 
which  tend  to  impair  the  insulation  sealing. 

External  insulation  has  the  advantage  of  iso- 
lating the  tank  structu^e  from  the  extreme  tem- 
perature of  aerodynamic  heating  during  boost. 
Installation,  repair,  and  sealing  of  the  external 
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Figure  8-14.-Design  of  a typical  insulated  com- 
mon bulkhead  separating  LH^  and  LO^  tanks. 


insulation  can  all  be  done  without  special  con- 
sideration of  access,  ventilation,  and  curing 
techniques  in  closed  areas.  However,  special 
consideration  will  be  required  for  tank  leak  de- 
tection, especially  with  integrally  insulated 
areas.  If  a crack  does  occur  in  the  eKternal  in- 
sulation, liquefaction  of  air  and  cryopumping 
will  occur  resulting  in  a significant  rise  in  heat 
transfer. 

Insulation  for  Common  Bulkheads 

When  a common  bulkhead  is  used  between 
propellant  tanks  and  cryogenics  are  involved, 
insulation  is  required  to  prevent  freezing  of  the 
propellant  with  the  higher  boiling  point.  Figure 
8-14  shows  tho  equatorial  area  of  a typical  in- 
sulated common  bulkhead.  A fiber-glass  honey- 
comb is  located  between  a forward  and  an  aft 
facing  sheet.  In  the  equatorial  area,  where  the 
facing  sheets  have  to  be  faired  into  the  cylindri- 
cal tank  portion,  they  are  reinforced  by  waffle 
grid  ribs.  This  design  also  requires  special 
insulation  on  the  inside  of  the  LOX  tank  in  the 
equatorial  region.  No  foam  filler  was  used  in 
this  particular  example. 


8.6  DESIGN  OF  F1BEE-GI.ASS  FILAMENT- 
WOUND  LIQUID  PROPELLANT  TANKS 

Most  of  the  pressure  vessels  which  possess 
surfaces  of  revolution  can  be  fabricated  conven- 
iently by  die  techjaque  of  filament  winding.  By 
this  method  a lightweight  structural  member  can 


be  produced  with  mechanical  precision  and  ver- 
satility of  construction  and  materials.  Astrength- 
to-density  ratio,  Fu/p,  can  be  obtained  by  fila- 
ment winding  and  impregnating  the  fiber-glass 
roving  with  a suitable  resin,  which  is  higher  than 
can  be  achieved  by  any  other  method  or  material. 
For  instance,  the  strength-to-density  ratio  of  a 
fiber-glass  filament-would  resin-bonded  structure 
(average  p=0.08  Ib/in^,  f’u  = 120000,  Fu/p 
= 150"10‘')  is  about  twice  that  of  high-strength 
alloy  steels. 

Good  reliability  and  close  dimensional  control 
of  filament-wound  pressure  vessels  is  assured 
through  the  use  cf  calibrated  winding  macliines 
which  orient  the  reinforcing  fibers  precisely. 
However,  most  of  the  liquid  propellants  are  not 
compatible  with  resin-impregnated,  fiber-glass 
structures.  Therefore,  an  aluminum  tank  liner 
which  is  compatible  with  both  propellants,  must 
be  used  to  separate  the  fiber  glass  from  the  liq- 
uid. It  also  provides  a positive  sealing  barrier, 
since  the  resin-bonded  fiber-glass  material  is 
pervious  to  both  liquid  and  vapor  over  extended 
periods.  Figure  8-15  presents  a typical  aluminum- 
lined,  fiber-glass  filament-wound  liquid  propel- 
lant tank. 

Design  and  fabrication  of  fiber-glass  filament- 
wound  tanks  with  a thin  aluminum  liner  is 
basically  simple.  However,  a key  problem  arises 
from  the  fact  that  the  modulus  of  elasticity  of 
fiber-glass  resin-bonded  materials  is  about  5x10^ 
psi,  while  that  of  aluminum  is  about  10  x 10^  psi, 
and  that  the  strength  of  the  aluminum  is  usually 
no  more  than  a third  of  that  of  the  fiber  glass. 
Since  the  geometry  of  the  tanks  usually  imposes 
equal  strain  on  aluminum  liner  and  fiber  glass  as 
the  tank  is  pressurized,  the  aluminum  becomes 
loaded  to  its  elastic  limit  long  before  the  fiber 
glass  reaches  the  level  of  its  high-strength  capa- 
bility. Consequently,  with  a plain  liner  config- 
uration, the  aluminum  is  stretched  far  beyond  its 
elastic  limit  and  forced  back  to  its  original  shape 
each  time  the  tank  is  pressure  cycled.  Thus,  the 
liner  may  experience  fatigue  failure  after  a small 
number  of  pressure  cycles.  The  pressure-cycle 
life  of  a plain  liner  depends  on  amount  of  stretch 
beyond  the  elastic  limit,  type  of  aluminum,  bond- 
ing between  lines  and  fiber  glass,  weld  joints, 
variation  in  thickness  and  contours,  etc.  A well- 
designed,  plain-type  tank  liner  should  have  a 
life  of  about  10  to  20  pressure  cycles. 
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Figure  8-13. -A  typical  aluminum-lined,  fiber- 
glass, filament-wound  liquid  propellant  tank. 


One  design  approach  to  extend  cycle  life  is 
to  use  a corrugated  liner.  The  corrugations  have 
an  effect  equivalent  to  reducing  the  modulus  of 
elasticity  of  the  aluminum  liner  to  a value  less 
than  that  of  the  fiber  glass.  For  instance,  if  the 
fiber  glass  is  stressed  to  lODOOO  psi  and  has  a 
modulus  of  elasticity  of  5 x 10^,  its  extension 
will  be  2 percent.  The  corrugations  of  the  liner 
then  should  be  designed  to  permit  the  2-percent 
extension  so  that  the  aluminum  will  not  be 
stressed  beyond  its  elastic  limit. 


8.7  DESIGN  OF  PROPELLANT  TANK 

PBESSURANT  DIFFUSERS 

The  main  function  of  a pressurant  diffuser 
is  to  introduce  the  pressurant  gases  evenly  into 
the  propellant  tank  at  a de  'tred  direction  and 
velocity.  The  gases  are  usually  injected  in  a 
plane  near  the  tank  forward  end,  at  a right  angle 
to  the  tank  and  vehicle  axes.  This  will  minimize 
disturbances  at  the  pressurant-propellant  inter- 
face. Figure  8-16  presents  some  typical  propel- 
lant tank  pressurant  diffuser  designs.  A radial- 
typo  diffuser,  located  at  the  tank  axis,  is  used 
for  the  fuel  tank.  This  arrangement  permits  a 
simple,  lightweight  diffuser  design.  However, 
the  reversed  ellipsoidal  common  bulkhead  at  the 
forward  end  of  the  oxidizer  tank  requires  a ring- 
typo  diffuser,  consisting  of  many  individual  dif- 
fusing nozzles  located  at  the  circumference  of 
the  tank. 

The  pressurant  enters  the  tank  at  a tempera- 
ture level  depending  on  the  source,  such  as  a 
LOX  heat  exchanger.  In  some  cases,  this  may 
not  be  the  optimum  temperature  for  critical  struc- 


tural members.  In  these  cases,  a separation  tube 
(Hilsch  tube)  may  be  combined  with  the  diffuser. 
Without  moving  parts,  it  operates  on  the  principle 
of  separating  the  higher  energy  molecules  from 
those  with  lov/er  energy.  Temperature  spreads 
of  100°  F or  more  can  ^ obtained,  depending  on 
construction  and  available  pressure  drop.  Ad- 
vanced configurations  have  been  developed  by 
the  AiResearch  Manufacturing  Co.  In  a LOX/ 
hydrogen  system  with  common  bulkhead,  the  de- 
vice may  be  used  to  direct  the  cold  stream  toward 
the  bulkhead,  thus  lowering  the  temperature  dif- 
ferential and  resultant  heat  transfer  across  it. 


Figure  8-16.-Typical  designs  of  propellant  tank 
pressurant  diffusers. 


8.8  PROPELLANT  EXPULSION  UNDER 
ZERO  GRAVITY  OR  OSCILLATORY 
G-LOADING  CONDITIONS 

Under  zero  or  oscillatory  g-loading  condi- 
tions typical  for  many  vehicle  trajectories,  fluid 
location  in  a propellant  tank  becomes  uncertain 
and  requires  means  to  prevent  gas  pockets  from 
interfering  with  propellant  expulsion.  The  pro- 
pellants must  be  either  subjected  to  an  accelera- 
tion force  for  settling  immediately  prior  to  usage, 
or  they  must  be  continuously  confined  in  the 
tank.  The  two  approaches  can  be  defined  as 
impulse  settling  and  positive  expulsion. 
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Impulse  Settling 

This  method  employs  a small  propulsive  force 
directed  axially,  parallel  to  the  vehicle  center- 
line  of  thrust.  This  acceleration  forces  the  pro- 
pellant to  cover  the  tank  outlet  prior  to  initiation 
of  main  engine  operation.  This  approach  is  es- 
pecially suitable  formost  space  vehicles,  because 
their  low-thrust  reaction  control  units  can  be 
used  to  perform  the  auxiliary  function  of  provid- 
ing the  thrust  required  for  propellant  settling. 

Although  this  method  would  eliminate  the 
need  for  positive  expulsion  devices  for  the  main 
propellant  tanks,  it  would  necessitate  separate 
positive-expulsion  propellant  tank  or  tanks  for 
the  sole  use  of  the  reaction  control  system.  The 
possible  disadvantages  of  this  impulse-settling 
method  are  (1)  no  control  of  vehicle  center-of- 
gravity  shifts,  and  (2)  low  thrust-to-weight  ratio 
under  these  conditions,  which  may  increase 
response  times  beyond  tolerable  limits. 

For  single-start  upper  stages,  jettisonable 
short-duration  solid  settling  rockets  may  also  be 
applied  to  advantage. 

Positive  Expulsion 

The  other  method  of  achieving  proper  fluid 
orientation  within  the  propellant  tanks  is  by  con- 
tinuously confining  the  propellant  to  the  vicinity 
of  the  tank  outlet.  A positive  expulsion  propel- 
lant tank  assembly  usually  consists  of  an  outer 
tank  shell  and  an  inner  movable  expulsion  de- 
vice. Frequently  used  positive  expulsion  de- 
vices are:  (1)  metallic  diaphragms,  (2)  elastomer 
diaphragms,  and  (3)  moveable  pistons.  The 
design  of  the  expulsion  devices  depends  upon  a 
number  of  considerations.  Primary  among  these 
is  the  design  configuration  of  the  propellant 
tank.  Another  is  the  allowable  shift  of  vehicle 
center  of  gravity  during  expulsion,  which  in  many 
vehicle  applications  must  be  minimized  to  avoid 
instabilities  induced  by  a pitch  or  yaw  maneuver. 
A choice  of  construction  materials  capable  of 
sustained  contact  with  the  pressurants  and  pro- 
pellants must  also  be  made. 

Metal  Expulsion  Diaphragms 

Metal  expulsion  diaphragms  made  of  1100-0 
aluminum  (0.010  to  0.020  inch  thick)  are  desir- 
able for  long-term  storage  contact  with  storable 


propellants  and  higher  temperature  pressurant 
gases.  Figure  8-17  presents  a concentric- 
circular,  convoluted  metal  positive  expulsion 
diaphragm  used  in  a spherical  tank.  This  sys- 
tem is  unique  for  bipropellant  systems  because 
it  allows  both  propellants  to  be  stored  in  the 
same  tank,  as  long  as  the  volumetric  mixture 
ratio  does  not  deviate  appreciably  from  unity. 

An  expulsion  efficiency  above  97  percent  (i.e., 
the  percentage  of  the  propellant  which  can  be 
expelled  from  the  tank)  may  be  expected.  This 
design  also  minimizes  shift  of  center  of  gravity 
during  the  entire  process  of  expulsion. 

Figure  8-18  presents  the  corrugated  metal 
positive  expulsion  diaphragm  applied  to  a cylin- 
drical tank.  A center  post  is  provided  to  support 
the  diaphragm.  The  diaphragm  is  f irmed  into  a 
lobed  corrugation  capable  of  performing  the  re- 
quired mechanical  expansion.  Transition  sec- 
tions are  provided  at  both  ends  of  the  diaphragm 
for  attachment  to  the  tank  ends.  An  expulsion 
efficiency  of  97  to  98  percent  may  be  achieved 
with  this  design.  However,  the  utilization  of 
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Figure  8‘17,-Concentric-circular  convoluted 
metal  positive  expulsion  diaphragms  used  in  a 
spherical-shape  propellant  tank. 


Figure  8-28. -Corrugated  metal  positive  expulsion 
diaphragm  used  in  a cylindrically  shaped  pro- 
pellant tank. 
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tank  volume  is  less  efficient  due  to  dimensional 
limitations  (i.e.,  size  of  the  center  post  com- 
pared to  tank  diameter).  This  design,  too,  mini- 
mizes shift  of  center  of  gravity. 

One  disadvantage  of  the  metal  diaphragms  is 
that  only  one  complete  expulsion  cycle  is  possi- 
ble, because  the  metal  probably  will  be  cold 
worked.  The  cold  working  not  only  changes 
metal  elastic  properties  and  the  Ap  required  for 
expulsion,  but  may  cause  fatigue  failure. 

Elastomer  Expulsion  Diaphragms 

Elastomer-type  diaphragms  are  applicable  to 
most  tank  configurations  and  often  offer  a more 
efficient  utilization  of  tank  volume.  One  design 
approach  takes  advantage  of  the  stretching  prop- 
erties of  pure  elastomer  and  uses  the  diaphragm 
as  a bladder.  Figure  8-19  presents  the  bladder- 
type  elastomer  positive  expulsion  diaphragm 
used  in  a spherical  tank.  As  the  bladder  is 
pressurized  and  inflates,  the  propellant  is  dis- 
placed and  positively  expelled  and  uniformly 
confined  during  all  phases  of  expulsion.  By 
positioning  the  bladder  in  the  geometric  center 
of  the  tank,  center-of-gravity  shift  during  expul- 
sion is  virtually  eliminated. 

The  initial  unpressurized  volume  within  the 
bladder  can  be  utilized  as  the  ullage  volume. 
The  elastomer  diaphragm  will  produce  an  expul- 
sion efficiency  of  up  to  99  percent  in  many  tank 
configurations.  In  addition,  it  is  capable  of 
many  expulsion  and  refill  cycles.  An  inherent 


Figure  8-19.-Btadder-type  elastomer  positive  ex- 
pulsion diaphragms  used  in  a spherically 
shaped  propellant  tank. 


disadvantage  of  pure  elastomers  in  storage  con- 
tact with  many  storable  propellants  is  tensile- 
strength  degradation  as  a function  of  time.  They 
are  also  incompatible  with  hot  pressurant  gases 
produced  by  gas  generators. 

Positive  Expulsion  By  Movable  Pistons 

An  alternate  method  of  obtaining  positive  ex- 
pulsion in  cylindrical  tanks  is  a movable  piston 
actuated  by  pressurant  gas.  Positive  attachment 
is  required  during  storage  to  keep  the  piston  in 
the  proper  position.  To  prevent  leakage  during 
operation,  seals  will  be  required.  The  seals 
may  be  piston-type  rings  or  some  type  of  metal- 
lic wiper  seal.  In  either  case,  the  dimension  and 
surface  finish  of  the  tank  inside  diameter  should 
be  maintained  relatively  accurate  and  smooth.  In 
some  designs  a concentric  center  post  is  utilized 
to  guide  the  piston,  requiring  an  additional  seal. 
Figure  8-30  presents  the  design  of  a movable 
piston  guided  by  a center  post. 

The  pressure  differential  across  the  movable 
piston  required  to  overcome  friction  during  oper- 
ation increases  the  required  pressurant  pressure 
and  the  tank  structural  pressure  loads  for  a given 
propellant  pressure  at  the  tank  outlet.  It  may  be 
estimated  by 

ApAp  = fsF  nkis  (8-39) 

where 

Ap= pressure  differential  across  the  piston,  psi 


Figure  8-20.-Movable  piston  used  in  a cylindrical 
propellant  tank  for  positive  expulsion. 
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4p= cross-sectional  area  of  the  piston,  in^ 
ts  = coefficient  of  friction  of  the  piston  seals 
Fa = unit  normal  force  reacted  by  the  piston 
seals  on  tank  wall  and  guide  post,  Ib/in 
of  seal 

i>s= total  length  df  all  piston  seals,  in 


Estimate  the  pressure  differential  across  the 
movable  piston. 

Solution 

The  cross-sectional  area  of  the  piston 


Sample  Calculation  (8-7) 

The  following  data  are  given  for  a cylindrical 
positive  expulsion  tank  with  a movable  piston  as 
shown  in  figure  8-20: 

Inside  diameter  of  the  tar.ik,  20  in 
Diameter  of  the  guide  post,  1.5  in 
Coefficient  of  friction  of  the  piston  seals, 

fs=0.1 

Unit  normal  force  reacted  by  the  seals.  Fa 
= 5001b/in 


-£1(^  = 314.16 -1.76=312.4  in^ 

The  total  length  of  piston  seals: 

Ls  = 77  X (20 +1.5) -67.54  in 

Subs'-itute  this  into  equation  (8-39);  the  pres- 
sure differential  across  the  piston 

^ _/sFj,Ls  0.1x500  x 67.54  . 

siO 
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Figure  9-17.~Ia-place  brazed  Joints  applied  in 
an  upper  stage  propulsion  system. 


9.5  DESIGN  OF  DUCTS  FOR  ROCKET 
ENGINES 

Basic  Design  ConslderstloBS 

Primary  design  considerations  for  various 
ducts  used  on  rocket  engines  are: 

1.  Fluid  How  rate  and  system  pressure  drop. - 
The  size  of  the  duct  is  determined  largely  by  the 
required  flow  rate  and  peruussible  pressure  drop 
of  the  flow  system.  An  optimization  must  be 
made  considering  duct  weight,  pressure  drop,  and 
space,  before  finalizing  the  duct  size. 

8.  Working  L mperature  and  pressure  oi  the 
fluid. -The  selection  of  oonstruction  materials 
and  structural  design  for  ducts  depends  mainly 
on  the  working  temperature  and  pressure  level  of 
the  fluid,  but  also  on  chemical  compatibility. 
Temperature  also  influences  libe  flexibility  and 
duct  geometry. 

8.  Duct  Jointa.-Tbe  number  and  type  of  Joints 
in  a duct  system  are  usually  determined  by  sys- 
tem assembly  and  servicing  requirements.  All 
mechanically  sealed  Joints  should  be  reviewed, 
at  various  engine  design  and  development  phases, 
for  their  possible  elimination  or  replacement  by 
in-place,  induction-brazed  or  welded  Joints.  (See 
secs.  9.8  and  9.4.) 

4.  Line  flexibility  and  geometry.-Tbe  re- 
quired degree  of  flexibility  in  a duct  system  is 
dictated  by  component  tolerance  buildups,  mls- 
allneroents,  and  required  freedom  of  movement  to 


allow  for  temperature  changes,  dynamic  loads, 
and  engine  gimbal  effects,  if  any.  This  often 
determines  the  line  geometry.  In  general,  how- 
ever, lines  should  be  as  shoit  and  straight  as 
possible. 

5.  Structural  integrity. -The  structural  design 
of  a duct  system  may  Involve  a number  of  com- 
plex problems.  This  is  especially  true  with 
ducts  for  elevated  or  very  low  temperatures,  and 
requiring  a high  degree  of  flexibility.  The  de- 
sign and  fabrication  of  metal  bellows  for  applica- 
tion in  ducts  is  a highly  specialized  technology. 


Duct  Design  for  Minimum  Pressure  Drop 

Techniques  for  fluid-flow  pressure  drop  deter- 
mination have  been  discussed  in  chapter  VII. 
Equation  (7-7)  may  be  used  to  estimate  the  pres- 
sure drop  of  a straight  duct  section.  Either 
equation  (7-7)  or  (7-9)  can  be  utilized  to  predict 
the  pressure  drops  of  other  shapes,  for  which 
some  experimental  data  are  available. 

Besides  avoiding  excessive  flow  velocities 
at  various  sections  of  a duct  system,  basic  re- 
quirements for  minimum  pressure  drop  are:  con- 
stant flow  area,  smooth  flow  surfaces  and  path, 
minimum  length,  and  few  turns.  In  most  duct 
designs,  a certain  number  of  turns  is  unavoid- 
able. The  design  of  these  turns  affects  consid-  " 
erably  the  overall  pressure  drop  of  a duct  system. 

A turn  may  offer  a large  resistance  to  the  flow 
if  not  carefully  designed.  Investigations  show 
that  the  flow  resistance  in  a bend  with  constant 
cross  section  is  affected  directly  by  its  turning 
radius  ratio  R/D  (where  R = radius  of  curvature 
of  the  axis  of  the  duct,  0 = diameter  or  width  of 
the  duct)  (see  fig.  7-21).  By  Increasing  the  turn- 
ing radius  ratio,  large  reductions  in  pressure 
drop  are  possible.  Bends  with  a circular  section 
are  better  than  those  with  a square  section. 
However,  the  square  section  may  be  much  im- 
proved by  changing  it  to  a rectangle,  so  that  the 
turn  is  made  on  the  short  side;  that  is,  the  loss 
can  be  decreased  by  increasing  the  lectangle 
aspect  ratio  W/D  (where  F = width  of  the  long 
side,  width  of  the  short  side).  For  a duct 
with  a rectangular  section,  therefore,  a very 
efficient  comer  may  be  produced  if  the  values  of 
both  the  radius  ratio  and  the  aspect  ratio  are 
kept  large. 


DESIGN  OP  INTERCONNECTING  COMPONENTS  AND  MOUNTS 


373 


This  consideration  should  be  applied  in  all 
cases  where  a sharp  turning  corner  is  unavoid- 
able, such  as  the  elbow-type  turbopump  inlet 
ducts  shown  in  figure  6-15.  Here,  the  loss 
around  the  sharp  comer  is  due  largely  to  the 
zero  radius  ratio.  To  reduce  this  pressure  drop, 
guide  vanes  can  be  very  effectively  used.  If  the 
junctions  of  the  duct  walls  on  the  diagonal  are 
smoothed  out  and  vanes  added  as  shown  in  figure 
9-18,  the  compartments  so  formed  may  be  made  to 
have  a good  radius  ratio  and  a high  aspect  ratio. 
Since  in  most  cases  only  a few  vanes  need  to  be 
added  for  high  aspect  ratios,  the  remaining  prob- 
lem is  one  of  securing  a good  radius  ratio. 

The  radius  and  aspect  ratios  of  each  compart- 
ment are  increased  as  the  gap/chord  ratio  S/C  is 
reduced  (fig.  9-18).  Theoretically,  then,  the 
corner  pressure  drop  will  decrease  as  the  ratio 
S/C  is  decreased.  However,  each  additional 
vane  adds  more  surface  area  and  blockage,  and 
consequently  tends  to  increase  losses.  The  S/C 
ratio  can  be  optimized  in  tests  and  ranges  from 
0.25  to  0.45.  Well-designed  elbow-type  sharp 
turns  with  guide  vanes  may  have  resistance 
coefficients  K as  low  as  0.1  to  0.8  (see  eq.  7-9). 

Duct  Design  for  Flexibility 

For  most  interconnecting  ducts  between  two 
engine  components,  the  required  flexibility  such 
as  for  misalinements  and  temperature  changes 
can  be  achieved  by  placing  one  or  two  bellows 
sections  in  the  line  (figs.  9-4  and  9-5).  These 
may  be  either  restrained  or  unrestrained,  depend- 
ing on  structural  loading  considerations.  In 
ducts  connecting  two  components  involving  large 
relative  movements,  a minimum  of  three  flexible 
sections  is  required.  The  longitudinal  axis  of  at 
least  two  of  the  bellows  sections  should  bo  posi- 
tioned at  a right  angle  to  one  another.  Restrained 
bellows  are  preferred. 

The  duct  systems  shown  in  figure  9-3  illus- 
trate a basic  three-bellows  arrangement  as  ap- 
plied to  gimbaled  clustered  engines.  Figure  9-19 
presents  one  of  the  frequently  used  design 
approaches  for  a relath  ely  short  duct  system  to 
facilitate  large  movements  during  gimbaling  of 
an  engine  system.  The  three  flexible  sections 
are  kept  in  the  plane  of  the  engine  gimbal  point. 
This  results  in  minimum  displacements  of  the 
sections  for  a given  engine  movement.  Bellows- 
type  universal  joints  (fig.  9*20)  may  be  conven- 


Figme  9-18.-Elbow-type  sharp  turning  duct  with 
guide  vanes. 


Figure  9-19.-Typical  propeliant  supply  duct  de- 
signed tor  the  tlexibiUty  required  tor  engine 
gimbaling. 


iently  incorporated  into  this  duct  system  by 
welding.  These  joints  are  made  of  stainless 
steel  and  will  operate  at  cryogenic  and  elevated 
temperatures  (up  to  1000®  F).  The  internal  re- 
straining mechanism  is  designed  to  give  a smooth 
flow  passage  for  low-pressure  drop. 
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Figure  9-20. -Typical  gimbal-ring-type  bellows 
universal  joint  designed  and  manufactured  by 
Marman  Division  of  Aeroquip  Corp. 


For  higher  pressure  applications  (over  200 
psl),  external  wire  braids  or  links  may  be  used 
to  restrain  the  bellows  section.  The  braids  can 
be  made  of  stranded  stainless-steel  wires,  about 
0.012-inch  diameter.  In  extreme  cases,  more 
than  one  layer  of  braid  should  be  ur-ad  with  re- 
gard to  the  high  separation  loads. 

Stnictwal  Design  of  Bellows  For  Flexible  Duuts 

Most  of  the  bellows  used  for  flexible  ducts  in 
rocket  engines  are  hydraulically  formed  by  radi- 


ally expanding  thin-wall  tubing,  at  spaced  inter- 
vals along  its  axis,  coincident  with  an  axial 
compression,  to  a configuration  as  shown  in  fig- 
ure 9-21.  Our  dlscussiou  will  be  confined  to 
this  type  of  bellows.  The  various  structural 
characteristics  and  design  correlations  of  bel- 
lows are  presented  using  the  following  nomen- 
clature (see  figs.  9-21  and  9-22): 

Ct  = bellows  wall-thinning  correction  factor 
Cp  =ply  interreaction  factor  (1.00  for  1-ply  bel- 
lows, 0.90  for  2-ply  bellows,  and  0.85  for 
3-ply-or-more  bellows) 
dg  = outside  diameter  of  the  bellows,  in 
di  = outside  diametor  of  the  convolution  root  of 
the  bellows,  in 

djD  = V(dl*  + dg*)/2  = root-mean-square  diameter 
of  the  bellows,  in 
d(f  =mean  duct  diameter,  in 
E = modulus  of  elasticity  of  the  bellows  mate- 
rial, psi 

eg  = axial  deflection  of  the  bellows,  in 
eb  = equivalent  axial  deflection  of  the  bellows 
due  to  pure  bending,  in 

Op  = equivalent  axial  deflection  of  the  bellows 
due  to  parallel  offset,  in 
e,  = equivalent  axial  deflection  of  the  bellows 
due  to  pure  shear,  in 
Fg  = shear  load,  lb 
Fp  = pressure  separating  load,  lb 
G = shear  modulus  of  elasticity  of  the  bellows 
material,  psi 

h =(dg-di)/2  = mean  convolution  height,  in 
L = pitch  of  the  bellows  (axial  length  of  a con- 
volution), in 

Lg  =(Nc-0.5)L  + Npt  = free  axial  length  of  the 
bellows,  in 

No  = number  of  bellows  convolutions 
Np  = number  of  bellows  plys 
t = thickness  of  the  bellows  wall,  in 
Lb  = axial  length  of  the  rigid  duct  section,  in 
M = bending  moment,  In-lb 
p = internal  (or  external)  fluid  pressure,  psi 
Per  : critical  stability  pressure  the  bellows, 
psi 

Ag  = axial  spring  rate  of  the  beUows,  Ib/ln 
Rb  = bending  spring  rate  of  the  bellows,  lb-in/ 
degree 

Rp  = parallel  offset  spring  rate  ot  the  bellows, 
Ib/ln 

Rg  = shear  spring  rate  of  the  bellows,  Ib/in 
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‘4IAL 

< — JEFLECTION 


M BELLOWS  UNOER  PURE 
BENDING 


(b)  BELLOWS  UH03R 
PURE  SHEAR 


(c)  BELLOWS  UNDER 
PARALLEL  OFFSET 


(d)  PARALLEL 
OFFSET  OF 
ARTiCUUTED 
BELLOWS 


Figure  9-21. -Elements  anJ  various  motions  of 
bellows. 

Rt  = torsional  spring  rate  of  the  bellows,  lb-in/ 
degree 

Sfe  = bellows  bulging  stress,  psi 

Sb  = bellows  hoop  stress,  psi 

Sra  =bellov/s  motion  stress,  psi 

Ss  = bellows  shear  stress,  psi 

St  -bellows  torsion  stress,  psi 

T = torsional  moment,  in>lb 

Tor = critical  stability  torque  of  the  bellows,  psi 

V = Poisson’s  ratio  of  the  bellows  material,  in 

y =:  transverse  deflectioa  of  the  bellows,  in 

0 = bending  angle  of  rotation,  degrees 

<f)  = torsional  angle  of  rotation,  degrees 

1.  Thinning  of  the  bellows  walJ.-Hydraulic- 
formed  bellows  are  usually  made  by  starting  with 
tubes  of  the  same  diameter  as  the  diam- 

eter at  the  root  of  convol«t:'  n,  dj.  The  typical 
thinning  profile  of  a bellovjs  wall  starts  with  the 
original  material  thickness  at  the  root  @f  the 
convolution,  and  tapers  approximately  linearly  to 


Figure  9-32. -Bellows  wall  thinning  correction 
factor  Ct  versus  percent  thinning. 


the  minimum  thickness  at  the  convolution  outside 
diameter  (fig.  9-22).  Amounts  of  thinning  range 
from  10  to  40  percent.  Effects  of  thinning  are 
considered  by  applying  the  thinning  correction 
factor  Ct  (fig.  9-22)  to  the  bellows  design. 

2.  Bellows  axial  spring  rate: 


1.49C,C„W„E(i|i= 


(steel  and  nickel  alloys)  (9-22) 


1.23CtCpWpEdit® 

Noh^ 


, Ib/in 


(aluminum  alloys)  (9-23) 
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3.  Bulging  stresses. -These  are  the  radial 
bending  stresses  induced  in  the  side  walls  of  the 
bellows,  by  internal  or  external  pressure.  Bulg- 
ing stresses  should  be  kept  below  those  listed 
in  table  9-9: 


> psi  (9-24) 

4.  Separating  loads. -Bellows  are  pressure 
loaded  so  that  they  experience  a separating  load, 
in  addition  to  the  normal  duct  axial  force: 


„ P(dn,2-dd®)7r 

Pp= 4 • 


lb 


(9-25) 


5.  floop  stresses. -The  bellows  hoop  stresses 
are  calculated  by  using  the  total  area  per  inch  of 
bellows  axial  length  of  a tube  of  equivalent  wall 
thickness.  Hoop  stresses  should  always  be  kept 
lower  than  the  yield  and  ultimate  strength  of  the 
bellows  materials  by  a specified  margin. 


„ 1.78Ct£tea 

(aluminum  alloys)  (9-28) 

All  other  types  of  bellows  motions,  such  as 
angular  and  parallel  offset,  can  be  converted  into 
an  equivalent  bellows  axial  deflection,  and  ap- 
plied to  equations  (9-27)  and  (9-28)  to  calculate 
the  corresponding  motion  stresses. 

7.  Bellows  under  pure  bending  (fig.  9-21a): 

(9-29) 


dnj  sin  6 . 
66  = — 2 — 


(9-30) 


Motion  stresses  due  to  pure  bending  can  be  cal- 
culated by  substituting  en  for  Oa  in  equations 
(9-27)  and  (9-28). 

8.  Bellows  under  pure  shear  (fig.  9-21b): 


Fg  Zdm^Ra  „ 


(9-31) 


6.  Motion  stresses  due  to  axial  deflections  of 
the  heWows.-These  are  due  to  bending  of  the 
bellows  side  walls.  Allowable  motion  stresses 
for  bellows  materials,  with  respect  to  design 
cycle  life,  are  given  in  table  9-9: 


^ _ 229.2  F 


, degrees 


(9-32) 


6s  = 


3c?my 
2La  ' 


in 


(9-33) 


„ 1.40C{Btea 
JVcF  ’ 

(steel  and  nickel  alloys)  (9-27) 


Motion  stresses  due  to  pure  shear  can  bs  calcu- 
lated by  substituting  eg  for  eg  in  equations 
(9-27)  and  (9-28). 

9.  Bellows  under  parallel  offset  (fig.  9-21c); 


TABLE  9-9. -Yield  Strength,  Limiting  Bulging  Stresses,  and  Allowable  Motion  Stresses  of  Frequently 

Used  Bellows  Materials 


Material 

Yield 

strength, 

psi 

Limiting  bulging 
stresses,  psi 

Allowable  motion  stresses, 
psi 

t^O.012  in 

(§0.013  in 

1000 

cycles 

10000 

cycles 

100000 

cycles 

321  and  347  stainless  steels 

39000 

140000 

120  OCO 

208000 

150000 

92000 

19-9DL 

88000 

140000 

120000 

208000 

150000 

92000 

A-286 

1800‘DO 

190000 

150000 

160000 

150000 

138000 

Inco  718 

170000 

190000 

150000 

160000 

150000 

138000 

Inconel  X 

98000 

190000 

150000 

160000 

150000 

138000 

6061-T6  aluminum  alloy 

40000 

1 65000 

106000 

68000 

28000 
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n f’s  Sdm^Ra  y. 
Rp-y-  -Ib/m 


«=  + 


FfiLa  3d/n^yRa 


4V 


, in-lb 


6n  = - 


3 dray  . 
in 


(9-34) 

(9-35) 

(9-36) 


Motion  stresses  due  to  parallel  offset  can  be 
calculated  by  substituting  ep  for  ea  in  er  ations 
(9-27)  and  (9-28). 

10.  Parallel  offset  of  articulated  bellows 
(fig.  9-21d): 


„ Fa_Zdm^^a 
«P-y — r~ 


[4La2+6LaLb  + 3Li,2],  ib/in  (9-37) 

, 7*'s(2  Ln  + Lb) 

2 


3dnj^(2La  + ii5)yi?3  . 
"4(4La*+6LaLb+3Lj,2)' 


(9-38) 


3 dijj(2  La  + Lb)y 
®P"(4LH6LaLb-l-3  Lb=')  ’ “ 


(9-39) 


6p  can  be  substituted  for  ea  in  equations  (9-27) 
and  (9-28)  to  calculate  motion  stresses. 

11.  Bellows  torsion.-The  stress  due  to  bel- 
lows torsion  is  given  by  the  twist  of  a thin  tube; 


St= 


2T 

NprrdiH 


. psi 


(9-40) 


T 1.37  X 10"*  GditiVn  . 


12.  Bellows  squirm  due  to  internal  pressure. - 
When  a restrained  bellows  is  pressurized  inter- 
nally beyond  a critical  level,  it  experiences  a 
stability  failure  of  the  same  type  as  a buckling 
column: 


13.  Bellows  buckling  due  to  external  pres- 
sure.-When  a bellows  is  pressurized  externally, 
it  buckles  in  same  manner  as  a thin  cylinder: 

4EtNph^ 

14.  Bellows  squirm  due  to  torsion. -When  a 
bellows  is  loaded  by  pure  torsion,  it  tends  to 
buckle  in  some  manner  as  with  internal  pressure 
squirm: 


udra*Ra  . 
Tcr= — g . in-lb 


(9-44) 


The  values  for  Pcr  and  Ter  of  bellows  under 
angular  and  offset  deflections  will  be  reduced 
considerably.  A correction  factor  which  ranges 
from  0.2  to  0.9,  as  determined  by  experiments, 
should  be  applied. 

15.  Allowable  working  stresses  for  bellows 
materiais.-Bellows  generally  operate  in  the 
plastic  range.  However,  it  has  been  the  practice 
to  calculate  stresses  on  the  basis  of  elastic 
deformation,  and  correlate  the  data  on  that  basis. 
In  reality,  the  calculated  stresses  are  only  index 
stresses,  which  define  the  plastic  conditions  of 
the  bellows,  under  the  influence  of  pressure  and 
motion  loading.  The  yield  strength,  limiting 
bulging  stresses,  and  allowable  stresses  of  fre- 
quently used  bellows  materials  are  presented  in 
table  9-9. 

16.  Bellows  used  at  elevated  tempera^»res.- 
For  applications  at  elevated  temperatures  allow- 
able working  stresses  for  bellows  materials  must 
be  adjusted  accordingly.  Generally,  an  internal 
liner  should  be  provided  to  protect  the  bellows 
against  high-velocity,  hot-gas  flows. 

17.  Bellows  forming  limits.-Bellows  designs 
are  limited  by  how  severely  the  material  can  be 
worked  during  forming.  Generally,  the  following 
geometric  limits  should  be  used  for  bellows  up 
to  three  plys: 


5.02  Ra 


(9-42) 


Maximum: 


do 

di 


1.35 


(9-45) 


Minimum:  L=(8+2JVp)t,  in  (9-46) 
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Sample  Calculation  (9-4) 

Design  a bellows,  as  shown  in  figure  9-4,  for 
the  oxidizer  pump  discharge  flexible  duct  of  the 
A-1  stage  engine,  v;ith  the  foD''^  ’ :sg  data  and 
requirements,  in  addition  to  those  given  in 
sample  calculations  (9-1)  and  (9-2). 

Bellows  material,  Inco  718 

Thinning  of  bellows  wall,  20  percent 

Outside  diameter  of  the  convolution  root  of 
the  bellows,  dj  = 8 in 

Free  axial  length  •'f  the  bellows.  La  = 7 in 
maximum 

Requited  angular  movement,  d=±3° 

Life,  10000  cycles 
In  addition,  determine  the  following: 

Bellows  axial  spring  rate,  Ra 

Bending  or  angular  spring  rate  of  the  bellows, 
Rb 

Bending  moments  of  the  duct  at  3°  angular 
motion,  M 

Required  restraining  link  load  at  maximum 
working  pressure 

Solution 

'fie  will  first  use  the  limiting  bulging  stress 
of  the  bellows  material  to  establish  the  ratio  of 
convolution  height  A to  wall  thickness  t.  Prom 
figure  9-22,  wall-thinning  correction  factor 
Ct= 1.36,  for  20  percent  thinning.  From  table 
9-9,  the  limiting  bulging  stress  for  Inco  718  at 
t>0.013  inch  is  150000  psi.  Prom  sample  cal- 
culation (9-2)  the  design  limit  pressure  of  the 
duct  is  1925  psi.  Substitute  all  these  into  equa- 
tion (9-24)  for  a three-ply  bellows: 


Prom  equation  (9-30),  the  equivalent  axial 
deflection  of  a bellows,  due  to  pure  bending  or 
angulation: 


©6 


_ dm  sin  8.42 x sin  3° _ 


0.22  in 


Table  9-9  lists,  for  Inco  718  and  a life 
of  10000  cycles,  an  allowable  motion  stress  of 
150000  psi.  It  is  good  practice,  however,  to  use 
a lower  value  for  high-pressure  bellows  designed 
for  improved  stability.  In  our  design,  we  use  a 
value  of  0.36  times  the  limiting  bulging  stress. 
Thus,  the  motion  stress =0.36x150  000 =54  000 
psi.  Substitute  this  and  et  into  equation  (9-27): 

p lAOCtEtet 


lAOCtEtSb 

^c=—  J~u2~~ (from  fig-  9-22,  Ct=l  for  20  per- 
® cent  thinning) 


_ 1.40xlx29.6xlQSi;0.-D22xS:ao 
54  000  X (0.410)2 


=U2.1,  say  22 


Prom  equation  (9-46),  the  pitch  of  the  bellows 
L=(8+2Wp)t=(8+2x3)x0.022=0.308,  say  0.310in 
Free  axial  length  of  the  bellows: 


'’~2A?pt2 


La=(Wc-0.5)L+Wpt 

= (22  - 0.5)  X 0.310+3  X 0.022 


h _ /2  X 3 X 150  000 

t“f  CtP  1.36x1925  “ 


18.5 


For  a reasonable  value  of  A,  in  a bellows  of  this 
size,  we  arrive  at  a wall  thickne  ss  t of  0.022  in 
(after  several  tries): 


=6.66  + 0.066  = 6.726  in  (i.e.,  less  than  7in) 

Prom  figure  9-22,  the  correction  factor  Ct  for 
the  axial  spring  rate  at  20  percent  thinning  is 
0.72.  Substitute  this  into  equation  (9-22)  to 
obtain  the  axial  spring  rate  of  the  bellows: 


A= 18.5  x 0.022  = 0.407  an,  say  0.410  in 

The  bellows  root-mean-square  diameter  and 
the  equivalent  axial  deflection  due  to  3°  angula- 
tion can  now  be  found: 

do=di+8A=8+2  x 0.410=8.820  in 


„ lAQCtCpNpEdit^ 

_ 1 .49  X 0.72  X 0.85  X 3 X 29.6  x 10^  x 8 x (0.022)^ 
22  X (0.410)3 

= 45501b/in 
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From  equation  (9-42),  the  critical  internal 
stability  pressure  for  bellows  without  angulation: 





PCT- 


5.02xfla_  5.02x4550 
L,(D  ■6.726(§f ) 


= 3080  psi 


The  required  restraining  link  load  at  maximum 
working  pressure,  considering  the  normal  axial 
force 


Comparing  this  with  the  maximum  working 
pressure  of  1750  psi,  a safety  factor  of 
3080/1750=1.76  remains  to  allow  for  bellows 
stability  under  conditions  of  angulation. 

From  sample  calculation  (9-2),  the  yield 
pressure =2117  psi,  and  the  ultimate  pressure 
=2887  psi.  Substitute  these  into  equation  (9-26), 
to  obtain  the  yield  hoop  stress  of  the  bellows; 


r._n.  P^m^^  1750 X (8.42)2 

F=Fp+-^=-^= 5 

= 97  500  lb 

9.6  DESIGN  OF  GIMBAL  MOUNTS 
Gimbal  Design  Considerations 


Sfi  = 


pdm 
SNpt 

2117x8.42 


[o.57t(^)] 


2x3x0.022 
= 42  000  psi  (less  than  170000  psi) 

The  ultimate  hoop  stress  of  the  bellows: 


S/,= 


42000x2887 

2117 


=57  300  psi  (less  than  200  000  psi) 


The  bellows  design  configuration  is  now  es- 
tablished: 


dj  =8  in 
t =0.022  in 
Wo =22 

R8=4550  Ib/in 


do  =8.82  in 
Wp=3 
L =0.31  in 


dm =8.42  in 
h =0.41  in 
La =6.726  in 


From  equation  (9-29),  the  angular  spring  rate 
of  the  bellows 


Primary  design  considerations  for  gimbal 
mounts  are: 

1.  Required  pivotal  movement  of  engine  as- 
sembly or  thrust  chamber  for  thrust  vector  con- 
trol.-Generally  ranging  from  ±4°  to  ±10°. 

2.  Required  adjustment  for  thrust  alinement 
and  positioning. 

3.  Thrust  level. -This  determines  the  struc- 
tural and  bearing  design  of  the  gimbal  mounts. 

4.  Required  operational  life. -Generally  1000 
cycles  minimum. 

5.  Minimum  deformation  of  the  bearing  sur- 
face, prevention  of  bearing  surface  galling. 

6.  Propellant  duct  installation.  -Some  designs 
require  flow  of  one  of  the  propellants  through  the 
center  of  the  gimbal  mount. 

7.  Maintenance  of  the  gimbal  mount. -This  is 
largely  affected  by  the  lubrication  requirement  of 
the  bearing  surfaces.  If  possible,  a gimbal  boot 
should  be  provided  to  protect  the  bearing  sur- 
faces from  dust,  water,  and  foreign  materials. 

8.  Liglittveiglit.-High  strength-to-weigbt 
materials  should  be  used. 


(8.42)2x4550 
458.4  ■ 458.4 


=705  in-lb/degree 


The  bending  moment  on  the  duct  at  3°  angula- 
tion 


M=fib0=7O5x3=2115in-ib 

From  equation  (9-25),  the  bellows  pressure 
separating  load 


Ring-Type  Gimbal  Mounts 

Figure  9-23  presents  a typical  gimbal  mount 
designed  for  low-thrust,  upper  stage  engine  ap- 
plications up  to  20000  pounds.  The  design  is  a 
closed-yoke,  flowthrough-rint  type  gimbal,  utiliz- 
ing plain  bearing  pivot  joints.  This  configura- 
tion provides  for  the  main  oxidizer  duct  to  pass 
through  the  assembly  in  the  longitudinal  axis  to 
the  thrust  chamber  dome.  The  gimbal  mount  is 
designed  to  connect  the  vehicle  main  oxidizer 
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GUIDE  TO  THE  USE  OF  THIS  MONOGRAPH 


The  purpose  of  this  monograph  is  to  organize  and  present,  for  effective  use  in  design,  tlie 
significant  experience  and  knowledge  accumulated  in  development  and  operational 
programs  to  date.  It  reviews  and  assesses  current  design  practices,  and  from  them  establishes 
firm  guidance  for  achieving  greater  consistency  in  design,  increased  reliability  in  the  end 
product,  and  greater  efficiency  in  the  design  effort.  The  monograph  is  organized  into  two 
major  sections  that  are  preceded  by  a brief  introduction  and  complemented  by  a set  of 
references. 

The  State  of  the  Art.  section  2,  reviews  and  discusses  the  total  design  problem,  and 
identifies  which  design  elements  are  involved  in  successful  design.  It  describes  succinctly  the 
current  technology  pertaining  to  these  elements.  When  detailed  information  is  required,  the 
best  available  references  are  cited.  This  section  serves  as  a survey  of  the  subject  that  provides 
background  material  and  prepares  a proper  technological  base  for  the  Design  Criteria  and 
Recommended  Practices. 

The  Design  Criteria,  shown  in  italics  in  section  3,  state  clearly  and  briefly  what  rule,  guide, 
limitation,  or  standard  must  be  imposed  on  each  essential  design  element  to  assure 
successful  design.  The  Design  Criteria  can  serve  effectively  as  a checklist  of  rules  for  the 
project  manager  to  use  in  guiding  a design  or  in  assessing  its  adequacy. 

The  Recommended  Practices,  also  in  section  3.  state  how  to  satisfy  each  of  the  criteria. 
Whenever  possible,  the  best  procedure  is  described;  when  this  cannot  be  done  concisely, 
appropriate  references  are  provided.  The  Recommended  Practices,  in  conjunction  with  the 
Design  Criteria,  provide  positive  guidance  to  the  practicing  designer  on  how  to  achieve 
successful  design. 

Both  sections  have  been  organized  into  decimally  numbered  subsections  so  that  the  subjects 
within  similarly  numbered  subsections  correspond  from  section  to  section.  The  format  for 
the  Contents  displays  this  continuity  of  subject  in  such  a way  that  a particular  aspect  of 
design  can  be  followed  through  both  sections  as  a discrete  subject. 

The  design  criteria  monograph  is  not  intended  to  be  a design  handbook,  a set  of 
specifications,  or  a design  manual.  It  is  a summary  and  a systematic  ordering  of  the  large  and 
loosely  organized  body  of  existing  successful  design  techniques  and  practices.  Its  value  and 
its  merit  should  be  judged  on  how  effectively  it  makes  that  material  available  to  and  useful 
to  the  designer. 
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efficiency  of  materials  for  a compressively  loaded  structure,  it  is  usually  necessary  to  utilize 
a structural  index  that  represents  the  structural  configuration  and  the  loading  anticipated. 
This  subject  is  treated  in  references  6 and  7. 


2.2.1  Mechanical  Properties 


The  mechanical  properties  of  concern  in  the  design  and  analysis  of  propulsion-system  tanks 
are  ultimate  tensile  strength  (Ftu),  which  governs  ultimate  burst  pressure  under  ductile 
failure  conditions;  tensile  yield  strength  (Fjy),  because  of  the  requirement  that  there  be  no 
yielding  either  at  limit  load  conditions  or  during  proof  testing;  compressive  yield  strength 
(Fey)  for  compression  critical  structures;  and  the  material  elastic  properties  (E,  G,  and  v). 
Shear  and  bearing  strength  properties  (Fgu,  Fb,u,  and  Fbry)  apply  to  design  details  such  as 
mechanical  attachments  and  are  not  normally  important  factors  in  the  selection  of 
materials. 

High-cycle,  low-stress  fatigue  data  sometimes  are  required  to  evaluate  the  effects  of 
structural  vibration  or  severe  acoustic  environment.  Low-cycle,  high-stress  fatigue  data  often 
are  used  to  evaluate  the  effects  of  multiple  pressurization  cycles.  The  material  properties 
utilized  in  fracture-mechanics  analyses  are  discussed  in  section  2.2.4. 

The  effects  of  a number  of  important  variables  on  mechanical  properties  must  be 
considered.  These  variables  include  temperature,  thermal  exposure,  duration  of  loading, 
biaxiality  and  triaxiality  of  loading,  rate  of  loading,  and  unusual  environments  such  as 
corrosive  fluids  and  radiation.  Design  properties  are  determined  for  base  metal  and  welds 
and  sometimes  for  weld  heat-affected  zones.  The  effects  of  loading  direction  with  respect  to 
base-metal  grain  orientation  are  considered.  Properties  along  the  direction  of  the  weld  bead 
as  well  as  across  the  weld  are  evaluated.  The  effects  of  all  processing,  forming,  and  heat 
treatments  on  material  design  properties  are  evaluated. 

Whenever  possible,  the  precise  values  of  the  material  mechanical  properties  used  in  design 
and  analysis  (the  “design  allowables”)  are  determined  by  methods  that  result  in  consistent 
levels  of  reliability  for  all  materials  and  conditions  of  application  and  service.  The  military 
handbooks,  M1L-HDBK-5B  (ref.  8)  for  metals  and  MIL-HDBK-17A  (ref.  9)  for  plastics, 
contain  considerable  design  property  data.  Nearly  all  otlier  sources  of  materials  properties 
data,  unless  explicity  stated  otherwise,  contain  only  typical  values  that  are  not  suitable  per 
se  as  design  values. 

The  methods  used  to  compute  design  allowable  strengths  of  unflawed  materials  for 
MIL-HDBK-5B  are  covered  in  MIL-HDBK-SB  Guidelines  for  the  Presentation  of  Data  (ref.  8, 
ch.  9).  Two  reliability  levels  are  observed,  “A”  values,  which  must  be  met  or  exceeded  by 
the  product  99  percent  of  the  time,  and  “B”  values,  which  must  be  met  or  exceeded  90 
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percent  of  the  time.  In  both  values,  a statistical  confidence  level  of  95  percent  is  observed. 
“A”  allowables  are  used  for  single-load-path  structures  such  as  pressure  vessels. 

The  determination  of  design  property  values  for  welds  presents  some  special  problems. 
Design  values  are  not  currently  available  in  reference  8 for  welded  alloys  of  interest  for 
aerospace  pressure  vessels.  Weld  test  data  that  are  available  in  the  literature  can  be  used  only 
as  a guide  to  the  values  that  might  be  reliably  obtained  in  any  given  welding  setup.  The 
many  variables  that  affect  weld  quality  and  strength  are  discussed  further  in  section  2. 2. 2. 2 
of  this  monograph  and  treated  in  detail  in  reference  10;  methods  for  determining  weld 
allowables  are  also  discussed  in  the  same  reference. 

The  basic  approach  for  determining  weld  allowables  that  is  described  in  reference  10  is 
similar  to  the  approach  recommended  in  the  MIL-HDBK-5B  Guidelines  (ref.  8,  ch.  9)  for 
metals  in  general  (assuming  that  process  control  is  exercised  over  all  of  the  significant 
welding  variables)  with  but  one  important  exception:  the  minimum  weld  strength 
determined  by  statistical  analysis  of  test  data  on  weld  coupons  may  be  given  a further 
reduction  to  account  for  differences  between  the  behavior  of  coupons  and  welded 
structures.  This  reduction  factor  has  been  termed  a “coupon/structure  ratio”  (ref.  10,  p.  7 1) 
and  is  evaluated  by  comparative  tests  of  coupons  and  representative  structures  such  as 
subscale  tanks.  Values  of  this  ratio  used  to  establish  allowable  weld  strengths  for  tanks  and 
other  structures  on  the  Apollo  spacecraft  and  Saturn  S-II  stage  have  been  in  the  range  of 
0.80  to  0.90  (10  to  20  percent  reduction  in  strength). 


2.2.1 .1  TEMPERATURE  EFFECTS  ON  PROPERTIES 

Reduced  temperatures  tend  to  increase  material  mechanical  strength  properties,  but  often 
decrease  material  ductility  and  toughness  values.  Such  strength  increases  sometimes  are 
utilized  in  the  design  and  analysis  of  tanks  intended  for  the  containment  of  cryogens  when  a 
significant  weight  saving  can  be  realized.  However,  it  is  then  necessary  to  ensure  that  the 
fracture  toughness  of  the  material  is  adequate  for  the  anticipated  operational  and 
proof-testing  conditions;  this  subject  is  treated  in  detail  in  section  2.2.4.  It  is  also  necessary 
to  ensure  that  room-temperature  tank  pressurizations  can  be  limited  to  values  that  are 
consistent  with  the  lower  room-temperature  mechanical  properties. 

Elevated  temperatures  tend  to  reduce  material  mechanical  properties.  For  some  materials 
(e.g.,  titanium  alloys),  even  a small  increase  in  temperature  above  room  temperature  results 
in  a significant  reduction  in  strength  (approximately  10  percent  at  200°  F).  Temperature 
increases  on  this  order  can  result  from  compression  heating  during  pressurization  of 
high-pressure  gas  containers  when  a proper  heat  exchanger  is  not  used.  If  such  effects  are 
not  considered,  yielding  may  occur  in  tanks  fabricated  from  titanium  and  other  alloys  that 
are  sensitive  to  temperature. 
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2.3.2  Loads  Analysi!) 


Vehicle-tank  structure  must  be  adequate  not  only  to  withstand  the  loads  from  vibration, 
thermal  shock,  propellant  slosh,  and  tank  internal  pressure,  but  also  to  provide  the  main 
load  path  for  vehicle  body  loads.  Thus,  it  is  necessary  to  consider  all  conditions  of  loading 
during  the  design  phase,  because  the  type  of  loads  can  influence  the  selection  of  tank 
construction:  compressive  loads  may  dictate  semi-monocoque  construction,  whereas  pure 
pressure  loads  may  dictate  membrane-type  construction.  Vehicle-tank  subassemblies  are 
subjected  to  different  types  of  loading  conditions  and  therefore  must  be  examined 
separately. 


2.3.2.1  TANK  SIDEWALL 

Vehicle-tank  sidewalls  are  subjected  to  pressure,  propellant  inertial  forces  axial  load,  and 
bending  moments.  Loads  in  the  hoop  direction  are  determined  by  combining  the  tank  ullage 
head  pressures  and  load  pressure  with  the  propellant  inertia  forces.  The  longitudinal  loads 
result  from  a combination  of  ullage  pressure,  tank  axial  load,  and  bending  moment.  Methods 
for  combining  these  loads  are  shown  in  reference  96. 


2.3.2.2  END  CLOSURE 

Loads  imposed  on  the  end  closures  of  vehicle  tanks  are  the  result  of  the  tank  ullage  pressure 
and  acceleration  forces  on  the  propellants.  During  boost,  aft  bulkheads  have  a maximum 
pressure  at  the  apex,  whereas  forward  bulkheads  have  minimum  pressure  at  the  apex.  To 
establish  the  load  at  a specific  location  on  the  end  closure,  both  pressure  and  closure 
geometry  must  be  considered.  Methods  for  determining  these  loads  are  described  in 
reference  97. 


2.3.2,3  INTERTANK  BULKHEAD 

Where  there  are  separate  and  individual  bulkheads  on  two  adjoining  tanks,  the  load  on  each 
is  determined  as  described  above  for  tank  end  closures.  The  single  “common  bulkhead”, 
however,  is  subjected  to  either  burst  or  collapse  loads  and  to  temperature  gradients  through 
its  thickness.  Applied  loads  (pressure)  at  any  given  point  are  calculated  in  the  manner 
described  for  tank  end  closures,  except  that  the  bulkhead  “feels”  only  the  difference 
between  the  forward  and  aft  pressures  at  any  given  point.  To  maintain  stability  under 
collapsing  pressure  loads,  the  bulkhead  is  designed  to  have  a large  bending  stiffness  (as 
compared  with  a membrane  bulkhead).  Consequently,  the  resulting  design  (stiffened  skin  or 
sandwich)  requires  a more  sophisticated  internal-loads  analysis.  This  generally  is 
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accomplished  by  a multilayered  shell-of-revolution  program  (refs.  98  and  99)  that  takes  into 
account  the  extensional,  shear,  and  bending  stiffnesses  in  both  the  hoop  and  meridional 
directions  of  both  facing  sheets  and  core.  A membrane  bulkhead  is  satisfactory  if  caution  is 
exercised  in  maintaining  a positive  Ap  in  the  right  direction. 


2.3.2A  ATTACHMENT 

Loads  are  imposed  on  a tank  at  the  points  where  other  portions  of  the  system  are  m;’ted  to 
the  tank.  The  magnitude  and  direction  of  the  loads  generally  are  a function  of  the  weight  of 
the  attached  component  or  subsystem  multiplied  by  the  established  amplication  factor  for 
acceleration  and  vibration  forces.  Only  the  attachment  bolts  and  the  most  immediate 
structure  feel  these  loads  in  full  magnitude.  To  a great  extent,  experience  and  judgment  are 
used  to  determine  the  magnitude  of  load  on  the  adjoining  structure  by  making  due 
allowance  for  the  damping  that  occurs  as  the  force  progresses  from  the  point  of  excitation. 
Axial  growth  of  vehicle  tanks  poses  no  restraint  on  tank  function,  but  attachment  of 
subsystem  tanks  must  be  analyzed  carefully  to  allow  for  the  loads  generated  at  the 
attachment  points  by  changing  pressure  and  temperature. 


2.3.3  Membrane  Thickness 


Except  in  rare  cases,  liquid  rocket  propulsion  system  tanks  are  thin-wall  structures,  i.e.,  the 
wall  thickness  is  less  than  about  one-tenth  the  tank  radius  (ref.  100,  p.  293).  This  permits 
the  use  of  simple  stress  formulas  in  the  trade  studies  of  simple  geometrical  shapes  such  as 
spheres  and  cylinders.  Tentative  material  selections  and  corresponding  membrane 
thicknesses  and  operational  stress  levels  are  obtained  by  using  only  mechanical-property 
data  in  conjunction  with  arbitrarily  selected  actors  of  safety.  Practical  considerations  of 
producibility,  handling,  and  stiffness  are  evaluated  to  validate  these  preliminary  selections. 

Before  material  is  selected,  working  stress  level,  membrane  thickness,  and  fracture-control 
consideration  must  be  taken  into  account.  The  material  must  posse  suitable  levels  of 
toughness  and  resistance  to  subcritical  flaw  growth  to  ensure  compliance  with  intended  tank 
service  life.  Material  selection  is  followed  by  definition  of  the  proof-test  stress,  operational 
stress,  and  NDI  requirements  consistent  with  mission  performance  requirements,  as 
discussed  in  section  2.2.4. 2.  In  the  determination  of  membrane  thickness,  the  most 
restrictive  condition  (e.g.,  safety  factor,  fracture-control  criteria,  producibility.  or  handling) 
must  be  identified  and  employed. 

Because  of  its  strength/density  ratio,  a certain  material  may  provide  a weight  advantage 
analytically  that  is  negated  by  further  investigation.  In  trade  studies  made  for  the 
propulsion-system  tanks  for  the  Apollo  Service  Modihe?"it- w determ ined  that  fiberglass 
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provided  the  lightest  weight  tank.  However,  the  addition  of  reinforcements  for  reaction  of 
the  support  loads,  tank  membrane  penetrations,  and  attachment  of  closeout  doors  negated 
the  weight  advantage,  and  6A1-4V  titanium  alloy  ultimately  was  used.  Sometimes  the 
analytically  permissible  thinness  of  the  tank  membrane  may  be  outside  the  limits  of  proven 
fabrication  techniques,  or  it  may  result  m extremely  fragile  tanks.  For  example,  the  shells 
for  the  positive  expulsion  tanks  in  the  Ape  > Service  Module  required  a hemispherical 
membrane  thickness  (6A1-4V  titanium)  of  0.01 1 in.  based  on  pressure  considerations  only, 
but  manufacturing  and  handling  considerations  dictated  the  0.023-in.  thickness  that 
presently  is  used. 

In  the  case  of  vehicle  tanks,  for  which  material  is  selected  during  configuration 
optimization,  the  designer  proceeds  directly  to  establish  membrane  thickness.  The 
membrane  thickness  for  a vehicle-tank  sidewall  is  dictated  by  the  product  of  hoop  tension 
load  under  the  maximum  anticipated  internal  pressure  times  the  factor  of  safety.  The 
sidewall  membrane  usually  is  stiffened  against  buckling  by  various  means  such  as  stringers, 
frames,  or  ribs  spaced  in  a waffle  pattern.  In  some  cases  (e.g.,  the  Atlas  and  Centaur 
vehicles),  additional  membrane  rigidity  is  attained  through  the  internal  working  pressure 
within  the  tank. 


2.3.4  J “'  wall 


Sidewall  design  is  especially  important  in  the  design  of  large  vehicle  tanks,  which  generally 
not  only  contain  the  vehicle  propellants  but  transmit  vehicle  body  loads  as  discussed  in 
section  2.3.2. 1.  The  principal  sidewall  designs  for  pressurized  vehicle  tanks  are 
skin-stringer-frame,  waffle,  and  monocoque  construction.  Selection  of  the  optimum  type  of 
structure  is  dependent  on  the  magnitude  of  the  externally  applied  body  loads  and  the  type 
of  propellants  to  be  contained.  Highly  loaded  sidewalls  generally  are  designed  with 
skin-stringer-frame  construction,  whereas  lightly  loaded  sidewalls  are  waffle  construction. 
Very  lightly  loaded  sid.  walls  can  be  monocoque  constaction  but  usually  must  be 
pressurized  for  stability. 


2.3.4.1  SKIiM-STRINGER-FRAME 

Integral  stiffening  is  the  form  of  skin-stringer  construction  that  is  best  suited  for  propellant 
tanks.  This  design  eliminates  the  thousands  of  potential  leaks  associated  with  the  mechanical 
attachments  between  the  skin  and  the  stringers  and  frames  of  conventional  construction. 
Two  configurations  of  skin-stringer  design  shown  in  figure  5 consist  of  (a)  panels  in  which 
the  skin,  “blade”  stringers,  and  horizontal  ribs  are  machined  as  an  integral  unit,  frames  being 
attached  mechanically  to  the  horizontal  ribs  after  the  panels  are  formed;  and  (b)  panels  in 
which  only  skin  and  “T”  stringers  are  machined,  and  frames  are  added  after  forming  by 
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Figure  5.  — Two  kinds  of  skin-stringer-frame  construction. 


mecha  lical  attachment  to  the  inboard  flanges  of  the  T stringers.  The  blade  design  is  lighter 
in  the  lower  load  regime,  whereas  the  T-stringer  desig.  is  lighter  at  higher  load  levels. 
Membrane  thicknesses  are  based  on  the  hoop  tension  loads  under  maximum  expected 
internal  t .k  pressure.  Stringer  spacing  is  dictated  by  local  stability  requirements.  Stringer 
configuration  and  frame  spacing  for  minimum-weight  structure  are  based  on  general  stability 
requirements  under  critical  (varies  with  temperature)  axial  compression  leads  in 
combination  with  internal  pressures.  The  material  used  must  be  readily  machinable  and  have 
good  forming  and  welding  characteristics.  Welded  joints  are  highly  desirable  as  a means  to 
avoid  propellant  leakage  Since  tensile  design  allowables  for  a weld  are  lower  than  those  for 
the  parent  material,  compensation  is  made  by  an  appropriate  increase  in  thickness  at  the 
weld  joints.  It  is  desirable  to  design  so  that  the  skin  does  not  buckle  at  the  design  load.  Skin 
buckling  also  impairs  the  reliability  of  any  external  insulation  and  causes  sudden  changes  in 
the  flexural  stiffness  of  the  vehicle  stage.  The  stiffener  spacing  required  to  keep  the  skin 
unbuckled  at  limit  load  is  determined  from  curved-panel  buckling  data,  due  account  being 
given  the  stabilizing  influence  of  tank  internal  working  pressure.  Once  skin  thickness  and 
stringer  spacing  have  been  fixed,  computer  programs  (ref.  101)  can  readily  optimize  the 
stringer  and  frame  configuration  to  provide  the  load-canylng  capability  that  meets  the 
required  column  buckling  and  general  stability  requirements.  Figure  6 shows  a typical 
sidewall  construction  successfully  used  on  the  LH2  tank  for  the  Saturn  S-II  stage. 


2.3.4.2  WAFFLE 

A tank  membrane  stiffened  by  integral  ribs  that  are  arranged  in  a “waffle”  pattern  is  a form 
of  construction  that  not  only  is  efficient  in  the  usual  loading  range  but  also  possesses  many 
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Figure  6.  — Sidewall  construction  on  LHj  tank  for  Saturn  S-ll 
stage. 


manufacturing  ailvantages.  Waffle  construction  is  utilized  in  the  design  of  the  Saiurn  S-IV-B 
stage.  The  integral  rib  stiffeners  usually  are  formed  by  mechanical  or  chemical  milling  of  the 
waffle  pattern  in  a thick  plate;  mechanical  milling  is  the  more  efficient  method.  Design  of 
the  waffle  structure  usually  is  dictated  by  primary  shell  stability  requirements;  therefore,  a 
low  density  material  is  advantageous.  The  plate  m tterial  usually  is  easy  to  machine,  and 
fabrication  is  economical.  Because  of  these  two  considerations,  aluminum-alloy  plate  is  a 
prime  candidate  for  the  waffle  plate  material.  Figure  7 shows  two  kinds  of  waffle 
config'uration,  square  and  isogrid. 

In  the  widely-used  square  pattern  (fig.  7(a)),  the  rib  spacing  is  such  that  the  individual  skin 
panels  will  buckle  under  the  same  load  that  will  cause  a general  instability  or  failure  of  the 
entire  vehicle  tank  cylindrical  structure.  The  general  instability  mode  of  failure  is 
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Figure  7.  - Two  basic  waffle  configurations. 


determined  as  the  critical  buckling  load  of  an  equivalent  isotropic  cylinder.  The  waffle 
efficiency  theoretically  increases  with  increasing  plate  thickness  and  decreasing  skin  and  rib 
thickness;  however,  minimum  skin  thickness  is  dictated  by  the  hoop  tension  requirements. 
The  rib  spacing  ana  height  are  optimized  on  the  basis  of  this  fixed  skin  thickness.  Where  the 
continuity  of  stiffening  ribs  is  interrupted,  weld  lands  are  sufficiently  thick  to  maintain  shell 
stability.  This  construction  constitutes  a fabrication  advantage  in  that  all  mechanical  and 
individual  rib  splices  are  eliminated. 

Another  waffle  design  that  has  shown  excellent  promise  is  the  isogrid  configuration.  Isogrid 
is  a pattern  of  integral  stiffening  consisting  of  a gridwork  of  equilateral  triangles,  as  shown  in 
figure  7(b).  This  structural  arrangement,  currently  used  on  the  tankage  on  the  Delta  vehicle, 
has  the  following  propert*e-; 

f I)  The  bending  and  extensional  stiffnesses  are  independent  of  the  grid  orientation. 

(2)  No  coupling  between  the  grid  and  the  skin  due  to  Poisson-ratio  effects  exists  for 
material  with  v * 1/3.  This  condition  implies  that  strength  calculations  for  inside 
or  outside  stiffening  are  identical. 
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(3)  Because  of  properties  (1)  and  (2).  isogrid  shell  analysis  is  equivalent  to  that  for 
monocoque  when  the  proper  equivalent  thickness  and  equivalent  modulus  of 
elasticity  are  used.  Because  of  the  simplicity  of  the  analysis,  it  is  comparatively 
easy  to  optimize  and  design  isogrid  structure. 

Analytical  weight  comparisons  of  rectangular  waffle  grid  patterns  and  isogrid  patterns  have 
shown  the  isogrid  pattern  to  be  lighter.  In  addition,  tests  have  shown  that  with  isogrid 
construction,  in  comparison  with  rectangular  patterns,  appreciably  higher  stresses  can  be 
developed  prior  to  buckling. 

Waffle  construction  offers  several  other  practical  advantages:  manufacturing  is  simple 
because  of  the  elimination  of  internal  structure;  reinforced  areas  in  the  milling  pattern  for 
cutouts  or  attachment  provisions  are  easily  incorporated;  and  the  fact  that  the  skin  will 
remain  smooth  and  unbuckled  precludes  problems  of  debonding  of,  and  damage  to,  external 
insulation. 


2.3.4.3  MONOCOQUE 

In  general,  pressure-stabilized  monocoque  construction  results  in  the  lowest  structural 
weight.  A material  with  a high  tensile  yield  strength  is  necessary.  Pressure-stabilized 
structures  such  as  the  Atlas  and  Centaur  vehicles  require  extreme  care  during  fabrication  and 
transportation  to  preclude  handling  damage.  Prevention  of  buckling  in  a pressure-stabilized 
monocoque  structure  requires  that  the  meridional  pressure  stress  be  greater  than  the 
compressive  meriodional  stress  created  by  external  loads. 


2.3.5  End  Closure 


End  closures  significantly  affect  cylindrical  tankage  length,  and  the  basic  end-closure 
configurations  are  established  during  the  vehicle  configuration  optimization  phase  as 
described  in  section  2.1.  Not  only  is  the  end-closure  shape  a consideration,  but  the  closure 
between  two  tanks  must  be  optimized;  a selection  must  be  made  in  favor  of  two  separate 
bulkheads  or  one  common  bulkliead, 

Theoretical'y.  there  are  an  infinite  number  of  shapes  from  which  to  select.  In  actual 
practice,  however,  closure  shapes  usually  represent  a familiar  geometric  figure  or  minor 
variation  thereof.  For  example,  the  Titan  and  Saturn  S-IV  tanks  are  designed  with 
hemispherical  end  closures,  Saturn  S-Il  end  closures  are  oblate  spheroids,  and  the  Atlas, 
Saturn  IC,  and  Centaur  tanks  employ  ellipsoidal  end  closures.  Such  standard  geometric 
shapes  facilitate  weight  analysis  througli  computer  subroutines  as  presented  in  reference  5. 
Figure  8 depicts  some  of  the  surfaces  of  revolution  that  have  been  analyzed  by  computer 
subroutines. 
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Figure  9.  - Cutaway  drawing  of  the  LOX/LHj  tanks  in  the  Saturn 
S-ll  stage. 


Figure  9 shows  the  end  closures  used  in  the  LOX  tank  of  the  Saturn  S-II  stage.  Sandwich 
construction  is  employed  to  resist  buckling  where  compressive  loads  exist,  whereas  a simple 
membrane  construction  is  adequate  for  the  areas  loaded  only  in  tension. 

An  example  of  honeycomb  sandwich  structure  is  shown  in  figure  10.  For  given  facing 
materials  and  thicknesses,  the  core  depth  and  density  are  dictated  by  the  requirement  for 
preventing  primary  instability  and  “face  wrinkling”  of  the  facing  sheets.  The  variation  of 
unit  weight  of  the  composite  sandwich  structure  with  the  ratio  of  thickness  of  the  two 
facings  is  investigated,  and  the  optimum  arrangement  is  determined. 
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Figure  10.  — Example  of  honeycomb  sandwich  structure. 


The  use  of  sandwich  construction  for  the  intertank  bulkhead  of  booster  tanks  offers  the 
possibility  of  significant  weight  savings.  When  tank  internal  pressures  are  low  and  shell 
instability  is  the  critical  problem,  the  facing  sheets  can  be  designed  to  operate  at  stresses 
close  to  the  material  compression  yield  stress.  The  total  facing  thickness  is  dependent  on 
stresses  associated  with  maximum  tank  pressure.  The  facings  may  be  critical  either  under 
ultimate  strength  requirements  in  which  the  hoop  tension  stresses  due  to  tank  pressure  are 
of  primary  importance  or  under  yield  requirements  in  which  the  combination  of  thermal 
and  pressure  stresses  is  of  significance.  Reference  102  presents  typical  methods  used  in 
selecting  honeycomb  sandwich  structure. 


2.3.5.1  FORWARD  BULKHEAD 

This  bulkhead  generally  is  convex  (external  surface),  loaded  primarily  by  bursting  pres.sure; 
a thin  sheet  or  “membrane”  is  the  usual  design  approach.  In  j thin-shell  design,  the 
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hcad-depth-to-diameter  relation  imist  be  analyzed  to  determine  compressive  stresses  in  the 
knuckle  radii  to  ensure  that  no  circumferential  buckling  pattern  occurs.  These  analyses 
generally  must  be  confirmed  by  tests,  since  information  on  buckling  of  heads  due  to  internal 
pressure  is  meager. 

To  achieve  minimum  weiglit,  the  shell  thickness  is  tapered  so  that  the  entire  bulkhead  is 
operating  at  the  maximum  allowable  stress  leve!  In  the  meridional  direction,  regardless  of 
shape.  For  minimum  cost,  however,  a constant -thickness  bulkhead  is  more  desirable. 
Although  a single-piece  bulkliead  is  preferred,  material  size  and  current  forming  methods 
such  as  spin-forming,  stretch-forming,  hydroforming,  or  explosive-forming  make  this 
impossible.  Generally,  therefore,  the  bulkhead  is  designed  to  be  fabricated  by  welding 
together  a single  central  “dollar”  section  to  a welded  subassembly  consisting  of  a number  of 
gore  segments.  This  practice  avoids  the  juncture  of  the  multiple  welds  where  the  gore 
sections  meet  at  a common  point.  Hoop  compressive  stresses  usually  are  avoided,  the  result 
being  certain  restrictions  on  bulkhead  local  radii  of  curvature,  which  in  turn  results  in 
height-to-radius  limitations. 

Figure  1 1 shows  a typical  weiglit  optimization  curve  for  the  Saturn  S-II  stage  generated  by 
the  subroutine  of  reference  5.  The  curves  show  graphically  the  weight  variations  of  tank 
sidewall,  skirt,  and  bulkliead  as  the  configuration  of  the  bulkhead  is  varied.  For  the  loading 
condition  of  the  Saturn  S-II  LHj  tank,  the  hemispherical  bulkhead  results  in  the  heaviest 
structure,  because  of  the  necessity  for  a long  skirt  length. 


2.3.5.2  AFT  BULKHEAD 

Aft  bulkheads  differ  from  forward  bulkheads  only  in  that  hoop  compressive  forces  may 
develop  under  certain  conditions  of  loading.  The  region  from  the  equator  to  the  liquid  level 
always  will  be  in  hoop  compression  during  filling  (assuming  no  ullage  pressure),  and 
compressive  stresses  also  may  occur  during  flight  as  a function  of  bulkhead  local  curvatures 
and  the  ratio  of  ullage  pressure  to  acceleration-induced  forces. 

Aft  bulklieads  generally  require  waffle  or  sandwich  construction  or  other  kind  of 
circumferentially  stiffened  structure  in  the  upper  portion.  Minimum-weiglit  design  generally 
will  dictate  a shell  of  revolution  with  changing  curvature  and  varying  geometry.  There  are  no 
reliable  techniques  for  the  stability  analysis  for  this  type  of  structure  under  the  varying 
biaxial  load  conditions  encountered.  It  is,  therefore,  mandatory  that  the  analysis  be 
conservative  and  that  it  be  complemented  with  stringent  verification  testing.  An  additional 
significant  consideration  is  that  aft  bulkheads  must  provide  for  engine  feedlines.  A central 
location  is  the  preferable  choice  for  a single  engine. 
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2.3.B.3  INTERTANK  BULKHEAD 


The'  fluids  in  a bipropellant  vehicle  are  separated  physically  (and  possibly  thermally)  either 
by  two  separate  membrane  bulkheads  or  by  a common  bulkliead.  Figure  12  shows  the  two 
bulkhead  concepts. 


Separate 

bulkheads 


Common 

bulkhead 


Figure  12.  — Sketches  of  two  basic  types  of  intertank 
bulkheads. 


The  common  bulkliead  may  be  either  self-supporting  or  pressure-stabilized.  One  feature  of 
dual  separate  membranes  is  that  space  for  and  access  to  the  fluid  lines  coming  from  the 
bottom  of  the  forward  tank  is  provided.  Consideration  must  be  given  to  the  special 
problems  involved  in  routing  these  lines  either  through  or  around  the  forward  bulkhead  of 
the  lower  tank. 

There  are  several  unique  features  in  the  self-supporting  type  of  common  bulkhead  that  make 
a determination  of  bulkliead  weiglit  versus  bulkliead  height  somewhat  more  complex.  The 
bulkliead  must  be  designed  for  both  bursting  and  collapsing  pressures.  The  bulkliead 
therefore  is  of  waffle  or  sandwich  construction  to  provide  stability  under  collapsing 
pressure.  If  insulation  also  is  a requirement,  sandwich  constmction  usually  is  the  most 
efficient,  but  consideration  tlieii  must  be  given  to  both  theniial  and  pressure  stresses. 
Convex-vs-concai.e  bulkliead  (forward  surface)  attitudes  are  evaluated  in  connection  with 
the  relative  ma§n  tude  of  the  burst-vs-collapse  pressures.  In  general,  consideration  of  the 
routing  of  the  forward-tank  propellant  lines  makes  the  convex  (forward  surface)  attitude 
more  desirable.  Trapped  residua?^  in  the  forward  tank  are  minimized  by  the  use  of 
low-density  filler  material  in  the  volume  below  the  propellant  outlets. 
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2.3.6  Attachment  Junctures 


2.3.6.1  WELD  JOINTS 

Weld-joint  design  is  one  of  the  most  critical  requirements  of  sound  vehicle  tankage  structure. 
Since  weld  strength  is  less  than  that  of  the  parent  material,  adequate  load  capacity  must  be 
achieved  by  increasing  material  thickness  at  the  weld  joint.  Ideally,  the  thicker  weld  land 
would  be  made  symmetrical  about  the  membrane  material.  However,  the  expense  of  milling 
both  sides  and  tlie  desirability  of  maintaining  a smooth  exterior  surface  for  aerodynamic 
reasons  are  overriding  considerations  that  lead  to  the  eccentric  weld  land  configuration 
usually  employed  on  booster  tanks.  Effective  weld-joint  strength  can  in  some  cases  be 
improved  by  shaving  the  bead;  this  practice  reduces  stress  raisers,  removes  the  area  most  apt 
to  contain  flaws,  and  improves  weld-joint  ductility. 

Optimum  joint  configuration  can  be  achieved  only  by  an  extensive  test  program  for 
determining  the  proper  dimensions  for  the  weld-land  geometry  for  each  material.  Figure  1.1 


A- 


skin 


L- 
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weld 


(a)  Abrupt  termination  of  weld  land 


mu 


Steportipsr' 


(b)  Stepped  or  tapered  termination  of  weld  land 


Figuie  13.  — Weld-joint  configurations  for  vehicle  tanks. 


displays  two  weld-land  designs  for  2014-T6  and  2219-T87,  two  aluminum  alloys  commonly 
used  in  current  vehicle  tankage.  Weld-land  thicknesses  range  from  2 to  2*/4  times  the  basic 
membrane  thickness,  and  weld-land  widths  range  from  1.25  to  2.00  in.  The  1 .25-in.  width  is 
the  minimum  required  to  prevent  the  heat-affected  zone  HAZ  and  the  r.  sultant  strength 
reduction  therein  from  reaching  the  fully  stressed  basic  membrane.  Weld-land  thicknesses  in 
excess  of  2‘A  to  2*/2  times  the  basic  membrane  thickness  with  abrupt  terminations  (fig. 
13(a))  introduce  bending  stresses  and  some  reduction  in  joint  strength  at  tlie  point  where 
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the  basic  membrane  meets  the  weld  land.  This  concentrated  strength  reduction  is  avoided  by 
introducing  a stepped  or  tapered  section  between  the  skin  and  weld  land  as  shown  in  figure 
13(b). 

In  the  typical  subsystem  tank,  the  weld  joint  for  assembling  tank  sections  is  potentially  the 
predominant  structural  discontinuity.  The  designer’s  task  is  to  minimize  the  structural 
discontinuity  across  this  joint.  Underdesign  results  in  premature  tank  failure  in  the  weld 
joint.  Overdesign  results  in  a ring  or  span  of  material  that  is  much  more  rigid  than  the  tank 
membrane;  the  resultant  difference  in  deflection  while  the  tank  is  under  load  causes  flexure 
in  the  tank  membrane  and  possibly  lower  cyclic  life.  Figure  14  depicts  some  commonly  used 
preweld  joint  preparations  that  have  proven  highly  satisfactory  in  tank  development 
programs  to  date. 


Figure  14.  - Weld-joint  configurations  for  subsystem  tanks. 
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Since  weld  joints  inherently  are  subject  to  variations  in  production,  the  experienced  designer 
strives  to  minimize  the  linear  length  of  weld  joints  in  his  tank  designs.  When  possible,  tank 
cylindrical  sections  are  made  by  spin  forging,  thus  eliminating  longitudinal  welds. 

The  probable  introduction  of  distortion  and  oxidation,  plus  the  need  for  elaborate 
equipment,  preclude  heat  treatment  of  subsystem  tank  assemblies  following  welding. 
Postweld  processing  usually  is  limited  to  tank  aging  to  relieve  internal  stresses  caused  by 
welding.  The  designer,  as  in  veliicle-tank  design,  therefore  increases  the  material  thickness  in 
the  HAZ  to  compensate  for  the  reduction  in  material  strength  that  occur  as  a result  of 
annealing  at  and  adjacent  to  the  weld.  Ideally,  the  gradations  in  loss  of  material  strength 
would  be  precisely  balanced  by  increased  material  thickness  through  a precisely  contoured 
joint  transition.  From  the  practical  standpoint,  however,  the  additional  joint  efficiency  and 
weight  reduction  frequently  do  not  justify  the  attendant  analysis  and  machine  contouring 
effort,  and  a straight-taper  joint  transition  is  used. 

Use  of  sophisticated  chemicals  and  higli-performance  components  in  liquid  rocket  systems 
has  emphasized  the  necessity  for  fluid  cleanliness  and  for  tanks  that  are  cleanable.  It  may  be 
noted  in  figure  14  that,  except  for  the  joint  with  a backup  ring,  the  joints  will  be  readily 
cleanable.  In  tanks  with  small  ports,  where  interior  access  subsequent  to  welding  is  limited, 
it  is  mandatoi,  '.hat  the  weld-joint  design  require  negligible  cleanup  following  weld. 


2.3.6.2  BULKHEAD/SIDEWALL  JUNCTURE  ^ 

A critical  item  in  the  design  of  liquid  rocket  tanks  is  the  method  of  joining  the  major 
structural  components  (e.g.,  bulkliead  to  tank  sidewall  and  skirt  to  tank  sidewall).  These 
junctures  normally  occur  at  a common  location  and  almost  always  are  accomplislied  with  an 
appropriate  fitting.  A widely  used  fitting  is  a “Y”  ring,  so  named  because  of  its 
cross-sectional  appearance.  Examples  of  Y-rings,  as  used  on  the  Saturn  IC  and  the  Titan  II, 
are  shown  in  figure  15.  A different  method,  used  on  the  Centaur,  provides  an  angle  for 
mechanical  attachment  of  the  skirt  (fig.  16). 

The  Y-ring  type  of  joint  serves  the  following  functions; 

• Provides  a structural  load  path  from  bulkhead  to  tank  and  from  skirt  to*  tank. 

• Provides  a leak-proof  container. 

• Provides  easy  inspectability  and  weld  repair  prior  to  skirt  installation. 

• Provides  for  mechanical  attachment  of  skirt. 

• When  properly  designed,  creates  low  hoop  stresses  in  the  difficult  meridian  welds 
(three  in  Saturn  IC  tank)  that  splice  the  Y-ring  segments. 


67 


Skirt 


Saturn  1C 


Figure  15.  — Examples  of  Y-ring  bulkhead/sidewall  junctures. 


Figure  16.  — Example  of  bulkhead/sidewall  juncture  used  in 
Centaur. 
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A principal  disadvantage  associated  with  this  type  of  joint  is  the  difficulty  associated  with 
making  tlie  ring-splice  meridian  welds.  This  welding  usually  is  accomplished  in  one  of  two 
ways: 

( 1 ) The  initial  bar  stock  is  rolled  to  tank  contour,  the  weld  joint  is  prepared,  and  the 
entire  cross  section  of  the  bar  is  welded  by  an  extremely  large  number  of  passes. 
The  desired  cross  section  then  is  machined  from  the  completed  bar  ring. 

(2)  The  bar  stock  is  machined  to  the  desired  cross  section  and  formed  to  the  required 
contour.  The  circumferential  splices  then  are  made  by  one  or  two  welding  passes 
along  each  leg  and  stem  of  the  “Y”. 

The  completed  Y-ring  then  is  mated  to  the  bulkhead  and  tank  sidewall  by  a circumferential 
weld  and  is  mechanically  spliced  to  the  skirt. 

The  splice-joint  buildup  used  on  the  Centaur  tanks  employs  simple  flat  sheets  for  stiffening 
the  membrane  in  the  area  of  the  skirt  attachment  ring.The  ring  (T-section)  is  machined  from 
a circular  forging,  thereby  eliminating  welding  of  ring  segments. 

This  method  has  the  following  advantages; 

( 1 ) It  avoids  expensive  forgings,  machining,  and  associated  tooling. 

(2)  The  bolting  ring  works  with  a variety  of  configurations,  and  mating  of  adjacent 
structure  is  comparatively  simple. 

(3)  Weld  discrepancies  are  easily  repaired. 

It  has  the  following  disadvantages: 

( 1 ) The  method  requires  spot  v/elding  through  as  many  as  five  layers  of  skin. 

(2)  The  thin  sheets  require  stringent  control  of  weld  schedules. 

(3)  Vehicle  separation  requires  a circumferential  shaped  charge  to  fracture  the  ring. 


2.3.6.3  BOSSES  AND  SUPPORT  PROVISIONS 

Attachment  of  system  components  and  tank  mounting  structure  generally  is  accomplished 
by  providing  local  support  points  or  bosses  in  tank  structure.  To  avoid  tank  penetration,  the 
bosses  are  made  deep  enough  to  accommodate  m'^chanical  fasteners.  When  the  basic 
structure  is  made  from  a stock  size  of  sufficient  thickness,  these  bosses  are  integrally  milled 
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with  the  basic  structure.  This  process  creates  “hard  spots”  that  remain  flat  during  forming 
and  force  the  adjoining  structure  to  do  additional  straining  during  both  forming  and 
subsequent  tank  tension  loading.  Additional  local  reinforcing  is  provided  to  minimize  this 
excess  straining  by  distributing  the  strain  over  a larger  area.  The  reduced  eccentricity  and 
increased  distance  from  the  basic  thickness  to  the  hard-spot  thickness  minimize  bending 
stresses  at  the  discontinuity. 

When  system  attachments  are  made  to  thin-shell  structure  such  as  a membra.'ie  bulkhead, 
the  use  of  integral  bosses  requifss  a much  larger  initial  material  thickness  and  mere  extensive 
milling.  Fabrication  of  attach  bosses  also  can  be  accomplished  by  welding  a circular 
machined  ring  (containing  the  boss)  to  the  bulkhead;  however,  residual  stresse,s  from  the 
welding  can  cause  severe  warpage  in  thin,  compound-curvature  bulkheads  (less  severe  for  flat 
or  hemispherical  shapes).  This  warpage  can  be  minimized  by  the  use  of  hard  tooling  and 
close  tolerance  parts  and  by  shrink-fitting  fitup  procedures  before  welding.  However, 
scrappage  rate  is  high  because  of  the  limited  repairability  of  this  type  of  weld. 

The  nonintegral  support  provisions  involve  welding  machined  fittings  (ports,  Hanges, 
support  pads)  to  the  tank  membrane.  This  practice  requires  either  providing  a ring  of  thicker 
material  in  the  tank  membrane  to  compensate  for  the  strength  loss  from  welding  or  lowering 
the  permissible  tank  operating  pressure.  In  audition  to  structural  analysis  of  the  designs,  the 
designer  must  consider  both  accessibility  for  tank  cleaning  following  welding  and  distortion 
of  the  tank  membrane  due  to  weld  heat.  An  advantage  of  nonintegral  fittings  is  that  the 
tank  designer  has  more  latitude  in  the  method  of  fabrication  of  the  tank  membranes. 

Although  the  integral  fittings  complicate  membrane  forging  and  machining,  experience  has 
shown  that  they  are  superior  to  welded  fittings  because  of  the  absence  of  heat  distortion, 
strength  reduction,  weld-induced  contamination,  and  uncertainty  about  weld  integrity  that 
attend  welded  joints.  To  minimize  the  effect  of  integral-fitting  discontinuities  on  the 
tankshell,  however,  the  tank  designer  strives  to  minimize  the  number  of  fittings.  Frequently, 
in  gas-pressurant  tanks,  the  fluid  ports  and  tank  supports  are  combined  into  a common  boss 
In  liquid  propellant  tanks,  the  single  access  opening  is  attained  by  use  of  a closeout  cover 
that  contains  both  the  inlet  and  outlet  lines.  When  multiple  iks  are  used  in  series,  the 
inlets  usually  are  connected  to  standpipes  within  the  tanks  to  pu  elude  reverse  migration  of 
the  fluids  and  to  ensure  series  feedout. 

Internal  standpipes  and  Stillwells  in  liquid-carrying  tanks  usually  require  end  supports  to 
withstand  liquid  slosh  impact  and  to  alter  vibrational  response.  These  internal  supports  most 
commonly  utilize  a slip  joint  to  allow  for  longitudinal  expansion  and  contraction  of  the 
tank  but  provide  support  to  the  standpipe  and  Stillwells  against  side  loads. 
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2.3.7  Openings  and  Access  Doors 


For  purposes  of  this  monograph,  the  term  “openings”  applies  to  all  types  of  ports  and 
access  openings  in  the  tank  membrane.  Openings  and  access  doors  are  treated  together 
because  they  represent  similar  design  problems  in  membrane  discontinuity.  Ideally,  the  tank 
membrane  would  have  no  openings  or  access  doors;  realistically,  of  course,  these  provisions 
are  required.  Tank  openings  and  access  doors  for  propellant  tankage  generally  are  located  at 
or  near  the  apex  of  the  bulkheads.  This  location  has  the  advantage  of  being  relatively  easy  to 
fabricate  and  simple  to  analyze,  and  it  facilitates  entry  into  the  tank  interior.  The  primary 
design  objective  is  to  prevent  leakage  throughout  the  entire  life  cycle.  Two  methods  that 
employ  integral  bolting  rings  are  illustrated  in  figures  17(a)  and  (b);  the  method  employed 
on  the  Centaur  for  the  forward  door  is  shown  in  figure  1 7(c). 

A bearing  lip  and  oversize  holes  (fig.  17(a))  will  reduce  Joint  rotation  due  to  eccentric  bolt 
shear  loading,  whereas  a large  cross-sectional  area  in  the  bulkhead  boss  (fig  17(b))  will 
accomplish  the  same  purpose  by  forcing  most  of  the  load  to  remain  in  the  bolting  ring  and 


(b)  Bulkhead  boss  with  large  cross-sectional  area 


(c)  Centaur  forward  door 


Figure  17.  - Three  designs  for  a tank  access  door. 
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not  go  through  the  door.  Hither  design  can  incorporate  a door  of  smaller  radius  of  curvature 
than  that  of  the  adjoining  structure  in  order  to  further  reduce  loads  in  the  door,  boss,  and 
across  the  joint  (dashed-line  configuration). 

Experience  has  also  shown  that  in  the  design  for  a radial  sealing  gasket  the  final  gap 
requirements  between  the  door  flange  and  the  ring  flange  must  be  considered,  since  a local 
bending  moment  is  induced  as  the  torque  is  applied  to  the  assembly  bolts.  It  is  desirable  to 
select  bolt  spacing  and  seal  and  flange  designs  that  minimize  the  final  bending  moment  of 
the  bolt  joint. 

Tank  openings  for  system  installations  create  local  discontinuities  at  the  attach  points.  The 
subject  is  discussed  in  section  2.3.6. 3. 


2.4  TANK  COMPONENTS 

2.4.1  Propellant  Slosh  and  Vortex  Suppression  Devices 


Sloshing  of  propellants  can  adversely  affect  vehicle  stability  and  the  integrity  of  the  tank 
structure.  Baffles  are  therefore  provided  to  damp  liquid  motion.  In  cylindrical  tanks,  baffles 
generally  take  the  form  of  flat  rings  attached  to  the  structural  shell  as  shown  in  figure  1 ; 
here  they  serve  the  double  purpose  of  providing  fluid  damping  as  well  as  shell  stability.  For 
oblate  spheroidal  tanks,  baffles  may  take  the  form  of  a truncated  cone  either  perforated  or 
open  trussed.  These  cones  generally  are  supported  at  the  equatorial  region  and  provide  for 
liquid  motion  inhibition  at  the  surface  level  only  or  throughout  its  height.  A clear 
understanding  of  slosh  and  methods  of  counteracting  it  in  large  tanks  may  be  obtained  from 
the  material  in  reference  103. 

Fluid  vortexing  occurs  at  engine  feed-line  outlets;  it  is  most  severe  at  outlets  in  tank  aft 
bulkheads,  especially  at  central  locations.  Antivortex  baffles  generally  take  the  shape  of 
radial  vanes  either  attached  directly  to  the  bulkhead  skins  or  cantilevered  outward  from  a 
central  attachment.  Figure  1 shows  a method  used  for  multiple  outlets  and  figure  depicts  a 
method  employed  for  a centrally  located  fluid  outlet. 


2.4.2  Propellant  Positioning  Devices 


A major  problem  in  designing  for  a space  environment  is  to  provide  a supply  of  gas-free 
propellant  to  the  engine  at  the  start  of  each  firing  cycle.  In  the  near-zero-“g"  operational 
environment  of  orbital  spacecraft,  gravitational  forces  are  negligible,  and  capillary  forces 
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CHAPTER  2 

BASIC  ENGINEERING  DESIGN  PRINCIPLES 


In  this  chapter,  equipment  used  for  the  storage,  transport  and  transfer  of 
cryogenic  fluids  (particularly  liquid  oxygen  and  liquid  nitrogen)  is  discussed  along 
with  design  features  and  criteria  which  are  uniquely  cryogenic.  Elements  of  de- 
sign that  are  not  peculiar  to  low  temperature  systems  are  not  discussed  here,  since 
they  are  beyond  the  scope  of  this  work  and  may  easily  be  found  elsewhere. 

The  chapter  is  divided  into  sections  on  insulation  systems,  storage  tanks, 
converters,  vaporizers,  pumps,  transfer  lines,  and  valves.  Although  each  is  a 
topic  in  itself  and  stands  as  such,  an  interrelation  exists  that  soon  becomes  appar- 
ent. The  endeavor  in  each  section  is  to  present  the  engineering  rationale  of  cryo- 
genic design  as  it  applies  to  the  various  items  of  low  temperature  equipment. 

INSULATION  SYSTEMS 

Underlying  the  effective  and  efficient  use  of  most  cryogenic  equipm.ent  is 
the  associated  thermal  insulation  system.  Taking  a common  household  refrigera- 
tor as  one  example,  if  some  of  the  insulation  were  removed  from  the  walls,  elec- 
trical oower  costs  would  increase  because  of  the  greater  length  of  time  required 
for  compressor  operation;  this  increased  running  time  is  due  to  a longer  refrigera- 
tion duty  cycle  which  would  be  necessary  to  keep  the  food  as  cold  as  it  had  been 
before  loss  of  insulation.  If  all  of  the  insulation  were  removed,  a much  larger 
and  more  expensive  refrigeration  system  would  be  needed  and  again  the  power 
costs  would  go  up,  resulting  in  an  unnecessarily  expensive  operation.  As  another 
example,  the  summertime  air  conditioning  costs  for  an  uninsulated  or  poorly  in- 
sulated house  can  wreck  an  otherwise  manageable  budget,  making  it  soon  apparent 
that  something  should  be  done  to  correct  the  condition.  If  a choice  is  made  to  in- 
sulate (rather  than  sell  it  or  live  with  it  unhappily  or  uncomfortably),  the  stage  is 
set  for  other  more  specific  decisions  that  must  follow  concerning:  type  of  material 
and  thermal  efficiency,  quantity,  durability,  application,  maintenance,  cost,  etc. 
Each  is  important  and  one  bears  on  the  other. 

It  does  not  necessarily  follow  from  the  above  examples  that  the  more  in- 
sulation there  is,  the  better  the  situation  becomes  — not  when  cost  is  a factor. 

As  will  be  seen  later  in  this  chapter,  an  optimum  ami  nt  or  degree  of  insulation 
exists  for  any  given  case,  and  this  optimum  varies  from  no  insulation  at  all  to  as 
much  as  can  be  fitted  into  a reasonable -sized  enclosure.  Within  the  bounds  of  poor 
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insulation  and  good  insulation,  there  exist  the  categories  of  nonevacuated  (gas- 
filled)  and  evacuated  insulations  and  an  even  further  classification  of  material 
groups  below  this,  as  illustrated  in  figure  E-1.  The  figure  plots  type  of  insulation 
against  thermal  conductivity  (which  will  be  shown  in  Chapter  6 to  be  a measure  of 
effectiveness  or  efficiency  of  a thermal  insulation. system);  for  certain  applica- 
tions where  weight  also  is  of  concern,  the  product  kp  (thermal  conductivity  times 
density)  is  sometimes  additionally  provided  — this  product  frequently  is  referred 
to  as  a 'figure  of  merit'. 

To  cover  thermal  insulation  systems  in  more  specific  detail,  each  of  the 
major  categories  is  discussed  in  the  following  sub-sections. 

NO  INSULATION 

For  short  term  experiments  or  unusual  circumstances  where  available 
piping  and  tanks  have  to  be  used  quickly  and  without  particular  regard  for  effi- 
ciency or  cost  of  liquids,  it  is  sometimes  possible  to  use  bare,  uninsulated  com- 
ponents to  accomplish  a job.  Actually,  in  such  cases,  the  bare  (cryogen  contain- 
ing)  walls  under  most  atmospheric  conditions  do  not  remain  bare  very  long,  nor 
are  they  entirely  without  insulation  since  water  vapor  from  the  ambient  air  con- 
denses on  the  cold  surfaces,  forming  frost.  The  tenacity  of  this  frost  is  small, 
as  it  is  easily  jiggled  or  blown  off  under  relatively  mild  conditions  of  vibration 
or  wind  (figure  2-2);  however  it  does  furnish  some  insulation  value,  with  heat 
transfer  rates  to  the  liquid  being  reduced  by  a factor  of  two  in  certain  instances 
after  the  frost  has  been  produced.  Because  of  the  uncertain  constitution  of  water 
vapor  in  the  air  and  the  unpredictability  of  wind  and  vibration,  any  beneficial  ther- 
mal insulating  qualities  of  frost  are  undependable  and  they  should  only  be  looked 
upon  as  a bonus  at  best.  Also,  in  the  process  of  frost  formation,  the  condensation 
taking  place  liberates  heat  at  the  condensing  surface,  some  portion  of  which  ulti- 
mately and  undesirably  is  passed  on  to  the  cryogen, causing  additional  liquid  to  be 
evaporated  and  wasted. 

Before  leaving  the  subject  of  frost,  mention  should  be  made  of  the  fact 
that  while  it  does  form  on  bare  liquid  oxygen  equipment  and  some  pieces  contain- 
ing liquid  nitrogen,  at  temperatures  near  and  below  the  normal  boiling  point  of 
nitrogen  air  liquefies  and  continually  bathes  or  washes  off  these  colder  surfaces. 
Not  only  does  the  heat  of  condensation  of  the  air  augment  heat  transfer  through 
these  surfaces  to  the  cryogen  (which  in  itself  is  undesirable),  but  the  possibility 
that  liquid  air  may  be  dripping  on  some  non -compatible  (with  the  liquid  oxygen 
component  of  liquid  air)  material  creates  a potential  safety  hazard.  Also,  the 
liquid  air  is  very  cold  which,  if  it  is  permitted  to  drip  on  non-cryogenic  materials 
of  construction,  can  be  a cause  of  low  temperature  embrittlement. 

Finally,  while  bare  uninsulated  equipment  may  be  utilized  for  certain  un- 
usual, non-repetitive  operations,  the  consequences  can  be  costly  in  terms  of  fluid 
consumption  and  safety  requirements,  and  should  be  considered  carefully. 
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Figure  2-1.  Comparison  of  thermal  insulation  materials  for  cryogenic  systems 
between  the  temperatures  of  540  ®R  and  140  *R  (2  to  5 Ib/ft®  density  range). 


NONEVACUATED  INSULATIONS 

In  those  cases  where  some  insulation  is  clearly  required  but  the  expense 
cind  complexity  of  evacuated  insulation  systems  are  unwarranted,  a reasonably 
good  selection  of  materials  may  be  made  from  plastic  foams,  glass  fibers,  foam- 
fiber  composites,  and  powders.  Advantages  and  disadvantages  peculiar  to  the 
eoplication  and  use  of  each  type  are  discussed  below  after  a preliminary  note  on 
the  subject  of  vapor  barriers. 

Vapor  barriers 

In  order  to  maintain  as -installed  efficiency  of  a cryogenic  insulation  sys- 
tem, it  is  generally  necessary  to  use  a vapor -proof  covering,  or  vapor  barrier, 
on  the  warm  surface  of  the  insulation.  Reason  for  concern  here  is  that  without 
such  an  enclosure,  atmospheric  moisture,  air,  etc.  are  free  to  migrate  through 
the  somewhat  porous  insulating  materials  until  a region  cold  enough  for  condensa- 
tion or  freezing  to  occur  is  encountered.  When  this  happens  and  if  it  is  sufficiently 
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Figure  2-2.  Frost  formation  on  bare  liquid  oxygen  tank. 
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cold,  moisture  solidifies,  air  liquefies,  and  the  effective  or  apparent  thermal 
conductivity  of  insulation  increases  because  of  the  additional  higher  conductivity 
constituents  now  embedded  in  the  previously  gas -filled  pores.  Also,  in  some 
relatively  open,  high  void-to-solid  material  composition  insulations  on  liquid  ni- 
trogen equipment,  a reflux  action  occurs;  air  first  permeates  the  insulation,  then 
condenses  on  or  near  the  cold  equipment  surface  and  drips  off  into  a warmer  re- 
gion where  it  evaporates,  after  which  the  cycle  repeats  itself  again  and  again. 

This  not  only  increases  heat  input  to  the  cryogen  because  of  a continual  liberation 
of  the  heat  of  condensation  of  the  air  liquefying  on  the  cold  surface  as  in  the  earlier 
uninsulated  case,  but  it  also  establishes  a previously  described  safety  problem  if 
the  ins’Jation  is  incompatible  with  oxygen,  since  an  appreciable  fraction  of  liquid 
air  is  liquid  oxygen  after  refluxing. 


Choice  of  vapor  barrier  depends  upon  the  type  of  insulation  being  used,  en- 
vironmental conditions,  permanence  of  the  installation,  and  budget.  If  the  insula- 
tion is  rigid  enough  to  provide  adequate  support,  a flexible  metal  foil  or  plastic 
film  may  be  employed.  If  a rugged,  sturdy  cover  is  required  because  of  the  use  of 
non-rigid  insulation  (powder,  for  example),  extreme  weather  conditions,  abusive 
external  conditions,  long-term  maintenance -free  requirements,  or  any  combina- 
tion of  these,  a heavier  metallic  sheath  is  desirable.  In  any  case,  a gas-tight  in- 
stallation requires  an  appropriate  sealant  at  all  joints  as  well  as  a puncture -free 
covering.  For  some  applications  where  the  insulated  surfaces  are  of  such  com- 
plex shape  as  to  make  impossible  the  achievement  of  a gas-tight  barrier,  a non- 
condensable gas  like  helium  may  be  bled  into  the  insulation  beneath  the  covering 
in  such  a way  as  to  maintain  a slight  positive  gage  pressure  in  that  space  — there- 
by preventing  the  infiltration  of  air  and  moisture  and  the  problems  that  go  with 
them.  Initial  cost  of  the  latter  system  is  minimal  when  compared  to  one  which  is 
vapor -tight,  but  a continuing  neeu  for  bleed  gas  may  soon  offset  this  particular  ad- 
vanta,ge.  Also,  if  helium  is  used  for  such  a purpose,  the  thermal  conductance  of 
the  system  increases  due  to  the  high  conductivity  of  this  gas. 


Foams 


Polyurethane  and  polystyrene  plastic  foams  are  the  ones  most  commonly 
used  in  low  temperature  work,  with  variations  in  these  two  types  available  a ^ to 
density,  strength,  thermal  conductivity,  intercellular  gas  composition,  rigid  or 
flexible  structure,  open  or  closed  cells,  application  method  (preformed,  foam-in- 
place, spray-on),  etc.  Due  to  the  large  selection  of  physical  properties  and  char- 
acteristics, foam  insulations  can  be  tailored  to  many  situations  requiring  rather 
modest  thermal  protection  qualities.  One  major  drawback  in  the  use  of  such  ma- 
terial relates  to  the  large  thermal  expansivity  of  plastics  and  plastic  foam  — of- 
ten a factor  of  five  or  ten  greater  than  metals  like  steel  and  aluminum.  On  cool- 
down to  cryogenic  temperatures,  the  considerable  contraction  that  occurs  gener- 
ates thermal  stresses  which  in  turn  cause  cracks  to  develop  in  many  of  these  foams. 
Certain  flexible  foams  seem  to  better  accommodate  this  type  of  stress  than  the 
more  rigid  formulations;  however  this  is  not  meant  to  be  taken  as  a generalization. 
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Several  things  can  be  done  to  reduce  this  problem,  including  the  use  of  inter- 
spersed fibers,  threads,  or  honeycomb  as  reinforcement  materials  and  the  de- 
liberate employment  of  precracked  foams  (slabs)  in  such  a way  as  to  permit  what- 
ever contraction  or  expansion  must  take  place  to  occur  at  the  slab  edges  (the  rea- 
soning here  is  simila.*  to  that  behind  the  placement  of  expansion  cracks  in  side- 
walks). With  this  lati  'r  technique,  the  fact  that  unsealed  joints  are  present  re- 
quires that  a liner  be  used  if  the  application  is  internal,  or  a vapor  barrier  for 
external  utilization  — see  figure  2-3.  Shiplapped  joints  are  reasonably  good  here 
but  care  must  be  taken  that  the  liner  not  be  destructively  pinched  between  the 
joints;  this  often  is  quite  difficult  to  do.  1/4,  1/2,  and  1 mil  thick  polyester  plas- 
tic films  have  been  used  successfully  as  liner  material,  sometimes  in  multiple 
sets  of  two  and  three  in  case  one  accidentally  is  punctured  or  leaks. 

Attachment  methods  to  tank  and  pipe  walls  may  involve  banding  (cinch  bands 
for  external  placement  or  expansion  bands  internally),  special  low  temperature 
adhesives,  or  a foamed -in-place  installation  which  adheres  to  adjacent  surfaces. 
Unprotected  rigid  foams  can  be  rather  easily  damaged  so  care  should  be  taken 
working  with  and  around  them.  Even  without  damage,  the  insulating  properties  of 
these  materials  may  change  with  time.  This  is  due  to  the  fact  that  the  overall 
thermal  conductance  of  the  foam  has  two  main  components  — conduction  through 
the  solid  plastic  cell  walls  and  conduction  through  the  cellular  gas.  When  the  foam 
is  being  made,  reaction  between  chemicals  involved  in  the  process  liberates  gas 
which  remains  in  the  cells  or  voids  for  some  time.  If,  however,  the  foam  is  not 
used  soon  after  manufacture  bu^  stored  in  contact  with  air  instead,  the  original  gas 
gradually  diffuses  out  of  the  cells  and  is  replaced  with  ambient  air.  For  some  of 
the  more  efficient  materials  this  exchange  can  account  for  an  increase  in  conducti- 
vity of  50  percent,  and  if  for  some  reason  (purging,  inerting,  etc.  ) helium  became 
the  replacement  gas,  the  conductivity  would  rise  to  many  times  its  original  value. 

Fibers 


Glass  fibers  (either  in  bulk  or  batt  form)  are  used  occasionally  to  insulate 
cryogenic  vessels  and  transfer  lines  in  cases  where  shock  and  vibration  loading 
might  otherwise  be  serious.  The  fibers  resist  settling  and, of  course. cracking 
uiider  mechanical  and  thermal  abuse,  and  they  are  chemically  inert  to  hazardous 
environments  if  used  without  organic  binders  which  are  incompatible  with  oxygen. 
Fock  wool,  a fibrous  insulation,  has  been  used  in  cold  boxes’-  for  many  years;  the 
advantage  here  is  low  cost  coupled  with  ease  of  removal  in  the  event  that  repairs 
or  maintenance  become  necessary  within  the  box.  Insulating  qualities  of  this  type 
of  insulation  are  achieved  by  virtue  of  the  submicron  diameter  fibers  being  ran- 

’ The  term  'cold  box'  is  used  to  designate  an  insulated  enclosure  surrounding 
cryogenic  components  such  as  heat  exchangers,  purifiers,  valves,  etc.  of  gener- 
ally irregular  shape.  In  order  to  provide  a simple  method  of  thermal  protection 
for  these  items,  a box  or  shell  is  built  around  them  and  insulation  is  subsequently 
poured  or  stuffed  into  the  voids  — being  held  in  place  by  the  containing  walls. 


2-6 


NAVAIR  06-30-501 


METAL  TANK 
OR  PIPE  WALL 


PLASTIC 

FILM 

LINER 


PLASTIC  FOAM 
INSULATION 


INTERNAL  CASE  EXTERNAL  CASE 


Figure  2-3.  Jointed  plastic  foam  insulation  and  liner. 


domly  oriented,  furnishing  a multitude  of  poorly  conducting  points  of  contact  be- 
tween individual  fibers. 

Powders 

Perlite  and  silica  gel  are  two  of  the  most  frequently  used  powders  for  cryo- 
genic insulation,  with  perlite  favored  in  many  applications  because  of  its  great  cost 
advantage  — about  ten  to  one  over  silica  gel.  Although  the  apparent  thermal  con- 
ductivity of  a powder  is  roughly  of  the  same  order  as  the  conductivity  of  the  gas 
contained  in  its  pores,  indicating  that  very  little  heat  actually  is  being  transmitted 
through  the  particles  themselves,  this  is  still  an  improvement  over  no  powder  at 
all, since  total  heat  transfer  to  a cold  surface  surrounded  by  gas  (air,  for  example) 
involves  not  only  conduction  but  also  convection  and  radiation;  p>owder  reduces  con- 
vection by  providing  only  very  small  gas  pockets  which  are  not  conducive  to  this 
type  of  heat  transfer,  and  it  has  an  obvious  radiation  inhibiting  effect  because  of 
} the  many  solid  particles  involved. 
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Since  powders  must  be  totally  contained  in  order  to  remain  in  place  pro- 
perly, they  require  their  own  at  least  partially  effective  vapor  barrier  in  the  form 
of  a retaining  wall.  Even  though  a weight  and  cost  penalty  is  paid  for  this  neces- 
sary enclosure,  it  does  provide  a relatively  easy  means  of  insulation  application; 
the  powder  simply  is  poured  into  a filling  port  located  at  a high  point  of  the  item 
being  insulated  and  when  full,  the  port  is  sealed.  This  access  point  also  may  be 
used  as  a visual  observation  port  to  detect  any  change  that  might  occur  in  the  level 
of  powder  with  time,  as  all  powders  tend  to  settle  or  pack  if  used  in  mobile  equip- 
ment. Upon  settling,  higher  boiloff  occurs  and  cold  spots  usually  are  noted  at  the 
insulation -deficient  region;  additional  powder  should  be  supplied  to  correct  this 
situation  when  it  is  observed  (following  warm-up).  Vessels  that  do  not  have  her- 
metically sealed  outer  shells  occasionally  are  designed  to  vent  through  the  insula- 
tion space  in  order  to  maintain  a positive  gas  pressure  in  that  region  T>’'eventing 
any  infiltration  of  moisture -laden  air. 

EVACUATED  INSULATIONS 

Where  the  ultimate  in  insulation  is  required,  figure  2-4  illustrates  the  value 
of  evacuation,  or  reduction  of  pressure  below  atmospheric,  on  the  system.  More 
than  one,  and  often  several,  orders  of  magnitude  (factors  of  ten)  decrease  in  ther- 
mal conduction  are  achieved  by  drawing  a vacuum  on  the  insulation  and,  as  is  seen 
on  the  graph,  the  amount  by  which  the  pressure  is  reduced  has  a direct  bearing  on 
the  excellence  of  the  insulation  to  a point.  All  of  the  previously  described  insula- 
tions are  improved  in  a vacuum  environment,  and. additionally,  several  others  may 
now  be  considered  — multiple -layer  and  high  vacuum. 

A disadvantage  in  the  use  of  such  an  insulation  scheme  lies  in  the  high  cost 
of  obtaining  and  then  maintaining  vacuum-tight  systems.  Considerable  care  and 
craftsmanship  are  necessary  in  such  construction  and  cleanliness  is  essential. 

More  will  be  said  of  this  in  a later  section  on  storage  and  transport  vessel  design, 
however. 

Covering  the  various  insulations  in  order  of  decreasing  thermal  conducti- 
vity (or  increasing  insulating  effectiveness),  the  following  discussions  now  apply 
to  evacuated  materials  rather  than  the  unevacuated  types  previously  examined. 

Foams 

It  has  been  found  that  most  plastic  foams  (even  closed -cell)  can  be  evacuat- 
ed, with  subsequent  reduction  in  thermal  conductivity  to  one -half  or  less  of  the 
original  conductivity.  In  the  case  of  closed -cell  foams,  the  rate  of  liberation  of 
confined  gases  is  quite  slow  and  long  pumping  times  are  necessary  — occasion- 
ally on  the  order  of  weeks  — depending  on  the  size  of  the  pump,  thickness  and 
type  of  insulation,  and  distribution  of  evacuation  ports.  The  inclusion  of  evacuated 
foams  in  this  manual  is  not  ^eant  to  recommend  them  for  immediate  application, 
since  additional  research  on  the  attainment  and  retention  of  vacuum  in  practical 
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Figure  2-4.  Effect  of  gas  pressure  on  thermal  conductivities 
of  various  cryogenic  insulations. 


situations  still  must  be  done;  the  primary  purpose  in  listing  here  is  to  offer  only 
one  of  a series  of  examples  on  improvement  of  insulating  materials  by  currently 
available  vacuum  pumping  techniques. 

Fibers 

As  seen  in  figure  2-1,  fibers  fall  in  somewhat  of  an  intermediate  position 
^ between  plain  powders  and  opacified  powders  (of  which  more  will  be  said  shortly). 

I To  avoid  breaking  up  the  discussion  on  powders,  the  use  of  evacuated  fibers  will 

^ ^ be  pursued  briefly  at  this  point. 
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In  the  use  of  evacuated  fibers  (again  in  batt  or  bulk  form),  it  becomes 
necessary  to  employ  only  those  materials,  usually  glass,  without  binders  or  lub- 
ricants, since  these  additives  have  the  particularly  adverse  effect  of  outgassing  cuid 
therefore  slowly  destroying  the  vacuum  in  the  insulation  enclosure.  Recalling  the 
benefits  of  unevacuated  f.ber  application,  advantages  again  appear  in  the  usually 
difficult  environments  of  shock  and  vibration  — only  now  with  the  conductivity  re- 
duced by  a factor  of  ten  or  so  below  the  unevacuated  case. 

Powders 

In  measuring  the  heat  transfer  through  powders  having  high  volume  ratios 
of  gas -filled  voids  to  solid  particles,  it  has  been  noted  that  the  apparent  thermal 
conductivity  is  essentially  that  of  the  gas  alone.  This  means  that  whatever  small 
difference  remains  may  be  attributed  to  conduction  through  the  solid  minus  the 
powder -effected  combined  reductions  in  convective  and  radiant  heat  transmission. 
If  the  interstices  are  now  evacuated,  results  similcir  to  those  shown  in  figure  2-4 
are  obtained  which  are  plotted  in  what  characteristically  may  be  termed  S -curves. 
This  shape  of  curve  is  due  to  the  fact  that  heat  transfer  through  the  powder  is 
practically  pressure -independent  at  both  high  and  low  pressures,  but  at  some 
intermediate  value,  depending  on  the  gas  present,  a very  large  drop  in  conducti- 
vity takes  place.  Theoretically  such  an  occurrence  may  be  explained  by  the  fact 
that  at  these  pressures  where  the  conductivity  drastically  decreases,  the  molecu- 
lar mean  free  path  (or  distance  between  molecular  collisions)  of  the  gas  is  roughly 
comparable  to  the  average  dimension  of  the  interstitial  space.  Actually  this  re- 
duction should  continue  as  the  pressure  decreases,  but  it  is  practically  limited  by 
residual  solid  conduction  through  the  powder  and  internal  radiant  heat  trcuisfer 
from  particle  to  particle. 

A rather  interesting  approach  was  taken  once  thermal  radiation  was  finally 
recognized  as  a contributing  factor  to  heat  transport  through  powders  (a  condition 
previously  thought  to  be  non-existent  or  extremely  small  because  of  the  visual 
opaqueness  of  the  material).  It  was  reasoned  that  perhaps  little  radiation  shields 
(opacifiers)  in  the  form  of  highly  reflective  metallic  powders  or  flakes  could  be 
added  to  the  insulating  powders  in  such  a manner  and  in  such  quantities  as  to  de- 
crease the  radiation  loss  while  hopefully  not  increasing  the  conductive  loss  very 
much  because  of  the  new  metallic  additive.  Research  resulting  from  the  above 
considerations,  which  was  conducted  on  a select  group  of  powders  and  opacifiers, 
indicated  that  the  lowest  apparent  conductivities  were  achieved  by  adding  as  little 
as  15  weight  percent  metal  to  some  of  the  powders  — significantly  improving 
their  insulating  qualities  (figure  2-5). 

Certain  disadvantages,  unfortunately,  are  inherent  iu  the  use  of  these  so- 
called  opacified  powders.  The  cost  is  increased  because  of  the  expense  associated 
with  (1)  furnishing  the  metallic  elements  and  then  (2)  mixing  them  thoroughly  with 
the  perlite,  silica  gel,  or  whatever  is  being  used  as  the  primary  insulant.  In 
mobile  equipment,  the  metallic  additive  sometimes  settles  with  time  — lowering 
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Figure  2-5.  Effect  of  metallic  additives  on  apparent  thermal  conductivities 
of  evacuated  powder  insulations  between  540  “R  and  140  °R. 


the  insulation  value  where  the  metal  is  depleted  because  of  increased  radiation 
loss,  and  also  lowering  it  where  the  metal  is  more  abundant  because  of  increased 
conduction  loss  through  the  highly  conductive  metal;  this  then  requires  remixing 
with  attendant  cost  of  labor  and  downtime  of  equipment.  Finally  the  incorporation 
of  metallic  particles  into  insulation  for  oxygen  equipment  may  be  considered 
hazardous  due  to  the  flammability  of  such  mixtures  under  certain  conditions;  tests 
have  indicated  no  ignition  for  20  percent  aluminum  powder  in  perlite  in  an  oxygen 
atmosphere,  but  as  pointed  out  earlier,  settling  can  occur  to  inadvertently  in- 
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crease  the  initial  metal  concentration.  Opacified  powders  never  should  be  dried 
at  high  temperatures  after  mixing  because  many  of  them  are  highly  combustible. 

A major  consideration  in  the  design  of  evacuated  powder  insulated  vessels 
involves  the  associated  evacuation  system.  First,  the  size  of  the  smallest  powder 
particle  must  be  known  so  that  a properly  rated  filter  can  be  installed  to  keep 
powder  out  of  the  vacuum  pump;  if  adequate  filtration  is  not  accomplished,  the 
pump  can  be  quickly  ruined  by  abrasive  action  of  the  powder  on  rotating  parts. 

Next,  a pumping  conduit  made  of  perforated  tubing, wrapped  with  fiberglass  and 
encased  in  wire  mesh  or  screen,  is  run  from  one  end  of  the  vessel  to  the  other  in 
several  manifolded  locations  to  mere  easily  permit  evacuation  of  the  insulation 
space.  Tf  only  one  filter -protected  pumpout  hole  or  port  were  provided,  pump- 
down  time  would  be  excessively  long  since  powder  greatly  impedes  the  flow  of  gas 
through  it;  while  the  vacuum  reading  at  the  pumpout  location  might  be  similar  to 
that  at  the  pump,  the  reading  at  a remote  end  of  the  vessel  might  be  orders  of 
magnitude  greater.  With  the  manifolded  arrangement,  a better  equalized  pressure 
reduction  occurs. 

Powder  should  be  dry  at  the  time  of  its  introduction  to  the  insulating  en- 
closure. Most  powders  are  hygroscopic  (capable  of  attracting  and  absorbing  water 
vapor  from  the  air)  and  moisture  is  one  thing  that  is  not  wanted  in  the  insulation, 
since  it  freezes  when  the  equipment  goes  into  service  and  forms  a highly  conduc- 
tive constituent  within  the  powder  interstices.  In  the  case  of  perlite  it  is  best  to 
obtain  the  powder  directly  from  the  manufacturer  in  freshly  made  condition  where 
it  has  not  had  an  opportunity  to  take  on  water;  it  then  should  be  used  immediately 
and  sealed  up.  If  this  is  not  possible,  the  next  best  approach  is  procurement  in 
bags  of  low  moisture  permeability  followed  by  use  as  soon  as  possible.  In  some 
cases  it  may  be  found  necessary  to  dry  the  powder  prior  to  use  because  of  an  un- 
duly wet  condition.  If  these  precautions  are  not  taken,  the  moisture  will  have  to 
be  removed  during  the  pumpout  process  and  additional  days  or  even  weeks  could 
be  consumed  for  just  this  reason.  Generally  speaking,  moist  powder  cannot  be 
adequately  evacuated;  the  best  procedure  is  to  remove  and  replace  it  with  fresh 
dry  powder. 

Gn  the  subject  of  pumpout,  an  obvious  question  arises  as  to  just  how  low 
must  the  vacuum  be  before  the  system  can  be  sealed  off.  Referring  back  to  figure 
2-4,  it  is  seen  that  evacuation  below  1 micron  has  very  little,  if  any,  effect  on  the 
apparent  thermal  conductivity  of  powders  and  10  microns  is  almost  as  good.  In 
addition  to  this,  we  know  that  if  the  insulation  enclosure  does  not  leak  and  moisture 
has  been  kept  out  of  the  system,  cooldown  of  the  vessel  during  the  tanking  process 
has  a desirable  effect  of  reducing  the  insulation  pressure  even  further  due  to  con- 
densation and  solidification  of  certain  interstitial  gas  constituents  and  contraction 
of  the  residual  gas  by  cooling.  It  is  not  possible  to  say  just  hov/  much  reduction 
in  pressure  can  be  achieved  by  these  latter  mechanisms,  since  they  are  directly 
related  to  the  makeup  of  the  system  itself,  but  at  times  it  can  be  as  much  as  an 
order  of  magnitude  — say  a drop  from  0.  200  to  0.  020  mm  Hg  (200  to  20  microns). 
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Although  heat  flow  through  the  insulation  is  only  part  of  the  total  picture  (supports 
and  piping  accounting  for  additional  losses  as  will  be  explained  later),  it  is  essen- 
tial that  the  S-curve  concept  of  figure  2-4  be  held  in  mind  with  the  rather  drastic 
upward  departure  from  a low  thermal  conductivity  plateau  at  5 to  10  microns. 

The  penalty  paid  for  increasing  the  pressure  beyond  this  point  can  be  easily  visu- 
alized and  understood  when  this  figure  is  recalled. 

Should  it  become  necessary  to  leak-check  or  repair  equipment  already 
filled  with  powder,  it  is  sometimes  essential  to  remove  the  insulation.  Emptying 
ports  on  the  underside  of  equipment  facilitate  this  to  a considerable  extent,  but  in 
the  event  that  these  are  not  available,  clean  industrial  vacuum  cleaners  with  ex- 
tension nozzles  may  be  used  to  suck  out  the  powder,  after  which  it  should  be  pack- 
aged in  vapor  tight  bags  or  containers  until  reuse.  The  relative  ease  of  filling 
and  draining  powder  insulation  in  small  and  moderately-sized  systems  is  one  of 
the  advantages  of  this  type  of  material;  in  much  bigger  systems'  (fixed -plant  cold 
boxes  and  large  storage  vessels),  it  is  a disadvantage  since  the  required  external 
powder  storage  volume  becomes  appreciable. 

"Keep  the  powder  dry"  is  a key  phrase  that  must  be  recalled  and  under- 
stood in  all  fill,  drain,  and  repair  operations  involving  this  form  of  insulation. 

If  it  is  wet  it  will  not  pur.p  down  until  all  moisture  is  removed;  if  it  does  not  pump 
down,  uncertainty  will  persist  as  to  whether  water  actually  is  the  problem  or 
whether  the  enc''osure  leaks.  This  may  then  turn  into  a time  consuming  evalua- 
tion problem. 

Multiple  -layer 

These  are  variously  called  multilayer,  laminar  and  super  insulations  and 
have  been  found  to  be  the  most  effective  of  all  ---  also  the  most  expensive.  His- 
torically, development  stems  from  the  knowledge  that  there  are  three  different 
modes  or  mechcinisms  of  heat  transfer  — conduction,  convection  and  radiation  — 
and  if  the  space  between  two  boundaries  such  as  the  inner  and  outer  walls  of  de- 
wars  and  transfer  lines  is  sufficiently  evacuated,  (disregarding  extraneous  con- 
duction effects  of  supports  and  piping)  gas  conduction  and  convection  are  eliminat- 
ed and  radiation  is  all  that  remains.  By  placing  a highly  reflective  wall  or  shield 
between  the  two  original  walls,  radiation  transfer  theoretically  may  be  decreased 
to  1/2  of  the  initial  value;  two  shields  can  result  in  1/3  of  the  value;  3 in  1/4;  etc.  ; 
for  a large  number  of  shields,  radiant  transmission  can  be  decreased  by  a value 
approximating  1 /(number  of  shields  involved).  One  difficulty  i'-.  achieving  this 
ideal  situation  is  that  each  shield  must  be  in  complete  thermal  isolation  (no  con- 
tact between  shields  whatsoever).  This  is  impossible  in  any  practical  situation  so 
ideal  radiation  shield  behavior  is  unattainable. 

Multilayer  insulations  are  the  next  best  thing,  however,  and  they  are  prac- 
ticable. Two  major  types  have  evolved  in  recent  years,  and  both  have  had  suffi- 
cient usage  to  make  reasonable  judgment  of  their  qualities.  One  shown  in  figure 
2-6  is  an  interleaved  construction  of  metal  (usually  aluminum)  foil  and  fiber 
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Figure  2-6.  Multiple -layer  insulation. 


(usually  glass)  mesh  or  paper  — aluminum  being  the  radiation  shield  and  fiber- 
glass being  the  low  conductivity  spacer.  The  other  is  plastic  (usually  polyester) 
film  which  has  been  metallized  (usually  vapor -deposited  aluminum)  on  one  side 
euid  then  crinkled  or  dimpled  to  provide  only  small  contact  areas  between  the  al- 
ternately metallized  and  non-metallized  sides  of  the  plastic  — aluminum  again 
being  the  radiation  shield  carried  now  on  a plastic  film  base  for  both  strength  and 
low  conductivity  support. 

Since  this  form  of  insulation  is  applied  to  regular  cylindrical  surfaces 
such  as  tanks  and  transfer  lines  in  a spiral  fashion,  it  is  recognized  that  the  true 
multiple  radiation  shield  concept  has  been  modified;  instead  of  separate  concen- 
tric shields,  there  is  now  one  continuous  wrap.  The  shield  thickness  generally 
varies  between  a quarter  mil  (for  metallized  layers)  and  several  mils  (for  metal 
foils),  and  the  ratio  of  thermal  conductance  along  the  spiral  path  to  that  which  is 
perpendicular  to,  or  across,  the  layers  ranges  from  about  1,000  for  metallized 
films  to  1,000,000  for  the  heavier  foils.  Th*-  spiral  conduction  then,  plus  the 
effect  of  thermally  conductive  spacers  between  the  shields,  prevents  attainment 
of  the  concentric,  individually  isolated  shield  arrangement  and  performance  in 
any  real  manner;  however  it  is  as  close  to  it  as  the  present  state  of  the  art  per- 
mits auid  actually  is  quite  good. 

Experimental  curves  similar  to  the  one  presented  in  figure  2-7  have  been 
developed  for  most  multi-shield /spacer  combinations.  Such  information  facili- 
tates optimum  selection  of  materials;  for  the  case  shown,  70  layers  per  inch  is 
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Figure  2-7.  Thermal  conductivity  versus  number  of  alternate  layers 
of  glass  fiber  paper  and  aluminum  foil  per  inch  thickness  of  insulation 

between  540 °R  and  140  °R. 


the  most  efficient  choice  possible  and  60  layers  is  just  about  as  good.  High  ther- 
mal losses  (at  least  double  the  optimum,  for  example,  at  densities  lower  than  30 
layers  per  inch  or  higher  than  120  layers  per  inch)  accrue  by  departing  appreci- 
ably from  this  optimum,  and  of  course  weight  penalties  are  paid  at  unnecessarily 
high  (over  70  layers  per  inch)  packing  densities.  Returning  to  the  discussion  on 
the  original  concept  of  multiple  shields  made  in  the  introductory  paragraph  of  this 
section,  increasing  the  number  of  shields  should  decrease  any  thermal  loss  due  to 
radiation.  Ideally  this  happens,  but  with  spacer  materials  now  also  involved,  com- 
paction beyond  a certain  point  increases  the  shield -to -spacer  contact  enough  to 
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cause  heat  to  be  transmitted  by  conduction  at  a greater  rate  then  it  is  impeded  by 
blocking  radiation.  This  is  exactly  what  occurs  in  figure  E-7  as  the  curve  pro- 
ceeds upward  and  to  the  right  from  its  minimum  conductivity  value. 

One  of  the  most  serious  problems  encountered  in  the  application  of  multi- 
layer insulations  has  to  do  with  the  effect  of  penetrations  on  thermal  performance. 
These  penetrations  are  created  by  piping,  supports  and  various  structural  ele- 
ments within  the  insulation  space  and,  depending  on  the  manner  in  which  they  are 
made,  can  alter  drastically  the  efficiency  of  the  insulation.  If  the  shields  are 
thermally  shorted  (in  direct  contact)  with  the  penetrating  element  as  in  figure 
2 -8a,  heat  flow  through  the  element  into  the  metallic  layers  can  harmfully  modify 
the  temperature  field  that  otherwise  would  have  been  established  through  the  in- 
sulation in  the  absence  of  the  penetration.  A reason  for  this  thermal  upset  lies  in 
the  statement  made  earlier  that  anywhere  from  a thousand  to  a million  times  more 
heat  may  be  conducted  along,  rather  than  across,  a single  multilayer  shield/spa- 
cer combination,  and  therefore  any  heat  supplied  by  a penetrating  element  in  con- 
tact with  the  individual  metallic  shields  can  move  deeply  into  the  insulation  in  a 
direction  parallel  to  the  layers.  To  obstruct  this  undesirable  conduction  path,  a 
poorly  conducting  buffer  material  such  as  plastic  foam  or  fiberglass  often  is  used 
as  shown  in  figure  2 -8b,  thermally  isolating  the  multilayer  from  the  intruding  ele- 
ment without  creating  a gap  through  which  radiation  can  pass. 


(a)  POOR 


(b)  BETTER 


Figure  2-8.  Penetration  design  schematic. 
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This  last  topic  is  an  important  one  as  will  be  attested  by  most  fabricators 
of  multilaye-^  insulation  systems.  The  apparent  thermal  conductivities  shown  by 
several  of  tne  graphs  included  in  this  section  1 . .vo  been  derived  from  actual  lab- 
oratory experiments  on  small  representative  samples.  However,  when  application 
is  made  to  large  equipment,  it  is  found  sometimes  that  a .lianyfold  increase  in 
heat  transmission  occurs  over  that  which  has  been  esumated  by  laboratory  eval- 
uation. On  careful  analysis,  the  discrepancy  freqo.ently  is  seen  to  be  caused  by 
poo  installation  techniques  resulting  in  so-called  'radiation  gaps'. 

It  has  been  pointed  out  that  thermal  shorts  to  penetrations  have  a degrad- 
ing effect  on  the  performance  of  multilayers,  but  an  equally  serious  problem 
occurs  if  abutting  segments  of  insulation  are  not  mated  properly  — that  is,  if 
they  are  not  brought  together  in  a thermally  satisfactory  fashion  at  all  joints.  Re- 
ferring to  figure  2-9,  sufficient  precision  cannot  be  achieved  in  wrapping  these  in- 
sulations to  assure  that,  for  example,  layer  33  only  touches  abutting  layer  33,  54 
only  touches  54,  etc.  , etc.  Should  layers  of  dissimilar  numerical  designation 
touch  each  other,  a disturbance  of  the  equilibrium  temperature  distribution  through 
the  insulation  result®  and  the  overall  thermal  efficiency  is  lowered.  On  the  other 
hand,  if  a gap  is  created  to  discourage  the  thermal  shorting  condition,  radiation 
transfer  occurs  through  the  gap  and  the  situation  is  again  bad.  A solution  to  this 
problem  is  gained  by  careful,  time-consuming  piecework  where  individual  layers 
are  matched  and  fitted  together  one  at  a time  during  the  wrapping  process.  Ap- 
propriate attention  must  also  be  given  to  the  prevention  of  movement  or  shifting 
of  the  insulation  segments  with  respect  to  one  another  in  service;  if  this  is  not 
assured,  all  benefit  of  good  joint  preparation  can  be  lost. 

As  with  all  materials  discussed  earlier,  care  should  be  taken  to  ke  '•p 
moisture  out  of  the  insulation  during  prefabrication  storage  and  actual  assembly, 
primarily  because  of  the  excessively  long  pumpdown  times  otherwise  required 
for  evacuation.  Multilayers  are  especially  difficult  in  this  respect,  even  without 
the  additional  complication  of  water  vapor,  since  such  long  distances  must  be 
travelled  by  each  gas  molecule  before  escaping  its  closely  spaced  (between  layers) 
region  of  confinement.  Because  most  of  the  gas  molecules  must  be  removed  to 
achieve  the  very  low  pressure  environment  necessary  for  efficient  use  of  this 
type  of  insulation  (10“'^mm  Hg  or  better),  more  than  just  casual  attention  should 
be  given  to  this  design  problem. 

Two  rather  descriptive  terms  have  been  used  to  depict  the  evacuation 
techniques  that  apply  to  multilayer  insulations:  edge  pumping  and  broadside  pump- 
ing (figure  2-10). 

The  first  of  these  occurs  when  pumping  is  attempted  through  the  edge  or 
side  of  a laminar  insulation.  This  is  not  a good  method  from  the  standpoint  of 
time,  since  for  one  100  layer  per  inch  sample  of  insulation  it  has  been  dete.vmined 
that  two  weeks  of  pumping  removes  only  one  molecular  layer  of  gas  from  al’  ex- 
posed surfaces.  Further,  to  provide  a means  for  edge  pumping,  the  edge  must 
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(a)  ABUniNG  JOINT 


(b)  GAPPED  JOINT 


(c)  INTERLEAVED  JOINT 


Figure  2-9>  Multiple -layer  insulation  j<^ints. 


be  exposed  to  permit  the  gas  to  flow  from  the  insulation  to  the  vacuum  pump;  such 
exposure  allows  thermal  radiation  penetration  which  previously  was  shown  to  be 
detrimental. 

An  alternative  is  broadside  pumping  through  perforated  layers  of  radiation 
shielding.  Mamy  small  holes  are  preferred  over  an  equivalent  area  of  fewer  large 
holes,  and  a 10  percent  perforatiw  (10  percent  of  the  area  is  removed)  has  been 
found  to  increase  the  gas  removal  of  a rate  roughly  a thousand  times  greater  than 


2-18 


NAVAIR  Ob-30-501 


t t t t t t t t t t 


Figure  2-10.  Multiple -layer  insulation  pumping  schemes, 


that  possible  with  edge  pumping.  Unfortunately,  the  greater  the  perforated  area 
becomes,  the  less  effective  are  the  radiation  shields  since  the  perforating  process 
naturally  removes  a certain  amount  of  radiation  blocking  reflective  material;  a 
compromise  is  required  therefore  between  pumping  speed  and  insulating  efficiency. 

High  vacuum 

Last  but  by  no  means  least  of  the  more  efficient  insulations  is  one  which 
has  been  utilized  most  successfully  in  the  common  thermos  bottle  — an  evacuated 
enclosure  bounded  by  silvered  glass  walls.  High  vacuum  is  essential  here  but  in 
order  to  achieve  further  improvement,  highly  reflective  facing  surfaces  generally 
are  used  in  conjunction  with  it. 

Taking  cryogenic  storage  vessels  and  transfer  lines  as  representative  ex- 
amples of  double -walled  (for  insulating  purposes)  construction  and  once  again  re- 
turning to  the  three  basic  modes  of  heat  transfer,  if  the  space  between  walls  is 
evacuated  to  10“®  mm  Hg  or  better,  heat  transmission  in  this  space  by  gaseous 
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conduction  and  convection  is  reduced  practically  to  zero  — leaving  only  radiation 
between  walls  and  conduction  through  any  solid  supports  and  tubes  that  might  be 
present.  Assuming  that  the  latter  conduction  losses  are  made  as  small  as  possible 
through  good  cryogenic  design  practices  covered  in  a following  section,  reduction 
of  the  radiant  transfer  becomes  of  major  concern. 

In  Chapter  6 the  importance  of  highly  reflective,  low  ernittance  surfaces 
will  be  explained  in  the  above  context.  Now,  certain  generalizations  may  be  made 
to  assist  in  understanding  and  improving  the  tasks  of  materials  selection  and  sur- 
face treatment  and  preparation: 

1)  The  best  reflectors  are  also  the  best  electrical  conductors  (copper,  silver, 
gold,  aluminum). 

2)  Emittcince  of  a surface  decreases  (reflectance  increases)  with  decreasing 
temperature,  and  increases  with  surface  contamination  (fingerprints,  oils, 
greases),  alloying  elements,  and  mechanical  polishing  (which  work  hardens  the 
surface). 

3)  Visual  appearance  is  not  a reliable  indicator  of  reflectance  since  dull, 
matte  finishes  are  sometimes  more  reflective  than  bright,  polished  surfaces. 

Table  2-1  provides  a listing  of  the  emittances  . f various  metal  surfaces  which 
illustrates  the  effects  of  surface  selection,  treatment  and  preparation  just  dis- 
cussed. 


It  follows  that  the  art  of  creating  a good  high  vacuum  insulation  system 
involves  not  only  the  design  and  construction  of  a vacuum-tight  enclosure  capable 
of  achieving  and  retaining  an  absolute  pressure  no  greater  than  10"®  mm  Hg  but 
also  the  use  of  low  ernittance  materials  which  are  compatible  with  low  tempera- 
ture service.  Advantages  in  such  an  insulating  scheme  are  that  no  actual  insulat- 
ing material  or  significant  amount  of  space  is  required  (with  accompanying  addi- 
tional weight,  cooldown  loss  and  extra  volume)  as  in  the  bulk  insulating  systems 
previously  mentioned.  However  much  better  vacuums  are  necessary,  and  the 
wall  surface  preparation  demands  great  care  and  effort. 

Condensing  vacuum 

A variation  of  the  classic  high  vacuum  insulation  just  described  has  been 
experimentally  investigated  for  use  in  transfer  lines  and  appropriately  termed 
condensing  vacuum  insulation.  Because  of  the  gradual  loss  of  vacuum  with  time 
and  subsequent  repumping  requirement  associated  with  many  pieces  of  vacuum 
equipment,  a clever  scheme  was  developed  to  extend  appreciably  the  service  life 
of  equipment  in  only  occasional  use  — that  is,  items  which  are  frequently  warm 
and  without  cryogen. 

By  filling  the  insulation  space  of  an  otherwise  vacuum-insulated  transfer 
line  with  a pure  gas, which  is  condensable  and  has  very  low  vapor  pressure  at  the 
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Table  2-1.  Minimum  values  of  emittances  for  selected  metal  surfaces 


Material^ 

Emittance® 

Aluminum,  0.001"  & 0.0015"  household  foil 

0.02 

Aluminum,  vapor  deposited  on  polyester  film 

0.04 

Brass,  yellow  0.001"  shim  stock 

0.  03 

Cadmium,  mossy  plate 

0.  03 

Chromium,  electroplate 

0.  08 

Copper,  electrolytic,  careful  polish. 

0.  02 

Copper,  pure,  carefully  prepared 

0.01 

Gold,  0.  0015"  foil 

0.  01 

Gold,  vapor  deposited  on  polyester  film 

0.  02 

Lead,  0.  004"  foil 

0.  04 

Nickel,  0.  004"  foil 

0.  02 

Platinum 

0.  02 

Silver 

0.01 

Stainless  steel,  type  302 

0.05 

Tin,  0.  001"  foil 

0.  01 

Zinc,  0.  0065"  foil 

0.03 

[ Solder,  50-50 

0.  03 

^ all  materials  solvent  cleaned  unless  otherwise  stated 
^ for  surface  at  140°R  from  radiation  source  at  540 ®R 


temperature  of  the  cryogen  it  is  to  be  used  with,  to  a pressure  above  atmospheric, 
the  following  benefit  is  gained:  When  the  line  is  warm,  any  slight  leakage  only 
results  in  loss  of  some  gas  which  is  at  a pressure  above  its  surroundings.  When 
the  line  is  cold,  the  gas  condenses  and  creates  a good  insulating  vacuum;  during 
this  cold  period  any  small  leakage  does  go  into  the  system  but  this  normally  would 
be  the  case  in  all  high  vacuum  insulated  equipment.  The  achievement  here  is  that 
no  insulation  destroying  leakage  is  able  to  occur  inward  when  the  item  is  not  being 
used,  and  any  outward  loss  that  does  take  place  is  insignificcuit  when  compared 
with  the  amount  of  condensable  gas  present  (or  available  to  leak). 
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Pure  carbon  dioxide  has  been  used  successfully  for  this  purpose.  Since 
the  particles  of  solid  CO2  that  condense  on  the  cold  surfaces  are  of  the  form  of 
snow,  it  is  necessary  to  wrap  the  cold  surface  with  a thin  blanket  of  loosely  packed 
fiberglass  covered  with  a perforated  aluminum  foil  radiation  shield;  this  furnishes 
a porous  nesting  place  for  the  solid  COg,  preventing  it  from  becoming  dislodged  by 
movement  or  vibration  which  would  cause  the  particles  to  evaporate  on  hitting  a 
warmer  surface,  degrade  the  vacuum  and  thereby  increase  the  heat  gain  due  to 
gaseous  conduction  and  subsequent  recondensation. 

In  order  to  utilize  effectively  this  scheme  of  insulation,  emphasis  must  be 
placed  on  the  purity  of  the  condensable  gas.  If  it  is  not  pure,  residual  constituents 
in  a gaseous  (non-condensed)  state  can  prevent  attainment  of  a good  vacuum  and 
the  method  is  useless.  Also,  if  the  equipment  is  going  to  be  in  cold  service  during 
the  greater  part  of  its  lifetime,  the  scheme  is  impractical  as  the  value  derives 
only  from  the  wai’m  periods  of  inactivity. 

Comparison  of  insulations 

Table  2-2  offers  a comparison  of  several  cryogenic  insulations  discussed 
earlier  in  this  section.  The  listing  is  made  in  order  of  increasing  insulating  value 


Table  2-2.  Comparison  of  insulations 


Type  of  Insulation 

[Boundary  temperatures:  540°R  - 140°R] 

Heat  Flow/6”  thickness 
[Btu/hr-ft^] 

Helium-filled  perlite  powder  (5  to  6 Ib/ft^) 
at  atmospheric  pressure 

58 

Helium  gas  at  atmospheric  pressure 

53 

Polystyrene  plastic  foam  (2  Ib/ft^) 

15 

High  vacuum,  10“®  mm  Hg,  wall 
emittances  «:^0.  02 

3 

Evacuated  perlite  powder  (5  to  6 Ib/ft®) 

0.  5 

Opacified  silica  gel  powder  with  copper  flakes 

0.  1 

Multilayer  insulation 

0.01 
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for  an  arbitrary  6 inch  thickness  of  material  between  an  outside  temperature  of 
540  °R  and  the  temperature  of  liquid  nitrogen,  140  °R.  As  implied  in  the  preced- 
ing discussions,  insulating  efficiency  alone  does  not  determine  the  material  to  be 
used.  Cost,  weight,  ease  of  application,  and  maintenance  all  have  a bearing  on 
the  final  selection,  and  a good  knowledge  of  characteristic  properties  and  behav- 
ior along  with  the  inherent  advantages  and  disadvantages  are  essential  to  a proper 
choice. 


STORAGE  AND  TRANSPORT  VESSELS 

As  now  may  be  appreciated,  one  of  the  major  applications  for  low  tem- 
perature insulations  is  in  the  thermal  protection  of  cryogenic  storage  and  trans- 
port vessels.  After  the  air  separation  process  and  accompanying  liquefc.ction  of 
atmospheric  gases  have  been  accomplished,  equipment  must  be  available  to  store 
and  subsequently  transfer  the  fluids  to  wherever  they  are  to  be  used.  Vessels 
that  are  designed  for  such  purposes  vary  in  size  from  as  little  as  a quart  to  capa- 
cities approaching  a million  gallons,  with  the  larger  tanks  (over  28,  000  gallons) 
being  fixed,  non -movable  storage  containers.  Few  Navy  requirements  involve 
anything  over  2000  gallons  so  while  the  design  features  and  practices  described 
here  generally  apply  to  all  cryogenic  vessels,  the  main  emphasis  is  on  smaller 
tankage. 

SMALL  DEWARS 

An  appropriate  introduction  to  this  subject  requires  that  mention  be  made 
of  the  fact  that  the  first  vacuum -insulated,  double-walled  glass  vessel  for  cryo- 
genic liquids  *vas  invented  by  Sir  James  Dewar  in  1892.  The  designation  "dewar" 
or  "dewar  vessel"  has  been  applied  to  all  shapes  and  sizes  of  vacuum-insulated 
containers  and  is  as  common  to  the  scientist  and  engineer  in  the  low  temperature 
field  as  "thermos"  is  to  the  lunch -carrying  man  on  the  street. 

Craftsmanship  is  a distinct  and  basic  feature  of  dewar  construction,  with 
great  care  being  required  for  vacuum-tight  closures  and  reflective  surface  pre- 
paration. Materials  used  in  the  fabrication  of  these  small  containers  vary  with 
style  — the  inner  and  outer  walls  of  figure  2 -11  a being  glass,  the  spheres  of 
2-llb  being  copper  with  soft-soldered  joints,  and  the  concentric  cylinders  of  2-llc 
being  stainless  steel,  either  deep  drawn  or  with  welded  heads.  All  internal  vac- 
uum facing  surfaces  are  highly  reflective  to  minimize  radiant  heat  transfer  across 
the  vacuum  space  to  the  inner  container,  and  the  vertical  cylindrical  supporting 
members  for  all  cases  are  of  low  thermal  conductivity  materials:  glass  in  figure 
2-lla,  stainless  steel  in  2-llc,  and  either  stainless  steel  or  reinforced  plastic 
in  2-llb. 

Activated  charcoal  frequently  is  used  in  these  and  larger  dewars  to  gather 
and  retain  gases  in  the  insulating  vacuum  space  — both  residual  (those  that  have 
not  been  removed  by  pumping)  and  those  entrapped  in  the  materials  of  construction 
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Figure  2-11.  Small  vacuum-insulated  dewar  vessels. 


(which  slowly  evolve  or  outgas  and  tend  to  spoil  the  vacuum).  An  adsorbent  like 
charcoal  is  not  effective  when  warm;  however  the  colder  it  gets,  the  greater  be- 
comes its  capacity  to  collect  gas.  In  a good  design,  the  adsorbent  holder  is  at- 
tached to  the  vacuum  side  of  the  coldest  part  of  a dewar  where  it  will  remain  cold 
for  the  longest  possible  time  — this  is  the  bottom  of  the  inner  shell  as  shown  in 
figure  2-1  lb  and  2-1  Ic,  which  stays  cold  until  the  last  drop  of  cryogen  boils  away 
or  is  withdrawn. 
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MEDIUM  CAPACITY  DEWARS  (50  - 2000  gallons) 

As  the  requirement  for  increased  capacity  storage  and  transportation  of 
cryogenic  fluids  is  established,  different  design  concepts  are  developed  to  accom- 
modate heavier  loads  and  acceleration  forces.  The  comparatively  simple,  smaller 
configurations  now  become  impractical  and  are  replaced  by  vessels  resembling  the 
general  design  shown  in  figure  2-12.  Many  different  modifications  of  this  basic 
dewar  are  possible  but  the  primary  elements  of  construction  illustrated  here  are 
for  the  most  part  common  to  all  designs.  Each  of  these  elements  will  be  touched 
upon  in  subsequent  discussion. 

Vessel  configuration  and  capacity 

Although  each  manufacturer  of  cryogenic  containers  has  his  own  line  of 
standard  sizes,  the  capacity  range  and  style  of  equipment  varies  among  companies. 
Selection  possibilities  are  practically  unlimited  since  the  industry  was  founded  on 
a custom -building  business  and  prototype  development  still  is  very  strong.  Usu- 
ally the  buyer  has  the  responsibility  of  specifying  capacity,  efficiency  and  config- 
uration of  tankage,  and  to  do  this  he  must  be  aware  of  anticipated  supply  and  de- 
mand of  the  cryogens  to  be  handled,  space  limitations,  safety  regulations  and 
numerous  incidental  items. 


Figure  2-12.  Basic  dewar  vessel  construction  (minus  piping). 
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Figure  2-12a.  Typical  50  gallon  liquid  oxygen  servicing  trailer. 


Due  consideration  must  be  given  to  the  shape  of  a cryogenic  vessel  if  good 
thermal  performance  is  desired.  A spherical  container  is  optimum  in  this  re- 
spect since  the  surface  area  of  a sphere  is  smaller  than  that  of  any  other  shape 
per  unit  volume  of  stored  liquid.  Less  surface  area  means  less  heat  gained  by  the 
fluid  since  the  heat  transfer  is  a fui.'ction  of  area  as  well  as  thermal  conductivity, 
thickness,  and  temperature  difference  across  the  tank  insulation.  Furthermore, 
less  weight  is  involved  — not  only  because  of  a smaller  shell  area,  but  also  be- 
cause spherical  shells  are  stronger  fjid  therefore  can  be  thinner  than  other 
shapes  for  a given  pressure  rating. 

If  a sphere  is  impractical  or  impossible  to  use,  the  next  most  efficient 
configuration  is  cylindrical  (either  horizontal  or  vertical)  with  length  roughly 
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equal  to  diameter;  this  shape  very  crudely  approximates  a sphere  with  some  of 
the  previously  wasted  space  now  filled  in  and  useable.  As  the  size  of  such  a dewar 
increases,  however,  and  if  it  is  to  be  used  for  transport,  it  may  be  that  in  attempt- 
ing to  retain  this  1 to  1 dimensional  relationship  the  permissible  width  for  air, 
road  or  rail  travel  is  reached  beyond  which  the  vessel  diameter  cannot  increase; 
it  must  then  grow  longitudinally  with  resulting  loss  in  good  thermal  performance. 
Little  can  be  done  but  to  accept  this  penalty  after  first  assuring  that  reasonable 
thought  has  been  given  to  the  best  choice  of  insulation  for  this  application.  It 
should  be  of  high  thermal  efficiency  to  minimize  the  installed  thickness,  permitting 
the  inner  tank  diameter  to  be  as  large  as  possible  within  the  specified  or  necessary 
limiting  confines  of  the  outer  vacuum  jacket. 
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The  designated  size  of  a vessel  usually  is  given  in  actual  liquid  capacity 
— that  is,  a 500  gallon  dewar  holds  500  gallons  of  liquid  saturated,  or  under 
equilibrium  conditions,  at  1 atmosphere  pressure.  The  measured  volume  of  most 
cryogenic  tanks,  however,  is  about  10  percent  greater,  or  in  the  above  example, 

550  gallons.  Although  various  reasons  are  given  for  including  this  additional  capa- 
city, the  main  purpose  is  to  contain  (without  overflow  loss  through  the  vent  pipe) 
the  liquid  as  it  warms  up  and  expands  upon  pressurization.  Pressurized  transfer 
of  liquid  cryo^ens  will  be  covered  shortly,  but  the  result  of  such  a process  can  be 
observed  on  any  vapor  pressure  graph  in  Chapter  7 — an  increase  in  pressure 
requires  an  increase  in  temperature  for  saturated,  or  equilibrium,  conditions  in 
a liquid  volume.  Then,  just  as  in  the  radiator  of  an  automobile  or  in  a teakettle, 
if  sufficient  room  for  expansion  of  the  heated  liquid  is  not  provided,  the  containers 
will  overflow  at  some  higher  (than  filling)  temperature  point.  The  10  percent 
(sometimes  more,  sometimes  less)  extra  space  furnished  for  this  purpose  is  term- 
ed ullage  volume,  and  unless  loss  through  the  vent  is  acceptable  when  the  vessel 
is  both  full  and  undergoing  pressurization,  its  provision  always  should  be  consider- 
ed. 

Structural  Design 

Where  the  matter  of  public  safety  arises  in  the  use  of  cryogenic  tankage, 
the  vessels  are  constructed  and  tested  in  accordance  with  applicable  structural 
codes  (e.  g.  , ASME  Boiler  and  Pressure  Vessel  Code  - Section  VIII:  Unfired 
Pressure  Vessels);  for  some  transport  equipment.  Department  of  Transportation 
regulations  apply  as  well.  It  is  not  meant  to  be  the  purpose  here  to  detail  all  as- 
pects of  conventional  vessel  design;  rather  it  is  the  intent  to  point  out  the  addition- 
al requirements  for  low  temperature  application. 

In  order  to  be  acceptable  for  such  service,  a material  must  not  only  pos- 
sess suitable  physical  properties  at  very  low  temperatures, but  also  it  must  be 
compatible  with  the  fluid  it  is  carrying.  Nitrogen  offers  no  problem  in  this  latter 
respect,  but  oxygen  is  not  as  easy  to  work  with.  More  will  be  said  of  oxygen 
compatibility  in  Chapter  4;  for  nov/  it  will  be  disregarded.  Copper,  aluminum  and 
austenitic  stainless  steels  are  the  metals  most  commonly  used  for  cryogenic  tank- 
age, with  copper  more  often  used  in  small  containers  and  the  latter  in  larger  ves- 
sels. Property  values  for  each  of  these  are  presented  in  Chapter  7.  It  is  imme- 
diately seen  from  the  mechanical  property  data  that  the  strength  of  these  particular 
materials  increases  with  decreasing  temperature  — some  by  a factor  of  two  or 
more  — and  this  is  a welcome  advantage  to  low  temperature  work.  A disadvant- 
age is  that  these  materials  are  expensive  when  compared  to  the  carbon  and  low- 
alloy  steels  usually  employed  in  non-cryogenic  vessels  and  in  the  warm  outer 
shells  of  cryogenic  tanks. 

It  may  be  argued  that  good  use  could  be  made  of  the  low  temperature  in- 
crease of  strength;  thinner  wall  thicknesses  and  therefore  less  material  at  less 
cost  could  directly  help  in  counteracting  the  high  cost  per  pound  of  metal  and 
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perhaps  go  far  in  attempting  to  equate  the  financial  discrepancy  between  materials 
for  low  and  moderate  temperature  application.  If  one  could  be  assured  that  the 
construction  materials  with  desirable  low  temperature  properties  will  always  be 
at  low  temperature  when  in  service,  then  design  to  the  higher  strength  values 
might  be  in  order.  This  is  not  the  case,  however,  since  a dewar  often  is  only 
partly  full  for  days  or  even  weeks  and  in  such  a state  the  upper  portions  out  of  the 
liquid  become  warm  — occasionally  as  much  as  several  hundred  degrees  above 
the  temperature  of  the  cryogen  in  poorly  conducting  stainless  steel  vessels.  Thus, 
the  warm  metal  no  longer  has  its  increased  low  temperature  strength  and  any  de- 
sign incorporating  such  characteristic  properties  might  easily  fail  in  service. 

Related  to  the  subject  of  shell  thickness  are  not  only  the  pressure  capabi- 
lity and  total  weight  of  the  vessel  but  also  thermal  losses  due  to  the  necessary 
ruggedness  of  the  suspension  system  and  cooldown  of  the  metal.  In  the  following 
section  on  support  techniques  it  will  be  noted  that  one  of  the  several  factors  in 
good  suspension  system  design  has  to  do  with  minimizing  the  cross-sectional  area 
of  the  support  members.  By  reducing  the  weight  of  the  liquid -carrying  inner  shell, 
it  follows  that  less  strength  and  therefore  fewer  or  smaller  diameter  members 
are  required  and  the  performance  is  improved.  Also  by  keeping  the  wall  of  the 
inner  shell  as  thin  as  possible,  the  amount  of  liquid  boiled  off  in  cooling  the  metal 
tank  down  to  the  temperature  of  the  stored  cryogen  is  minimized;  more  is  said  of 
this  in  a forthcoming  section  on  cooldown  losses. 

Although  much  of  this  discussion  on  structural  design  is  concerned  with 
the  cryogenic  inner  tank,  the  warm  outer  shell  is  equally  important.  As  a low 
pressure  rated  enclosure  with  vacuum  on  one  side  and  atmospheric  pressure  on 
the  other,  it  would  seem  that  not  much  is  required  in  the  way  of  strength,  etc. 

This  generally  true  of  perfectly  formed  (exactly  round)  cylinders  and  spheres 
with  no  concentrated  support  loading  and  no  possible  internal  pressure  rise,  but 
it  is  not  the  case  for  a real  outer  dewar  shell.  Supports  are  attached  to  the  outer 
tank  walls,  and  pads  and  stiffening  rings  usually  are  used  at  the  attachment  points 
to  spread  the  load  effects  out  over  an  appropriately  large  area.  Rings  also  im- 
prove the  stability  of  a shell,  maintaining  it  in  a circular  condition  to  prevent  any 
tendency  to  collapse  or  buckle  because  of  out-of-round  distortion.  The  end  clo- 
sures of  a vessel,  consisting  of  dished  or  spherical  heads,  also  assist  in  stiffen- 
ing and  maintaining  circularity  and  are  of  definite  importance  in  any  overall 
strength  consideration.  As  we  will  see  in  the  piping  discussion,  care  must  be 
taken  that  cold  pipes,  or  dripping  liquid  air  from  these  pipes,  do  not  contact  the 
warm  shell  in  any  manner;  since  non-cryogenic  materials  of  construction  such  as 
carbon  steel  often  are  used  for  outer  tank  walls,  any  decrease  in  temperature 
could  have  disasterous  consequences  because  of  cold  embrittlement  and  loss  of 
strength.  Along  the  same  line,  cold  gas  relief  and  vent  ports  should  not  be  situat- 
ed in  such  a way  that  will  permit  impingement  of  cold  fluid  on  the  warm  shell. 
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The  possibility  of  irternal  pressure  rise  also  has  been  mentioned  as  a 
design  consideration.  .If  the  inner  tank  or  connecting  piping  between  shells  should 
rupture  or  simply  spring  a leak,  any  internal  pressure  within  the  tank. plus  that 
which  is  created  additionally  by  vaporizing  cryogen  in  the  warmer  insulation  space, 
not  only  ruins  or  degrades  the  quality  of  the  insulation,  but  also  may  impose  an 
excessive  pressure  (and  therefore  stress)  on  the  outer  shell.  As  insurance  a- 
gainst  such  a hazardous  situation,  burst  discs  or  spring-loaded  vacuum-tight  re- 
lief devices  are  made  an  integral  part  of  the  outer  tank  wall  and  are  set  to  relieve 
at  least  several  psi  above  atmospheric  pressure. 

Suspension  System 

Of  major  concern  in  the  design  of  a low  heat  conducting  internal  support 
structure  for  dewars  is  the  shock  or  acceleration  loading  it  must  withstand  under 
both  anticipated  ordinary  and  possible  extraordinary  service  conditions.  For  a 
stationary  storage  vessel  acted  upon  by  gravity  only,  the  design  is  rather  simple 
and  straightforward.  However,  if  one  must  contend  also  with  earthquakes,  ord- 
nance blast  effects,  or  acceleration/deceleration  forces  encountered  during  trans- 
port by  highway,  rail  or  air,  the  situation  becomes  more  complex.  Table  Z-3 
lists  acceleration  forces  commonly  used  as  design  criteria,  where  the  loadings 
are  given  in  multiples  of  the  local  acceleration  of  gravity  — 3 g denotes  an  accel- 
eration force  of  3 times  the  weight  of  the  body  being  acted  upon.  Considering  the 
effect  of  3 g's  on  a particular  dewar  suspension  system,  the  weight  of  a full  inner 
container  (say  a 500  gallon  tank  of  liquid  oxygen  weighing  5000  pounds)  would  be 
multiplied  by  3,  and  the  supports  would  necessarily  have  to  be  engineered  to  hold 
5000  pounds  x 3,  or  15,000  pounds. 

For  certain  applications,  the  load-bearing  properties  of  powder  insulations 
have  been  utilized  in  conjunction  with  supports  to  permit  load  sharing  between  the 


Table  2-3.  Minimum  acceleration  forces  for  cryogenic  vessel  design 


Type  of  Vessel 

Vertical  Down 
g 

Vertical  Up 
8 

Longitudinal 

g 

Lateral 

g 

Stationary  (empty) 

3 

0.  5 

3 

0.  5 

Stationary  (full) 

1.5 

0.  5 

0.  5 

0.  5 

Air  transport  (full) 

4.  5 

3.  5 

8 

3 

Road  transport  (full) 

2 

1 

1 

1 

Small  portable  (full) 

5 

4 

4 

4 
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supports  and  the  powder  during  periods  of  high -dynamic  loading  (shock,  for  ex- 
ample); this  lowers  the  strength  requirement  of  the  supports  and  therefore  allows 
incorporation  of  a less  thermally  conductive  structure  for  inner  shell  suspension. 
Pertinent  powder  dynamic  load  characteristic  information, combined  with  appro- 
priate computational  procedures,  must  be  used  here  to  assure  no  overstressing  of 
the  supports  at  maximum  load  conditions  — that  is,  to  assure  that  the  powder 
does,  in  fact,  take  its  share  of  the  applied  load. 

While  on  the  topic  of  load-bearing  qualities  of  powder  insulations  as  re- 
lated to  support  systems,  it  also  should  be  mentioned  that  powders  are  capable  of 
applying  loads  to  such  structures  as  well  as  relieving  them.  As  illustrated  by 
figure  2-13,  when  a dewar  is  filled  with  a cryogen  its  inner  shell  contracts  be- 
cause of  the  cooling  and  i‘:s  outer  shell  remains  warm  and  dimensionally  fixed. 

By  contracting,  the  cold  shell  creates  a void  around  it  which  is  soon  filled  by  ad- 
jacent powder  with  resulting  loss  of  insulation  in  an  upper  region  of  the  tank.  At 
some  later  time,  then,  when  the  vessel  is  warmed  up  after  complete  withdrawal 
of  cryogen  (for  purging  or  some  other  reason),  the  inner  shell  expands  and  packs 
the  powder  which  previously  had  fallen  into  its  contraction  gap.  Depending  on  the 
type  of  powder  used,  the  configuration  of  the  vessel,  and  the  number  of  cooling/ 
heating  cycles  undergone  by  the  equipment,  it  is  known  that  a situation  can  develop 
wherein  the  packing  or  compaction  of  powder  generates  sufficient  pressure  to 
distort  or  even  break  certain  vulnerable  support  systems.  The  incidence  of  re- 
ported failures  from  this  cause  is  small,  but  nevertheless  it  is  a problem  which 
can  be  alleviated  by  intelligent  design.  The  most  common  remedy  involves  appli- 
cation of  a fiberglass  insulating  blanket  around  the  inner  tank  wall,as  shown  in  the 
bottom  part  of  figure  2-13,  in  such  a manner  that  it  is  compressed  when  the  con- 
tainer is  warm  and  expands  to  fill  the  void  created  as  the  inner  shell  cools  and 
contracts.  Any  powder  which  would  have  moved  otherwise  now  is  constrained. 

As  to  the  design  of  the  support  member  itself,  numerous  schemes  have 
been  used  successfully  (some  not  so  successfully),  and  almost  unlimited  possibili- 
ties exist,  depending  on  cost,  complexity  of  application,  and  ultimately  the  in- 
genuity of  the  designer.  Looking  at  the  Fourier  equation  which  computes  conduc- 
tion heat  transfer  through  any  material  (of  which  more  will  be  said  in  Chapter  6), 


q 


it  is  evident  that  heat  (q)  transferred  through  a support  element  would  be  decreased 
by  decreasing  the  thermal  conductivity  (k)  or  the  cross-sectional  area  (A)  of  the 
element  or  by  increasing  its  length  (A-f,);  the  temperature  difference  (AT)  between 
warm  and  cold  shells  is  assumed  constant  for  most  practical  cases.  The  key  to 
good  cryogenic  support  design,  then,  is  to  use  a material  of  poor  thermal  conduc- 
tivity with  sufficient  strength  to  minimize  its  required  cross-sectional  area  — 
making  it  as  long  as  possible  consistent  with  stability  and  vessel  geometry.  Stain- 
less steel  rods,  tubes,  and  cables  have  been  used  in  such  service  as  well  as  cer- 
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As  a help  in  the  selection  of  materials  to  be  used  as  supports,  the  ratio  of 
allowable  yield  strength  to  thermal  conductivity  generally  is  considered  an  impor- 
tant criterion.  The  larger  this  ratio  is  for  any  given  support  member,  the  better 
the  situation  becomes  from  a standpoint  of  minimizing  heat  input  through  this  sup- 
port to  the  cryogen.  Again,  complexity  of  application  and  cost  enter  into  the  pic- 
ture, but  the  ratio  described  above  is  useful  in  the  selection  of  dewar  suspension 
systems.  Stainless  steel,  which  has  been  used  extensively,  is  quite  good  (has  a 
high  ratio  value)  in  this  respect;  however,  polyester  fibers  in  the  form  of  webbing 
or  cording  are  even  better  by  an  order  of  magnitude  or  so.  Unfortunately,  the 
application  of  this  fiber  material  is  somewhat  difficult. 

Piping 


In  order  to  fill  and  empty  a dewar,  vent  it,  measure  pressure  and  liquid 
level,  and  generally  provide  means  to  accomplish  many  different  requirements, 
it  becomes  necessary  to  run  tubes  or  pipes  from  the  inner  container  through  the 
outer  vacuum  jacket  or  shell.  However,  any  means  of  connection  between  the 
cryogen  and  its  much  warmer  external  environment  furnishes  a path  for  heat  con- 
duction through  the  connecting  material  similar  to  that  encountered  with  supports 
and  suspension  systems;  it  follows  that  more  than  superficial  consideration  must 
be  given  to  this  aspect  of  tank  design  and  construction. 

Recalling  the  basic  heat  conduction  equation  again,  it  is  evident  that  heat 
transfer  from  warm  to  cold  end  of  the  piping  will  be  minimized  by  using  a poorly 
conducting  material  such  as  stainless  steel,  by  keeping  the  cross-sectional  area 
of  the  pipe  or  tube  minimal  either  through  the  use  of  small  diameter  or  thin  walls 
(or  both),  cind  by  using  as  long  lengths  as  possible  consistent  with  common  sense 
and  configuration  restrictions. 

Examining  these  one  at  a time,  stainless  steel  is  almost  always  a good 
choice  of  low  conductivity  material  for  this  purpose,  having  but  one  major  draw- 
back when  used  in  aluminum  tcuik  construction.  Stainless  and  aluminum  are  dif- 
ficult to  join  hermetically  and  since  vacuum-tight  joints  are  required  where  piping 
penetrates  each  wall,  this  combination  of  materials  can  present  a serious  problem. 
Fortunately,  several  different  types  of  transition  (bi-metallic)  couplings  have  been 
developed  to  improve  this  situation  and  the  difficulty  has  been  alleviated  appre- 
ciably. Transition  couplings  for  cryogenic  service  are  part  aluminum/part  stain- 
less steel  joints  made  in  such  away  that  the  aluminum  member  is  outermost, 
since  it  contracts  more  on  cooling  than  the  steel  and  makes  the  joint  even  tighter 
in  low  temperature  service.  Several  different  manufacturing  methods  for  this 
type  of  coupling  are  shown  in  figure  2-15. 

Inasmuch  as  thin-wall  stainless  steel  tubing  is  available  in  practically  any 
desired  length,  little  difficulty  is  experienced  on  this  account.  Pressure  rating  of 
the  dewar  generally  dictates  tube  wall  thickness,  although  for  very  small  diameter 
instrumentation  tubing, designing  to  this  criterion  may  lead  to  impractically  thin 
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(a)  PRE-TiNNED  OR  PLATED;  SOFT-SOLDER  FILLED  TUBULAR  LAP  JOINT 


(b)  CAST  MOLECULAR  BOND  OR  BI-METAL  BRAZE  JOINT 


B| 

(c)  HOT  DIFFUSION-BONDED,  HIGH  PRESSURE  EXTRUSION  JOINT 


(d)  COLD  PRESSURE- WELDED  RING  J )INT 


Figure  2-15.  Aluminum -to -stainless  steel  transition  (bi-metallic)  couplings. 
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walls  which  could  be  subject  to  abuse  eind  damage  on  installation  or  in  use;  to  re- 
duce this  problem,  the  tube  wall  thickness  specification  would  be  increased  to  a 
more  practical  value  than  that  required  solely  for  pressure  capability. 

Various  methods  are  used  to  run  tubing  or  piping  between  and  through  the 
inner  and  outer  tank  walls,  and  these  are  best  described  by  looking  at  figure  2-16. 
Assuming  the  most  popular  dewar  configuration  involving  horizontal  cylindrical 
tanks,  available  space  and  ease  of  fabrication  usually  prescribe  how  the  piping  is 
to  be  placed,  if  a small  insulation  thickness  (and  therefore  a short  distance)  be- 
tween the  cold  and  warm  tank  shells  is  necessary,  straight-through  piping  similar 
to  that  shown  in  figure  2-l6f  often  is  used,  requiring  no  bending  of  the  pipe  but  in- 
volving an  external  expansion  bellows  to  accommodate  any  dimensional  change 
when  the  tank  and  pipe  are  cooled  to  service  conditions.  An  internally  placed  bel- 
lows such  as  the  one  illustrated  in  2-l6b  is  not  recommended  since  it  is  more 
likely  to  fail  than  any  other  element  of  the  piping  scheme;  a better  location  is  out- 
side of  the  system  where  it  can  be  examined  and  repaired.  Lack  of  any  provision 
for  contraction  or  expansion  remove  2-l6c  and  2-l6e  from  further  useful  consi- 
deration, whereas  the  'goosenecked*  configuration  of  2-l6g,  the  long  vertical  riser 
of  2-l6d,  and  the  flexible  small  diameter  instrumentation  tube  of  2-1 6a  are  accept- 
able in  many  designs. 

It  may  have  been  noted  that  six  of  the  illustrated  seven  outer  shell  tube 
penetrations  are  made  through  cylindrical  standoffs  or  pant-legs;  the  purpose  here 
is  to  isolate  the  warm  vessel  wall  from  cold  liquid  or  gas  bearing  tubes  (fill,  empty 
or  vent)  through  the  use  of  poorly  conducting  (usually  stainless  steel)  connections 
to  that  wall.  If  the  outer  tank  shell  is  made  of  aluminum,  a flanged  O-ring  sealed 
design  such  as  the  one  shown  in  2-16g  may  be  arranged  to  make  a separable  alu- 
minum-to-stainless  steel  transition  rather  than  using  the  bi-metallic  couplings  of 
figure  2-15,  Instrumentation  tube  2 -16a  remains  without  a standoff  since  the  gas 
it  contains  is  always  warm  at  the  outer  wall  position  (no  flow  occurs  as  the  exter- 
nal extremity  is  plugged  by  a pressure  gage  or  some  other  form  of  closure).  The 
scheme  of  2-l6e  is  bad  for  a number  of  reasons;  the  distance  between  wall  attach- 
ments is  quite  short,  permitting  excessive  heat  transfer  to  the  cryogen;  no  expan- 
sion or  contraction  mechanism  is  incorporated  in  the  design;  and  considerable  re- 
fluxing^ can  occur  in  the  tube  (e.  g.  , it  is  possible  for  vapor  to  condense  on  the 
inner  wall  of  the  cold  tube  surrounded  by  liquid;  the  condensate  then  flows  toward 
the  warm  end  of  the  tube  where  it  vaporizes,  and  the  process  repeats). 

In  summary,  figure  2-16  is  meant  to  illustrate  both  good  and  bad  features 
of  cryogenic  liquid  and  gas  piping  design,  and  the  acceptable  schemes  of  pipe  runs, 
expansion  techniques,  attachment  methods  and  standoffs  are  to  be  intermingled  in 


^ Refluxing  is  a repetitive  process  wherein  heating  occurs,  creating  vapor  from  a 
liquid  which  then  recondenses  on  a cooled  surface  and  flows  back  to  be  heated  once 
again. 
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Figure  2-16.  Dewar  piping  details. 


« 


the  designers  (or  readers)  bag  of  tricks  — to  be  retrieved  selectively  as  the  occa- 
sion demands.  For  example,  the  geometry  of  2-l6g  may  be  the  perfect  answer  for 
an  application  involving  a large  insulating  annulus,  whereas  something  like  2-l6d 
will  work  equally  well  at  the  end  of  a tank  if  the  annulus  is  small  and  crowded. 
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As  seen  in  figure  2-17,  liquid  piping  not  only  is  used  to  fill  and  empty  a 
dewar  (sometimes  one  line  performs  both  duties),  but  in  many  cases  a pipe  may 
also  supply  liquid  to  an  ambient  air  heat  exchanger  where  it  is  vaporized  and  used 
in  pressurizing  the  dewar.  From  the  standpoint  of  simplicity,  low  heat  input,  euid 


EMPTY 


PRESSURE  BUILD-UP 
HEAT  EXCHANGER 


EMPTY 


PRESSURE  BUILD-UP 
HEAT  EXCHANGER 


Figure  2-17.  Dewar  piping  schematics. 
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minimum  cost,  one  internal  pipe  could  be  used  to  satisfy  all  three  liquid  functions 
in  the  manner  shown  schematically  by  figure  2 -17a.  This  precludes  simultaneous 
filling  and  emptying, however,  and  therefore  wouldn't  work  if  a requirement  existed 
to  be  able  to  fill  a storage  dewar  from  a generating  plant  while  at  the  same  time 
dispensing  liquid  from  the  same  dewar.  Also,  in  the  case  of  an  oxygen  vessel, 
there  is  reason  to  believe  that  one  multipurpose  pipe  connection  does  not  induce 
sufficient  mixing  within  the  liquid  space  to  avoid  a build-up  of  contaminants.  As 
one  solution,  two  widely  separated  lines  may  be  used  to  permit  simultaneous  fill- 
ing and  withdrawal  as  well  as  to  establish  flow  patterns  more  conducive  to  sweep- 
ing the  tank  bottom  between  entrance  and  exit,  moving  whatever  contamination 
enters  the  tank  through  it  and  hopefully  out  again. 

Additionally,  a sump  or  well  may  be  built  into  the  bottom  of  a liquid  con- 
tainer in  such  a fashion  that  heavy  contaminants  tend  to  migrate  towards  this  low 
point  of  the  system  while  the  lighter  particles  float  on  the  surface  of  the  cryogen. 

If  solids  are  undesirable  in  the  withdrawal  product,  establishment  of  the  with- 
drawal pipe  inlet  some  distance  above  the  sump  but  below  the  minimum  permis- 
sible liquid  level  theoretically  furnishes  the  user  with  pure  liquid.  Provision  must 
be  made,  however,  to  periodically  drain  and  purge  such  a system  since  the  con- 
centration of  contaminants  will  build  up  with  time  — eventually  to  some  unaccept- 
able level  of  impurity.  As  an  alternative,  if  a certain  amount  of  heavy  contaminant 
is  acceptable  in  the  withdrawal  product,  the  sump  can  again  be  used  — only  this 
time  with  the  withdrawal  pipe  inlet  right  at  the  bottom  of  the  sump.  In  such  a situ- 
ation, the  particles  continuously  migrate  to  the  low  point  (as  before)  but  are  with- 
drawn almost  as  fast  as  they  accumulate.  This  avoids  an  increasing  concentra- 
tion of  heavy  contaminants  with  time  and  only  leaves  the  lighter  floating  solids, 
requiring  perhaps  fewer  periodic  tank  purges  than  the  previous  method.  Emphasis 
must  be  placed  on  the  requirements  and  demands  of  the  user,  however,  and  if 
liquid  with  essentially  zero  contamination  is  specified,  the  latter  scheme  is  out 
and  the  one  preceding  it  should  be  used.  If  longer  time  intervals  between  tank 
purging  is  of  prime  importance,  and  purity  is  of  secondary  concern  (within  rea- 
sonable limits),  the  latter  technique  may  be  worth  considering. 

One  final  point  should  be  made  on  the  above  sump  discussion.  If,  for  some 
reason,  the  particles  do  not  behave  as  predicted  and  do  not  move  to  the  sump  or 
float  on  the  surface  (perhaps  they  develop  electrostatic  charges  which  cause  them 
to  adhere  to  their  containing  tank  walls),  these  schemes  are  then  of  small  value 
— providing  a false  sense  of  security  which  could  be  hazardous.  We  do  not  know 
enough  about  this  today  to  make  any  positive  statement  concerning  the  matter,  but 
we  do  know  that  application  of  good  engineering  design  principles  and  intelligence 
can  only  improve  the  situation. 

For  oxygen  systems  in  particular,  then,  where  contaminants  can  be  both 
hazardous  and  undesirable  (e.  g.  , in  a pilots  breathing  oxygen  where  foreign  odors 
in  the  vaporized  gas  may  be  annoying  or  even  sickening),  considerable  attention 
must  be  given  to  the  piping  design  in  and  related  to  the  storage  container;  if  dead 
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ends  or  dead  spaces  are  permitted  to  exist,  allowing  the  accumulation  of  conta- 
minants or  other  particulate  material,  one  result  could  be  disaster  in  the  form  of 
explosion  or  death  from  breathing  toxic  vapors. 

Gas  or  vapor  phase  piping  is  also  a necessary  part  of  any  cryogenic  stor- 
age or  transport  vessel.  Looking  back  at  figure  2-17,  it  is  evident  that  the  vapor 
space  or  ullage  above  the  liquid  surface  may  be  vented  through  several  different 
types  of  valves  or  other  devices  — a hand-operated  or  manual  valve,  a relief 
valve,  and  a burst  or  rupture  disc.  If  the  tank  is  being  pressurized  (either  through 
the  ambient  air  heat  exchanger  or  by  self-heating  and  subsequent  vaporization  of 
the  contained  fluid),  the  manual  valve  must  be  shut.  However,  to  avoid  accidental 
overpressurization  beyond  the  majcimum  allowable  working  pressure  of  the  equip- 
ment, the  relief  valve  is  set  to  open  at  about  1.  1 times  the  working  pressure;  in 
the  event  this  valve  sticks  closed  or  otherwise  malfunctions,  a burst  disc  is  in- 
cluded to  rupture  at  a pressure  slightly  greater  than  the  setting  of  the  relief  valve. 

The  dewar  pressurization  system,  again  shown  in  figure  2-17,  involves  a 
combination  of  both  gas  and  liquid  piping  and  valving.  By  opening  the  heat  ex- 
changer valve  and  closing  the  vent,  fluid  enters  the  exchanger  in  a liquid  state, 
vaporizes  cind  returns  to  the  tank  as  a gas.  The  driving  potential  for  such  a pro- 
cess is  the  pressure  head  of  liquid  above  the  tank  outlet  to  the  heat  exchanger;  as 
the  amount  of  liquid  in  the  tank  is  depleted,  less  head  is  available  to  force  the  li- 
quid into  its  vaporizer  and  more  ullage  space  is  available  to  be  pressurized  — 
each  of  these  conditions  having  the  effect  of  slowing  down  the  rate  of  pressuriza- 
tion. Understandably,  the  fuller  the  tank,  the  faster  the  rate  of  pressurizing  (this 
applies  both  to  external  vaporization  through  a heat  exchange  tube  and  to  internal 
vaporization  due  to  self-heating  via  normal  heat  input  through  the  insulation).  In 
some  equipment,  diffusers  are  attached  to  the  pressurizing  tube  outlet  in  the  tank 
to  more  evenly  distribute  the  incoming  gas  throughout  the  vapor  space;  these  de- 
vices reduce  the  velocity  of  the  pressurizing  gas  and  also  decrease  any  impinge- 
ment effect  of  gas  jetting  on  the  surface  of  the  liquid.  The  attempt  here  is  to  cut 
down  on  the  condensation  of  incoming  gas  as  it  is  forcibly  mingled  with  the  cold 
liquid  (if  condensation  is  reduced,  less  gas  is  required  to  achieve  a given  level 
of  pressurization),  but  there  has  been  some  evidence,  for  certain  systems  at 
least,  that  a net  vaporization  rather  than  condensation  occurs  in  such  jet  impinge- 
ment circumstances.  Therefore,  at  this  time,  no  clear  cut  recommendation  can 
be  made  on  whether  or  not  the  additional  expense  of  a diffuser  is  warranted. 

One  final  comment  should  be  made  before  leaving  the  subject  of  piping.  It 
is  essential  that  pipe  runs  be  designed  to  avoid  any  possibility  of  liquid  flowing 
(during  periods  of  no  intentional  transfer)  from  its  container  toward  a warmer  re- 
gion where  it  can  only  evaporate  and  be  wasted.  For  stationary  storage  vessels 
this  is  simple  to  accomplish,  but  additional  thought  must  be  given  to  transport 
dewars  going  up  and  down  hills  in  transit  and  to  any  tanks  located  in  aircraft  sub- 
ject to  odd  maneuvers  or  motions.  If  the  maximum  vessel  inclination  is  known, 
piping  configuration  can  be  adjusted  accordingly.  If  it  is  unknown,  the  designers 
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intuition  and  good  judgment  must  be  relied  upon  — e.  g.  , the  loop  of  figure  3-1 3a 
might  be  a reasonable  choice  to  accommodate  most  eventualities. 

Dewar  appurtenances  (manways,  baffles) 

Depending  on  the  conditions  of  use,  cryogenic  fluid  vessels  are  occasionally 
equipped  with  additional  features  to  solve  specific  problems. 

Access  ports  or  manways  sometimes  are  built  into  the  upper  tank  walls, 
as  shown  in  figure  2-18,  to  permit  inspection  and  cleaning  of  the  inner  container, 
or  in  the  case  of  experimental  vessels,  to  permit  placement  of  research  instru- 
mentation and  equipment  in  the  cryogen  space.  The  ports  may  be  constructed  in 
several  ways,  two  of  which  are  illustrated  by  figures  2-18a  and  2-18b,  and  each 
has  its  own  advantages  and  disadvantages.  2 -18a  is  not  penalized  by  additional 
heat  trcinsfer  to  the  cryogen  since  insulation  between  the  ports  and  therefore  be- 
tween the  shells  is  not  disturbed  by  additional  conduction  paths  or  degraded  insula- 
tion, as  is  the  case  in  2 -18b  where  expansion  bellows  and  non-evacuated  insulation 
separate  the  inner  and  outer  ports.  On  the  other  hand,  any  leak  at  the  difficult-to- 
make-and-keep  low  temperature  inner  shell  cover  seal  destroys  the  insulating  va- 
cuum of  the  entire  vessel  in  2 -18a, whereas  it  only  adds  a little  gas  to  the  volume 
enclosed  by  the  bellows  in  2 -18b.  Also,  the  insulating  vacuum  must  be  broken 
each  time  access  is  gained  to  the  inner  tank  of  2 -18a,  requiring  a time-consuming 
pump-down  when  the  vessel  is  being  readied  for  service  once  again, which  might  be 
further  lengthened  by  moisture  absorption  of  the  insulation  which  was  necessarily 
exposed  during  the  access  period. 

In  the  design  of  large  transport  dewars,  it  becomes  necessary  to  consider 
the  use  of  baffles  in  the  liquid  compartment.  During  one  road  test,  it  was  found 
that  a typical  cryogenic  tank  on  a 30 -hour  trip  underwent  roughly  1600  accelera- 
tions and  decelerations  due  to  starts,  stops  and  speed  changes.  Depending  on  se- 
verity of  these  velocity  changes,  tank  geometry,  weight  of  fluid  involved,  and  per- 
haps several  other  lesser  items,  various  effects  occur  in  and  on  the  total  tank 
system  that  are  both  bad  and  good.  In  the  bad  category,  sloshing  liquid  or  liquid 
that  moves  against  its  containing  walls  by  virtue  of  any  change  in  velocity  of  the 
container  applies  additional  forces  to  those  walls  which  must  be  accounted  for  in 
the  tank  design  stress  analysis.  In  the  process  of  moving  along  or  against  the 
shell,  energy  gained  by  the  liquid  eventually  converts  to  heat  by  friction  which  con- 
sequently vaporizes  and  wastes  liquid.  Such  losses  may  be  significant  for  low 
heat -of -vaporization  liquids  like  helium  and  hydrogen  but  they  are  relatively  un- 
important for  nitrogen  and  oxygen.  The  stress  problem  may  be  another  matter, 
however,  and  handling  difficulties  by  drivers  of  road  transports  certainly  should 
be  taken  into  account  as  well.  In  order  to  decrease  the  amount  of  sloshing  that 
might  occur  under  transport  conditions,  baffles  or  slosh  plates  are  installed  with 
openings  at  the  bottom  and  occasionally  at  other  locations  to  equalize  the  liquid 
level  throughout  the  tank.  Although  the  problem  of  longitudinal  sloshing  is  most 
important,  lateral  effects  must  also  be  examined  in  certain  cases.  Aside  from 
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(a) 


Figure  2-18.  Dewar  access  ports  or  manways. 


the  increase  in  v^eight  of  the  vessel,  baffles  tend  to  reduce  the  amount  of  agitation 
and  therefore  mixing  of  the  liquid  which  normally  occurs  in  transit;  such  mixing 
is  useful  for  the  reduction  of  thermal  stratification  in  the  liquid  and  the  decrease 
in  mixing  is  a penalty  one  pays  to  accomplish  something  else.  To  help  in  this  re- 
spect, if  the  baffles  are  constructed  of  heavy  gage  materials  of  high  thermal  con- 
ductivity such  as  aluminum  or  copper,  vertical  equalization  of  liquid  temperature 
in  the  tank  is  enhanced  and  stratification  may  be  reduced. 
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NASA  experience  has  indicated  a need  for  uniform  criteria  for  the  design  of  space 
vehicles.  Accordingly,  criteria  are  being  developed  in  the  following  areas  of  technology: 

Environment 

Structures 

Guidance  and  Contrgl. 

Chemical  Propulsion 

Individual  components  of  this  work  will  be  issued  as  separate  monographs  as  soon  as 
they  are  completed.  A list  of  all  previously  issued  monographs  in  this  series  can  be 
found  at  the  end  of  this  document. 
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requirements,  except  as  may  be  specified  in  formal  project  specifications.  It  is 
expected,  however,  that  the  criteria  sections  of  these  documents,  revised  as  experience 
may  indicate  to  be  desirable,  eventually  will  become  uniform  design  requirements  for 
NASA  space  vehicles. 
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FRACTURE  CONTROL  OF 
METALLIC  PRESSURE  VESSELS 


I 

I 

s 

1.  INTRODUCTION 

(Pressure  vessels  often  contain  small  flaws  or  defects  that  are  inherent  in  the  materials 
or  introduced  during  a fabrication  process.  These  defects  can,  in  many  cases,  cause 
severe  reduction  in  the  load-carrying  capability  and  the  operational  life  of  pressure 
vessels.  If  the  flaws  are  large  in  comparison  to  those  causing  failure  at  the 
I proof-pressure  stress  levels,  failure  of  the  vessels  will  occur  during  initial  pressurization. 

If  the  initial  flaws  are  small,  the  vessels  may  withstand  several  operational  pressure 
i cycles  and  a number  of  hours  of  sustained-pressure  loading  before  the  flaws  grow  to  a 

' size  that  will  result  in  failure.  From  an  economic  standpoint,  it  is  important  to 

minimize  the  possibility  of  failure  of  space  vehicle  pressure  vessels  during  proof  testing. 
From  the  standpoint  of  economics  and  personnel  safety,  it  is  imperative  to  prevent 
mission  or  operational  failures. 

During  the  past  several  years  there  have  been  costly  proof-test  failures  directly 
attributable  to  small,  preexisting  flaws.  In  one  example,  a large  steel  rocket  motor  case 
failed  at  a stress  less  than  50  percent  of  the  material  yield  strength.  This  failure 
originated  at  a small  internal  flaw  having  a depth  less  than  one  fifth  of  the  material 
thickness.  Other  proof-test  failures  occurred  in  large  propellant  tanks  and  smaller 
auxili:’ry  tanks  used  in  the  Apollo  program. 

Other  failures  have  occurred  after  proof  testing  during  the  preflight  checkout  and/or 
storage  of  pressure  vessels.  One  such  failure  occurred  when  a high-pressure  helium  tank, 
used  in  a defensive  missile  system,  ruptured  after  2 1 hours  of  sustained  pressurization. 
This  failure  originated  at  an  inclusion  in  the  parent  metal.  The  initial  flaw  increased 
approximately  50  perci  .t  in  size  during  the  time  the  tank  was  pressurized,  and  failure 
resulted.  Although  this  is  an  example  of  failure  resulting  from  flaw  growth  under 
sustained  stress  in  a relatively  inert  environment,  many  more  failures  have  occurred  in 
which  the  environment  played  the  dominant  role.  A number  of  titanium  pressure 
vessels  failed  in  N2O4  and  methanol  environments,  and  high-strength  steel  vessels  failed 
in  water  environments.  In  these  cases,  the  initial  flaw  sizes  were  often  small  (i.e.,  less 
than  10  percent  of  the  size  required  to  cause  failure)  and  could  not  have  been  detected 
by  nondestructive  inspection.  However,  with  the  vessels  at  pressure  for  a time,  the 


mMitiiUSsk 


rfHai 


environment  induced  significant  amounts  of  stable  flaw  growth  and  the  vessels 
eventually  failed. 

The  purpose  of  this  monograph  is  to  present  criteria  and  recommend  practices  that  aid 
in  the  design  of  metallic  pressure  vessels  by  minimizing  the  occurrence  of  proof-test 
failures  resulting  from  cracks  and  assuring  against  preflight  and  flight  failures.  The 
criteria  and  recommended  practices  permit  wide  latitude  in  the  selection  of  materials 
and  operational  stress  levels,  detail  design,  analysis,  and  test  to  allow  minimization  of 
weight  and/or  cost  as  may  be  dictated  by  specifle  vehicle  and  mission  requirements. 
This  monograph  is  applicable  to  metallic  pressure  vessels  whose  design  is  primarily 
controlled  by  internal  pressure  requirements.  These  vessels  include  high-pressure  gas 
bottles,  solid-propellant  motor  cases,  and  storable  and  cryogenic  liquid-propellant 
tanks  - both  integral  and  removable.  Criteria  and  recommended  practices  for  the 
design  of  pressurized  cabins,  inflatable’  structures,  and  vessels  fabricated  from 
composite  materials  will  be  presented  in  other  monographs  planned  for  this  series. 

To  minimize  proof  test  and  prevent  service  failures  of  metallic  pressure  vessels,  the 
three  basic  considerations  are  (1)  the  initial  flaw  sizes,  (2)  the  critical  flaw  sizes  (i.e., 
the  sizes  required  to  cause  fracture  at  a given  stress  level),  and  (3)  the  subcritical 
flaw-growth  characteristics.  To  prevent  proof-test  failures,  the  actual  initial  flaw  sizes 
must  be  less  than  the  critical  flaw  sizes  at  the  proof-stress  level.  To  guarantee  that  the 
vessel  will  not  fail  in  service,  it  must  be  shown  that  the  largest  possible  initial  flaw  in 
the  vessel  cannot  grow  to  critical  size  during  the  required  life  span  of  the  vessel.  The 
basic  parameters  affecting  critical  flaw  sizes  are  the  applied  stress  levels,  the  material 
fracture  toughness  values,  the  pressure-vessf-l  wall  thickness,  and  the  location  and 
orientation  of  flaws.  The  determination  oi  actual  initial  flaw  sizes  is  limited  by  the 
capabilities  of  the  available  nondestructive  inspection  procedures;  however,  this 
limitation  can  often  be  partially  circumvented  by  using  information  obtained  from  a 
successful  proof  test.  A proof  test  in  which  the  vessel  does  not  fail  provides 
information  on  the  maximum  possible  initial-to-critical  stress-intensity  ratio  within  the 
vessel  which,  in  turn,  allows  the  size  of  the  maximum  possible  initial  flaw  to  be 
estimated.  Subcritical  flaw  growth  depends  on  several  factors  including  the  stress  level, 
initial  flaw  size,  environment,  material,  and  pressure/time  history  of  the  particular 
pressure  vessel. 

Because  many  factors  are  involved,  it  is  unlikely  that  the  problem  of  premature 
fracture  of  pressure  vessels  will  be  completely  resolved  in  the  immediate  future.  During 
the  past  10  to  15  years,  however,  signifleant  progress  has  been  made  in  several  different 
areas  (i.e.,  mechanics,  metallurgy,  inspection,  etc.);  accomplishments  in  the  field  of 
fracture  mechanics  have  been  particularly  significant.  Linear-elastic  fracture  mechanics 
has  provided  a basic  framework  and  engineering  language  for  describing  the  fracture  of 
materials  under  static,  cyclic,  and  sustained-stress  loading,  and  is  the  basis  for  the 
criteria  and  recommended  practices  presented  in  this  monograph. 


The  related  problems  of  stress  corrosion,  fatigue,  and  discontinuities  in  pressure-vessel 
design  will  not  be  treated  herein,  but  will  be  covered  in  other  monographs  now  in 
preparation. 


2.  STATE  OF  THE  ART 


The  problem  of  premature  fracture  of  metallic  structures  is  not  new  (e.g.,  the  large 
molasses  tank  failure  in  1919,  the  methane  storage  tank  failure  in  1944,  the  25-percent 
failure  rate  of  Liberty  ships  during  World  War  II,  and  the  Polaris  motor  case  failures 
during  the  19S0’s).  Even  today  there  is  a general  lack  of  specific  guides  in  industry  and 

government  manuals,  specifications,  and  codes  for  the  control  of  fracture  of  metallic 
pressure  vessels.  This  results  from  the-  complexity  and  interdisciplinary  nature  of  the 
problem,  the  lengthy  time  required  to  develop  and  verify  experimentally  the  technical 
approaches,  and  the  differing  opinions  on  technical  approach.  The  design  of  metallic 
pressure  vessels  generally  has  been  (and  to  some  extent,  is  still)  based  on  the  following 
principles: 

1 . The  gross  stress  levels  at  the  proof  and  operating  conditions  should  be  kept 
below  the  yield  strength  of  the  material  to  prevent  large-scale  deformations. 

2.  The  fracture  strength  will  be  greater  than  the  yield  strength  and  equal  to  or 
greater  than  the  minimum  guaranteed  ultimate  tensile  strength  of  the 
material. 

3.  Local  yielding  may  occur  around  discontinuities,  but  the  overall  stnictural 
integrity  will  be  maintained  by  load  relief  and  redistribution. 

4.  The  factor  of  safety  provides  for  uncertainties  in  stress  analysis,  fabrication, 
and  applied  loads,  and  allows  for  possible  degradation  in  strength  with 
service  life. 

5.  Selection  of  factors  of  safety  should  be  based  primarily  on  experience,  a 
qualitative  assessment  of  the  uncertainties  associated  with  a speciHc  design, 
and  the  reliability  requirements. 

6.  Sharp-edged  flaws  or  defects  will  not  be  allowed  and,  if  any  occur,  they  will 
be  detected  by  nondestructive  inspection  and  subsequently  repaired. 
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Although  many  apparently  successful  pressure  vessels  have  been  designed  according  to 
the  above  principles,  there  have  been  many  costly  failures  at  gross  stress  levels  well 
below  the  yield  strength.  In  many  of  these  cases,  local  yielding  did  not  occur, 
sharp-edged  flaws  were  missed  by  inspection,  and  the  past  experiences  used  in  selection 
of  the  factors  of  safety  were  not  applicable. 

Various  approaches  have  been  suggested  for  use  in  the  control  of  premature  fracture. 

In  reference  1,  E.  T.  Wessel  and  his  coworkers  compare  and  appraise  a number  of  these 
approaches,  primarily  on  the  basis  of  their  applicability  to  engineering  design  and 
material  evaluation.  They  classify  the  approaches  into  the  two  general  categories  of 
transition  temperature  and  stress  analysis.  The  lack  of  an  abrupt  ductile-to-brittle 
transition  in  high-strength  steel,  aluminum,  and  titanium  alloys  combined  with  a lack 
of  quantitativeness  eliminated  the  transition  temperature  approaches  from 
consideration.  The  various  stress  analysis  approaches,  based  on  either  stress  or  strain 
criteria  of  fracture,  had  not  been  developed  sufficiently,  lacked  quantitativeness,  or 
could  not  handle  the  fracture  control  problem  with  the  desired  degree  of  completeness. 

It  was  concluded  from  this  study  that  linear-elastic  fracture  mechanics  was  the 
approach  best  suited  to  design  application.  The  same  conclusion  was  reached  by  other 
investigators,  both  before  and  after  the  study. 

The  primary  limitation  of  linear-elastic  fracture  mechanics  to  date  is  that  at  stress  levels 

above  the  yield  strength  of  the  material,  fracture  cannot  be  described  by  the  critical 

stress-intensity  parameter,  Kjq,  and  subcritical  flaw  growth  cannot  be  described  as  a 

function  of  the  crack-tip  stress-intensity  factor,  Kj.  From  the  standpoint  of 

application,  this  means  that  at  stress  levels  abovj  the  yield  strength,  critical  flaw  size 

and  subcritical  flaw-growth  data  must  be  obtained  empirically  over  a range  of  flaw  sizes 

for  the  specific  material  and  thickness  of  interest.  Also,  from  the  standpoint  of  fracture 

testing,  it  means  that  extremely  thick  test  specimens  are  required  to  cause  fracture 

prior  to  general  yielding  and  thus  obtain  Kje  values  for  materials  with  a high  fracture  1 

resistance  (refs.  2 and  3).  Another  limitation  is  the  relatively  small  quantity  of  fracture 

toughness  and  subcritical  flaw-growth  data  that  is  generally  available. 

.f 

A less  important  limitation  of  fracture  mechanics  is  that  stress-intensity  solutions,  to 
describe  accurately  the  functional  relationship  between  flaw  size  and  stress  level  for 
various  flaw  shapes  and  boundary  stress  conditions,  are  still  under  development.  Upon 
completion,  these  solutions  sliould  improve  the  accuracy  of  critical  flaw-size  estimates  • 

and  pressure-vessel  life  predictions.  However,  at  the  present  state  of  development,  I 

fracture  specimen  test  data  and  fracture  mechanics  analysis  can  be  used  to  predict 
critical  flaw  sizes  and  failure  modes,  to  estimate  minimum  structural  life,  to  establish 
proof-test  factors  and  proof-testing  procedures,  to  provide  a basis  for  establishing 
nondestructive  inspection  flaw  acceptance  limits,  to  compare  candidate  materials,  to  I 

assist  in  basic  alloy  development,  to  perform  failure  analyses,  and  finally  (and  perhaps  ^ 


4 


Mil 


I 

[ 

t 


iiiriMioriirii'ir'-'i'i  ~ irn'iir^T’ — ■--. 


most  importantly),  to  provide  a framework  for  understanding  the  interrelationships 
between  the  various  factors  that  affect  the  flightworthiness  and  weight  of  metallic 
pressure  vessels. 

2.1  Critical  Flaw  Sizes 

Flaw  types  that  often  go  undetected  in  metallic  pressure  vessels  are  the  surface  and 
embedded  flaws.  The  flaw  size  required  to  cause  fracture  at  a given  applied  stress  level 
is  called  the  critical  size.  If  the  vessel  contains  an  initial  flaw  which  exceeds  the  critical 
size  at  the  proof-stress  level,  catastrophic  failure  can  be  expected  during  proof  testing. 
Failure  during  service  operation  will  occur  when  the  initial  flaw  is  less  than  the  critical 
size  at  the  proof-stress  level,  but  grows  with  service  usage  until  it  reaches  the  critical 
size  at  the  operating  stress  level.  Pressure  vessel  leakage  occurs  when  an  initial  flaw 
grows  through  the  thickness  of  the  vessel  wall  prior  to  reaching  critical  size. 

i • 

In  elastic  stress  fields,  the  critical  sizes  for  surface  and  internal  flaws  depend  on  the 
plane-strain  critical  stress-intensity  or  fracture  toughness  values  (Kfc)  of  the  vessel 
materials,  and  the  applied  stress  levels.  If  the  critical  flaw  sizes  are  small  with  respect  to 
the  wall  thickness  of  the  pressure  vessel,  the  vessel  is  termed  “thick  walled.”  If  the 
critical  sizes  approach  or  exceed  the  wall  thickness,  the  vessel  is  teimed  “thin  walled.” 

The  critical  flaw  sizes  for  surface  flaws  in  uniformly  stressed  thick-walled  vessels  can  be 
calculated  using  the  following  expression: 


For  small  internal  flaws  the  same  expression  can  be  used  except  the  1.21  coefficient  is 
decreased  to  unity. 

Figure  1 shows  the  relationship  between  the  flaw-shape  parameter,  Q,  and  the  flaw 
depth-to-lcngth  ratio;  figure  2 is  a graphical  representation  of  equation  (1). 

To  predict  critical  flaw  sizes  (as  well  as  failure  modes  and  operatitnal  life)  of 
thin-walled  pressure  vessels,  it  is  necessary  to  know  the  stress  intensity  for  flaws  that 
become  very  deep  with  respect  to  the  wall  thickness.  The  stress-intensity  solution 
shown  in  equation  (1)  for  the  semiclliptica!  surface  flaw  was  derived  by  Irwin  (ref.  4) 
and  was  found  to  be  reasonably  accurate  for  flaw  depths  up  to  about  50  percent  of  the 
material  thickness.  At  greater  depths,  the  applied  stress  intensity  is  magnified  by  the 
effect  of  the  free  surface  near  the  flaw  tip.  This  means  that  in  thin-walled  vessels,  the 
flaw-tip  stress  intensity  can  attain  the  critical  value  (i.e.,  the  Kj^.  value)  at  a flaw  size 
significantly  smaller  than  that  which  would  be  predicted  using  equation  ( 1 ). 
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Figure  2.  - Applied  stress  vs  critical  flaw  size 
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Kobayashi  and  Smith  developed  approximate  solutions  for  deep  surface  flaws  that  are 
very  long  with  respect  to  their  depth  (i.e.,  small  a/2c  values)  and  for  semicircular 
surface  flaws  (i.e.,  a/2c  = 0.5),  respectively  (refs.  5 and  6).  Results  of  their  solutions 
are  shown  in  terms  of  a stress-intensity  magnification  factor,  versus  a/t  in  figure  3. 
Reference  7 shows  an  estimate  made  by  NASA/MSC  of  how  M[^  varies  as  a function  of 
a/2c  between  values  of  a 2c  of  0 and  0.5.  The  M^.  factor  is  applied  to  the  original  Irwin 
equation  to  obtain  the  stress  intensity  for  deep  surface  flaws.  The  magnification 
reaches  a maximum  value  of  less  than  10  percent  for  semicircular  flaws,  whereas  there 
is  an  increase  of  about  60  percent  for  flaws  having  smaller  values  of  a/2c. 

Experimental  data  obtained  on  several  materials  with  varying  flaw  sizes  and  flaw  shapes 
appear  to  provide  a fair  degree  of  substantiation  of  the  available  approximate  solutions 
(ref.  8).  An  exact  numerical  solution  for  deep,  semielliptical,  surface  flaws  with  varying 
values  of  a/2c  is  under  development,  and  additional  experimental  investigations  are 
being  performed. 

i * 

To  illustrate  the  effect  of  the  deep-flaw  stress-intensity  magnification  on  predicted 
critical  flaw  sizes,  it  is  convenient  to  assume  that  the  vessel  contains  flaws  which  are 
long  with  respect  to  their  depth.  When  the  flaw-shape  parameter,  Q,  is  approximately 
equal  to  unity  (i.e.,  for  long  flaws),  the  flaw  size  can  be  described  in  terms  of  the  flaw 
depth,  a.  A predicted  critical  flaw-size  curve  (obtained  using  Kobayashfs  Mj^  curve)  for 


0 0.2  0.4  0.6  0.8  1.0 

Flaw-depth-to-wall  thickness  ratio,  a/t 


Figure  3.  - Stress-intensity  magnification  factors  for  deep  surface  fi^ws. 
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a typical  tank  mat'jrial  and  wall  thickness  is  shown  in  figure  4.  Also  shown  for 
comparison  is  the  critical  flaw-size  curve  for  the  same  material  in  a thick-walled  vessel. 
The  curve  for  the  thin-walled  vessel  is  characterized  by  a significant  reduction  in  failing 
stress  at  a given  flaw  size  as  compared  to  that  for  the  thick-walled  vessel.  The  life  and 
potential  failure  modes  of  these  thin-walled  vessels  are  schematically  illustrated  in 
figure  5.  The  failure  mode  for  thin-walled  vessels  can  be  complete  fracture  if  the 
critical  flaw  depth  is  less  than  the  wall  thickness  at  the  operating  stress  level  (figure 
5A),  Figure  5B  illustrates  the  case  where  the  critical  flaw  depth  is  greater  than  the  wall 
thickness  at  the  operating  stress  level  and  the  resulting  failure  mode  is  leakage. 

From  equation  (1)  it  is  apparent  that  to  predict  the  critical  sizes  for  surface  and 
internal  flaws  it  is  necessary  to  know  the  plane-strain  fracture  toughness  (KI^.)  values 
for  the  vessel  materials  (i.e.,  parent  metal,  welds,  etc.).  In  heavy-gage,  high-strength 
materials  or  in  thin-gage  materials  that  are  relatively  brittle,  it  is  generally  a 
straightforward  task  to  obtain  K|g  values  from  laboratory  tests.  Several  types  of  test 
specimens  are  used  to  measure  Kj^values.  These  include  fatigue-cracked  bend 
specimens,  surface-flawed  specimens,  crack-line  loaded  specimens,  center-cracked  and 
edge-cracked  sheet  specimens,  and  fatigue-cracked  round  notched-bar  specimens. 
Testing  requirements,  limitations,  advantages,  and  disadvantages  of  these  various  types 
of  test  specimens  are  discussed  in  considerable  detail  in  references  2 and  3. 


0 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Flaw  depth,  a.  in.  (or  0.02S4m) 

Figure  4.  - Critical  flaw-size  curves  at  LO2  temperature  for  2219-T87  aluminum 
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For  predicting  critical  flaw  si.-es  in  aerospace  pressure  vessels,  the  surface-flawed 

specimen  has  probably  been  the  most  widely  used.  However,  the  fatigue-cracked  bend 

specimen  has  the  distinct  advantage  of  being  the  only  test  specimen  for  which  a 1 

detailed  proposed  recommended  practice  has  been  published  by  the  American  Society 

for  Testing  Materials  (ref.  9). 

f 

In  thin-gaged  materials  with  moderatc-to-high  toughness,  as  well  as  all  other  situations  * 

where  the  fracture  stress  levels  exceed  the  yield  strength,  it  is  necessary  to  obtain 
critical  flaw-size  data  empirically.  This  was  generally  accomplished  by  testing  a series  of 
surface-flawed  specimens  with  thickness  equal  to  the  pressure-vessel  wall  thickness  and  i 

having  various  initial  flaw  sizes.  Examples  of  such  specimen  tests  are  included  in 
references  10  and  1 1.  Also,  an  example  of  such^-test  data  is  shown  in  figure  6.  These 
data  were  obtained  from  reference  12. 

2.2  initial  Flaw  Size 

To  prevent  failure,  either  the  actual  initial  flaw  sizes  or  the  maximum  possible  initial 

flaw  sizes  ’ initial  stress-intensity  factors)  of  pressure  vessels  must  be  known,  i 

Nondestruc  c inspection  is  the  only  means  of  determining  actual  initial  flaw  sizes.  A 

successful  proof  test  can  provide  a measure  of  the  maximum  possible  initial-to-critical 

stress-intensity  ratio,  and  in  turn  allows  the  maximum  possible  initial  flaw  size  to  be  i 

estimated.  • , 

i 

2.2.1  Nondestructive  Inspection  j 

The  more  common  inspection  techniques  for  inspection  of  aerospace  pressure  vessels 
are  radiographic,  ultrasonic,  penetrant,  and  magnetic  particle.  Other  techniques 
investigated  for  potential  production  usage  include  eddy  current  and  infrared  (ref.  1 3).  i 

Several  studies  have  been  performed  during  the  past  several  years  to  evaluate  the  | 

capabilities  of  these  various  techniques  to  detect  the  different  types  of  flaws  found  in  i 

pressure  vessels  (refs.  13  and  14).  Results  of  these  studies,  combine  . ih  actual  | 

pressure-vessel  inspection  experience,  lead  to  the  following  general  conclusions:  j 

1 

1.  With  the  use  of  multiple  inspection  systems  (e.g..  X-ray,  ult-asound,  and 

•penetrant),  most  surface  and  internal  flaws  encountered  m pressure  vessels 
can  be,  and  generally  are,  detected.  However,  it  is  unsafe  to  assume  that  all 
potentially  dangerous  flaws  will  be  found  at  all  times  (e.g.,  tight  cracks  are 
particularly  difficult  to  detect).  | 

2.  The  lower  limits  of  inspection  detection  capability  (i.e.,  the  largest  initial  | 

flaw  sizes  which  can  escape  detection)  cannot  be  confidently  established.  « 
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Figure  6.  - Empirical  critical  flaw  size  data 
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3.  The  inspection  procedures  commonly  used  do  not  provide  the  precise 
measure  of  initial  flaw  sizes  (i.e.,  length  and  depth)  necessary  for  use  in  a 
fracture  mechanics  analysis. 

4.  Regardless  of  the  limitations  of  the  techniques,  there  is  no  practical 
alternative  but  to  rely  on  nondestructive  inspection  to  prevent  proof-test 
failures  of  most  high-strength  pressure  vessels. 


2.2.2  Proof  Test 

For  many  years,  it  was  normal  practice  to  perform  proof-pressure  tests  on  pressure 
vessels;  these  tests,  in  effect,  have  served  at  least  as  one  of  the  final  inspections  prior  to 
service  usage  of  the  vessels.  However,  prior  to  about  1 960,  very  little  was  understood 
regarding  the  determination  of  proof-test  factors  and  proof-test  procedures  to 
minimize  potential  damaging  effects  of  the  test,  yet  ensure  adequate  subsequent  service 
performance.  During  the  past  ten  years,  it  has  become  apparent  from  the  results  of 
fracture  mechanics  studies  and  aerospace  pressure-vessel  experience  that  a properly 
designed  and  successfully  executed  proof-pressure  test  is  probably  the  most  reliable 
nondestructive  inspection  technique  available  for  insuring  that  there  are  no  initial  flaws 
of  sufficient  size  to  cause  failure  under  operating  conditions. 

It  was  originally  pointed  out  in  reference  15  and  illustrated  in  figure  2 of  this 
document,  that  a successful  proof  test  to  a pressure  of  a times ' " ■=?  maximum  operating 
pressure  indicates  that  the  maximum  possible  Kij/Kjc  at  . ^ maximum  operating 
pressure  is  equal  to  1/a  and  that  this  value  could  be  used  with  subcritical  flaw-growth 
data  to  estimate  the  minimum  life  of  the  pressure  vessel.  Additionally,  it  is  generally 
true  that  the  validity  of  the  minimum  life  predictions  do  not  depend  upon  accurate 
values  of  either  the  actual  applied  stress  levels  or  the  fracture  toughness  (Kje),  both  of 
wliich  vary  tluoughout  a given  vessel.  However,  it  should  be  noted  that  to  estimate  the 
maximum  possible  initial  flaw  sizes  in  any  specific  area  of  the  vessel,  it  is  nccessar>'  to 
know  the  accurate  applied  stress  levels  and  the  Kiq  values. 

From  the  standpoint  of  initial  design,  the  minimum  required  proof-test  factor  for  a 
pressure  vessel  is  a = 1 4-  allowable  Kij/K|g.  The  allowable  value  of  Kij/Kjc  depends  on 
the  required  service  life  of  the  vessel  and  the  subcritical  flaw-growth  characteristics  of 
the  vessel  materials  and,  ideally,  should  be  a statistically  meaningful  value  obtained 
from  laboratory  test  data. 

Since  the  introduction  of  the  proof-test  concept,  based  on  fracture  mechanics,  concern 
has  been  expressed  about  possible  damaging  effects  of  the  proof  test;  there  has  been 
speculation  that  the  test  could  cause  the  operational  failure  of  a vessel  that  might  have 
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performed  satisfactorily  had  a proof  test  not  been  performed.  Subcritical  flaw  growth 
can,  and  often  does,  occur  in  relatively  inert  environments.  Therefore,  it  is  likely  that 
during  the  time  required  to  perform  a proof  test,  initial  flaws  or  defects  in  the  vessel 
that  are  evident  can  increase  in  size  or  possibly  flaws  which  were  not  evident  could  be 
opened  up.  In  fact,  if  the  proof  test  is  not  properly  designed  (e.g.,  if  a is  < 1 
allowable  K[j/Kig,  depressurization  rates  are  too  slow,  or  the  test  is  conducted  with  an 
aggressive  test  fluid),  the  flaw  growth  occurring  during  the  test  could  be  sufficient  to 
caus>^  an  operational  failure. 

During  the  past  several  years  there  have  been  numerous  questions  about  the  value  of 
the  proof  test  with  regard  to  the  effects  of  applied  stress  levels  and  pressure-.vessel  wall 
thickness,  selection  of  the  test  temperature,  test  fluids,  pressurization  and 
depressurization  rates,  time  at  maximum  pressure,  multiple  proof-test  cycles,  tiie  need 
for  postproof  inspection,  and  the  need  to  simulate  service  loads  other  than  interr.al 
pressure.  At  present,  there  does  not  appear  to  be  unanimity  of  opinion  throughout 
industry  on  the  effects  of  these  items.  However,  based  on  the  premise  that  most 
pressure-vessel  failures  result  from  the  existence  and  growth  of  flaws,  several 
observations  and  analyses  can  and  have  been  made.  These  are  summarized  in  the 
following  paragraphs. 


2.2.2.1  Effect  of  Applied  Stress  Levels 

To  prevent  general  yielding  during  proof  testing,  pressure-vessel  membrane  stresses  are 
normally  limited  to  a value  equal  to  or  less  than  the  yield  strength  of  the  material. 
However,  in  practice,  local  stress  levels  often  exceed  the  yield  strength  as  a result  of 
design  or  manufacturing  discontinuities  and/or  residual  stresses.  Also,  in  some  cases 
(e.g.,  cryoformed  stainless  steel  vessels),  the  entire  vessel  may  be  purposely  subjected 
to  stress  levels  well  above  the  yield  strength. 

As  shown  in  figure  2,  when  the  applied  stress  approaches  and  exceeds  the  yield 
strength  of  the  material,  the  critical  flaw-size  curve  deviates  from  the  theoretical  curve 
based  on  a constant  so  that  critical  Haw  sizes  are  smaller  than  tliose  predicted  by 
linear-clastic  fracture  mechanics,  if  tlie  applied  stresses  in  a pressure  vessel  at  proof 
pressure  exceed  the  yield  strength,  and  if  tlie  vessel  passes  the  proof  test,  the  maximum 
possible  K|j/K|c  proven  by  Die  test  is  smaller  than  1/a.  The  minimum  operational  life 
of  the  vessel  then  should  exceed  the  required  life,  which  was  used  to  determine  a 
originally.  A potentially  beneficial  effect  of  high  proof-stress  levels  is  that  flaws  may 
tend  to  be  blunted  and,  as  a result,  the  subcritical  flaw  growth  during  operational  use 
of  the  vessel  could  be  retarded.  An  apparent  disadvantage  is  that  at  high  proof-stress 
levels  the  critical  flaw  sizes  may  be  very  small  compared  to  those  that  can  normally  be 
detected;  thus  the  proof-test  tailure  rate  may  be  quite  high. 
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2222  Effect  of  Wait  Thickness 

It  has  been  shown  by  analysis  that  regardless  of  the  pressure-vessel  wall  thickness,  the 
required  minimum  proof-test  factor  a is  1 allowable  Kji/Kic.  However,  the  value  of 
the  proof  test  in  providing  assurance  against  service  failure  changes  with  decreasing  wall 
thickness  and/or  increasing  fracture  toughness,  the  same  as  occurs  with  the 
predicted  pressure-vessel  failure  mode.  This  is  discussed  in  more  detail  in  reference  16 
and  illustrated  in  figure  7. 


2. 2 .2 .3  Effect  of  Proof -Test  Temperature 

If  the  proof  test  is  performed  at  a different  temperature  than  service  operating 
temperature,  the  required  minimum  proof-test  factor  a is  as  follows: 

^ 1 

Allowable  Kjj/Kjj,  at  operating  temperature 

Kjg  at  proof-test  temperature 

^ — -,i  

Kjg  at  operating  temperature 

The  advantages  of  testing  at  a temperature  where  the  value  of  Kjc  is  lower  than  it  is  at  i 

the  operational  temperature  are  as  follows:  ( 1 ) a lower  proof-test  factor  can  be  used  to 

guarantee  the  same  operational  life  as  guaranteed  by  the  corresponding  higher 

proof-test  factor  at  the  operational  temperature,  and  (2)  a larger  operational  life  can  be 

assured  by  using  the  same  proof-test  factor  as  the  one  at  operational  temperature.  The 

disadvantage  is  the  need  to  know  accurately  how  K|c  varies  with  temperature  fur  all  of 

the  materials  in  the  vessel  as  well  as  the  statistical  variation  in  Kj^  for  each  material. 

Also  possible  increased  risk  of  proof-test  failures  is  associated  with  the  second  case.  i 

! 

I 

! 

2.2.2.4  Effect  of  Test  Fluids  | 

t 

During  the  late  19S0’s  it  became  apparent  that  the  test  fluid  was  often  a major  factor 
contributing  to  the  many  proof-test  failures  that  were  being  experienced.  At  that  time  | 

considerable  emphasis  was  placed  on  the  use  of  high-strength  steel  all^^ys  in  | 

solid-prop6llant  motor  cases,  and  it  was  common  practice  to  perform  the  proof  test 
using  water  as  the  test  fluid.  One  of  the  first  systematic  studies  on  the  detrimental 
effects  of  water  on  high-strength  steel  motor  cases  was  performed  by  Shank  et  al.  (ref. 

1 7).  In  this  study  it  was  shown  that  by  the  mechanism  of  hydrogen  cracking,  the  water 
was  promoting  slow  flaw  growth  that  eventually  resulted  in  failure  of  the  motor  cases.  f 

With,  the  use  of  oil  as  the  proof-test  fluid,  the  problem  was  overcome.  Similar  results  1 

were  obtained  by  resea.'chcrs  in  other  studies.  i 
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Figure  7.  - The  effect  of  wall  thickness  on  value  of  proof  test 


As  tlie  heat  treat  strength  levels  of  steel  alloys  are  reduced,  they  seem  to  become  less 
and  less  susceptible  to  water-induced  flaw  growth  fe.g.,  water  is  often  used  as  a 
proof-test  fluid  for  steel  alloys  having  a yield  strength  below  about  180  to  200  ksi 
(1  ksi  = 6.895  MN/m*)].  Corrosion  inhibitors,  such  as  sodium  dichromatc,  are  often 
used  in  the  water;  distilled  water  is  sometimes  used;  and  some  pressure-vessel 
fabricators  use  demineralized  water.  While  these  measures  may  be  quite  effective  in 
inhibiting  general  pitting  corrosion,  there  appears  to  be  little  or  no  evidence  that  they 
will  inhibit  flaw  growth  under  sustained  stress  if  a flaw  is  present. 

The  selection  of  the  proper  proof-test  fluid  is  an  important  consideration  for  all  alloys. 
With  precracked  tensile  specimens  tested  under  sustained  stress  in  the  intended  test 
fluid,  it  is  possible  to  obtain  a measure  of  the  adequacy  of  the  fluid  fci  use  in  the  proof 
test.  (See  sections  2.3  and  4.) 

2.2.2.5  Effect  of  Test  Duration  and  Pressurization/Oepressurization  Rate 

If  the  vessel  is  pressurized  slowly,  or  if  the  proof  pressure  is  sustained  for  a long  period 
of  time,  the  probability  of  a proof-test  failure  is  increased  because  of  possible  slow  flaw 
growth.  However,  after  a successful  test  it  can  still  be  said  that  the  maximum  possible 
Kli/Kic  at  the  operating  pressure  is  equal  to  1/a.  On  the  other  hand,  if  the  vessel  is 
depressurized  slowly  so  that  the  flaw  that  was  just  smaller  than  the  critical  size  at  the 
proof-stress  level  continues  to  grow,  the  maximum  possible  Kij/K|(,  after  the  test  will 
be  greater  than  1/a.  In  fact,  it  appears  that  if  the  rate  of  increase  in  stress  intensity 
caused  by  flaw  growth  is  greater  than  the  rate  of  decrease  in  stress  intensity  caused  by 
reduction  in  stress,  the  vessel  could  even  fail  during  depressurization. 

The  amount  of  flaw  growth  that  will  occur  during  depressurization  depends  upon  the 
actual  Kij/Kjc  ratio  (or  initial  flaw  size)  at  the  start  of  depressurization,  the 
depressurization  rate,  and  the  flaw-growth  characteristics  of  the  vessel  materials  under 
sustained  stress  in  the  proof-test  fluid.  If  it  is  assumed  that  the  Kij/Kjg  ratio 
approaches  unity  (i.e.,  the  vessel  is  just  about  to  fail)  at  the  start  of  depressurization, 
and  if  sustained-stress  flaw  growth-rate  data  for  the  material  in  the  test  fluid  are 
available,  it  is  possible  to  determine  the  maximum  possible  Kij/Kjg  at  the  start  of  the 
vessel's  operational  life  as  a function  of  depressurization  time.  This  has  been  done  for 
some  specific  material  and  test  fluid  combinations  in  reference  7. 

2.2.2.6  Effect  of  Multiple  Proof  Tests 

In  general,  it  appears  that  very  little  can  be  gained  by  performing  multiple-cycle  proof 
tests.  Even  after  the  last  cycle,  all  that  can  be  said  is  that  the  maximum  possible 
Kii/K|q  = 1/a,  and  that  the  cycles  performed  after  the  first  cycle  could  have  done  some 
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needless  damage  to  the  vessel  because  of  cyclic  flaw  growth.  However,  special 
circumstances  occasionally  dictate  the  need^  or  make  it  desirable,  to  conduct  more 
than  one  proof  test.  The  majority  of  the  vessels  used  in  the  Apollo  program  use  a 
single-cycle  proof  test. 


2211  Need  for  Postproof-Tes£  inspectldn 

Current  practice  in  industry  regarding  inspection  after  proof  testing  is  divided,  and 
there  have  been  arguments  made  both  for  and  against  this  inspection.  There  is  general 
agreement  that  postproof-test  nondestructive  inspection  can  in  some  cases  de.tect  flaws 
which  were  previously  missed  (perhaps  because  the  flaws  were  too  tight)  and  detect 
flaw  enlargement  that  may  have  occurred  as  a result  of  the  proof  test.  Also,  inspection 
after  proof  test  can  potentially  point  to  areas  of  the  vessel  requiring  process  or  design 
improvement.  Considering  this  to  be  the  case,  the  postproof  inspection  of  at  least  the 
initial  vessels  fabricated  from  a new  design  appears  desirable. 

However,  the  discovery  of  flaws  following  a proof  test  can  create  a dilemma  concerning 
the  action  required.  If  the  flaws  are  repaired,  another  proof-test  and  postproof-test 
inspection  are  generally  required.  This  cycle  could  conceivably  be  repeated  several 
times  before  the  vessel  is  (or  appears  to  be)  free  of  flaws.  Furthermore,  it  is  argued 
(and  many  times  correctly  so)  that  the  multiple  repairs  can  be  more  detrimental  than 
the  original  flaws. 

From  the  standpoint  of  fracture  mechanics,  there  seems  to  be  no  particular  need  for 
postproof-test  inspection  if  the  proof  test  is  properly  designed  and  successfully 
executed.  Any  flaws  that  may  be  present  after  the  test  should  not  be  of  sufficient  size 
to  cause  operational  failure  of  the  pressure  vessel. 

Based  on  pressure-vessel  experience,  there  appears  to  be  no  strong  arguments  either  for 
or  against  postproof-test  inspection.  Because  the  inspection  in  itself  is  not  harmful, 
there  is  no  reason  to  say  that  it  should  not  be  performed.  However,  it  does  appear  that 
caution  should  be  exercised  to  avoid  over  repair  and  reproof. 

2.2.2.S  Need  for  Combined  Load  Proof  Tests 

In  most  proof  tests  of  pressure  vessels,  internal  pressure  is  the  only  applied  load. 
However,  in  some  cases,  vessels  are  critical  for  internal  pressure  combined  with  flight 
loads,  and  it  is  not  possible  to  represent  the  operational  stress  levels  in  the  vessel  by 
internal  pressure  alone.  In  such  cases,  it  generally  appears  desirable  to  include 
provisions  in  the  test  setup  to  apply  representative  flight  loads  combined  with 
intcrrsal  pressure.  This  has  been  done  for  some  aerospace  pressure  vessels. 


2.3  Subcriticai  Flaw  Growth 


Subcritical  flaw  growth  can  occur  as  a result  of  cyclic  loading,  sustained-stress  loading, 
and  combined  sustained-stress  and  c>clic  loading.  When  the  sustained-stress  flaw 
growth  is  environmentally  induced,  it  is  often  termed  stress  corrosion;  combined  cyclic 
and  sustained-stress  growth  is  called  corrosion  faHgue  when  environmentally  induced. 
Because  of  the  potentially  high  rates  of  flaw  growth,  the  problems  of  sustained-stress 
and  combined  cyclic  and  sustained-stress  Haw  growth  are  particularly  important  in  the 
design  of  aerospace  pressure  vessels. 

Data  from  fracture  specimen  tests  can  be  used  in  a fracture  mechanics  analysis  to 
predict  the  number  of  cycles  or  the  time  the  vessel  must  be  under  sustained  pressure 
for  an  initial  flaw  to  grow  to  critical  size.  It  has  been  shown  (refs.  19  to  23)  that  for  a 
given  environment  and  cyclic  loading  profile,  the  time  or  cycles  to  failure  depends 
primarily  upon  the  magnitude  of  the  initial  stress  intensity,  Kij.  as  compared  to  the 
critical  stress  intensity,  Kjg  [i.e.,  cycles  or  time  to  failure  = f(K|j/Kjc)l.  This  is 
particularly  significant,  because,  as  pointed  out  in  the  previous  section,  the  proof  test 
provides  a measure  of  the  maximum  possible  Kij/Ki^  in  the  vessel. 

During  the  past  several  years,  cyclic  and  sustained-stress  flaw-growth  data  have  been 
obtained  for  a large  number  of  different  pressure  vessel  materials  in  a wide  variety  of 
environments.  Although  there  are  several  methods  of  graphically  presenting  such  data, 
probably  the  simplest  and  most  useful  are  plots  of  Kij/Kjc  versus  cycles  ^o  failure  and 
Kii/Kic  versus  time  to  failure.  Figure  8 shows  typical  Kjj/Kic  versus  cycle  data  for 


1 10  100  1000  10000 


Cycles  to  fracture 

Figure  8.  - Cyclic  flaw-growth  data  for  heat-treated  6AI-4V  titanium. 
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6A1-4V  titanium  at  room  temperature.  Both  the  best-fit  curve  and  the  96-percent 
probability  and  99-percent  confidence-level  curve  are  shown.  Figure  9 shows  Kjj/Kic 
versus  time  data  for  6A1-4V  titanium  in  two  different  liquid . environments. 
Experimental  procedures  used  to  obtain  such  cyclic  and  sustained-stress  flaw-growth 
data  are  described  in  several  references  including  references  1 8 to  23. 

Several  different  types  of  test  specimens  have  been  used  to  obtain  subcritical 
flaw-growth  data.  These  include  round  notched  bars,  surface-flawed  specimens, 
center-cracked  panels,  single-edge  notched  specimens,  crack-line  loaded  specimens,  and 
notched-bend  specimens.  Of  major  interest  to  the  pressure-vessel  designer  is  the  growth 
of  flaws  under  plane-strain  conditions.  Specimens  containing  through-cracks  must  be 
relatively  thick,  for  most  materials,  to  develop  plane-strain  conditions  at  the  tip  of  the 
crack.  This  requirement  has  restricted  the  use  of  such  specimens  for  the  thin-walled 
pressure-vessel  life  prediction  problem.  On  the  other  hand,  such  specimens  have  the 
advantage  of  permitting  the  observation  and  measurement  of  crack  growth  during  the 
course  of  the  test.  Acquisition  of  these  data  has  not  been  limited  to  any  one  type  of 
specimen;  however,  the  majority  of  the  data  on  aerospace  pressure  vessel  materials  has 
been  obtained  with  the  surface-flawed  specimen. 

2.3.1  Sustained-Stress  Flaw  Growth 


The  most  important  characteristic  observed  in  all  sustained-stress  flaw-growth 
experiments  performed  to  date  is  the  existence  of  a threshold  stress-intensity  level  for  a 
given  material  in  a given  environment.  The  observation  has  been  that  below  a given 


Figure  9.  - Sustained-load  flaw-growth  data. 
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value  of  stress  intensity,  or  K|j/K^^,  ratio,  flaw  growth  has  not  been  detected;  above 
this  value,  growth  does  occur  and  can  result  in  fracture.  This  stress  intensity  has  been 
designated  as  Kjjj  and  is  shown  in  figure  9. 

The  discovery  of  a unique  Kjpj  for  a given  material  and  environment  is  the  key  to  the 
design  of  safe  pressure  vessels  subjected  to  sustained  loading.  While  Kjj.|  can  be  80 
percent  of  or  higher,  in  relatively  inert  environments,  hostile  media  can  reduce  its 
value  to  less  than  one-half  of  Kj^.  (fig.  9).  In  general,  it  has  been  found  that  values 
decrease  with  increasing  yield  strength  in  steel  alloys  (refs.  24  and  25)  Also,  there  is 
considerable  evidence  indicating  that  sustained-load  flaw  growth  is  most  severe  under 
conditions  of  plane  strain  (ref.  26).  Reference  27  shows  that  values,  determined 
from  tests  of  through-thc-t hickness  cracked  specimens,  increase  with  decrease  in 
specimen  thickness. 

Studies  of  flaw  growth  and  stress  intensity  for  materials  in  aggressive  environments 
(refs.  25  to  31)  indicate  an  ever  increasing  flaw-growth  rate  with  increasing  stress 
intensity;  however,  as  shown  in  reference  7,  the  growth  rate  may  be  relatively  constant 
over  an  appreciable  range  of  stress  intensities.  In  tests  for  K-p|^,  wide  scatter  is  often 
encountered  in  the  data.  Also  encountered  are  abnormally  short  times  to  failure  and 
very  marked  dependence  on  environmental  characteristics  (media  and  temperature). 
Even  minor  changes  in  the  chemical  composition  of  the  environment  can  significantly 
affect  the  Kj-jj  value  (refs.  21  and  22). 

In  chemically  inert  environments,  the  crack  growth  rate  initially  decreases  with 
increasing  stress  intensity.  If  the  initial-stress  intensity  is  sufficiently  low,  the  crack 
may  halt.  At  higher  stress  intensities,  the  crack  growth  rate  passes  through  a minimum 
value  and  then  increases  steadily  until  the  crack  becomes  unstable.  This  flaw-growth 
behavior  is  reported  by  Johnson  (ref.  24)  for  AM  350  steel  in  a purified  argon 
environment. 

This  behavior  is  also  noted  in  reference  20,  where  two  threshold  stress  intensities  were 
defined  ^or  5 Al-2.5  Sn  (ELI)  titanium  and  2219-T87  aluminum  in  the  environments 
of  room  air,  liquid  nitrogen,  and  liquid  hydrogen.  One  threshold  stress  intensity  was 
defined  as  that  value  above  which  flaw  growth  to  failure  could  be  expected,  and  the 
other  as-  the  value  below  which  t’’ere  is  no  flaw  growth.  In  between  these  two 
threshold  stress  intensities,  small  amounts  of  flaw  growth  can  occur;  however,  the 
growth  apparently  arrests  after  a short  time  at  load. 

From  these  remarks,  it  is  apparent  that  the  service  conditions  must  be  carefully 
simulated  when  developing  K'pji  data  for  pressure  vessel  design.  Some  examples  of 
experimentally  determined  K ratios  are  shown  in  table  I. 
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TABLE  I.  - TYPICAL  THRESHOLD  STRESS-INTENSITY  DATA  FOR 
VARIOUS  MATERI AL/EN VI RONM F,NX COMRINATIQNS  _ 


Material 

Temp., 
Op  a 

ksi  0 

Fluid 

environment 

^TH 

Kic 

Ref. 

6A1-4V  (STA) 

RTC 

160 

Methanol 

0.24 

21 

titanium  torging 

RT 

160 

Freon  M.F. 

0.58 

21 

RT 

160 

N204(.30%NO) 

0.74 

22 

RT 

160 

N2O4  (.60  % NO) 

0.83 

22 

RT 

1 

160 

HaO^  sodium 
chromate 

0.82 

21 

RT 

160 

H2O 

0.86 

21 

RT 

160 

Helium,  air, 
orGOX 

0.90  ■ 

21 

RT 

160 

Aerozine  50 

0.82 

21 

90 

160 

N2O4  (.30  % NO) 

0.71 

22 

90 

160 

N204(.60%NO) 

0.75 

22 

105 

160 

Monomethyl- 

hydrazine 

0.75 

21 

110 

160 

Aerozine  50 

0.75 

21 

6A1-4V  titanium 

RT 

126 

Methanol 

0.28 

21 

weldments  (heat- 

RT 

126 

Freon  M.F. 

0.40 

21 

affected  zones) 

RT 

126 

H2O 

0.83 

21 

RT 

126 

H2O  H-  sodium 
chromate 

0.82 

21 

5 A 1-25  Sn  (ELI) 
titanium  plate 

-320 

180 

LN2  (0<  pro- 
portional 
limit) 

>0.90 

20 

-320 

180 

LN2  (0>  pro- 
portional 
limit) 

0.82 

20 

-423 

210 

LH2 

>0.90 

20 

22 19-187  aluminum 

RT 

58 

Air 

0.90  (I 

20 

plate 

-320 

66 

LN2 

0.82  ^ 

20 

-423 

72 

LH2 

>0.85  “ 

20 

4330  steel 

RT 

205 

Water 

0.24 

24 

4340  steel 

RT 

>200 

Sait  water 

<0.20 

32 

GTA  welds: 

18Ni  (200) 
steel 

RT 

200 

Salt  water 
spray 

>0.70 

•33 

18Ni  (250) 
steel 

RT 

235 

Salt  water 
spray 

>0.70 

33 

12Ni-5Cr- 
3 Mo  Steel' 

RT 

170 

Salt  water 
spray 

>0.70 

33 

9Ni-4Co- 
2.5C  steel 

RT 

170 

Salt  water 
spray 

>0.70 

33 

Inconel  7 3 

RT 

165 

Gaseous 
hydrogen  at 
5000  psig 

<0.25 

34 

® °K  (5/9){'’r  + 459,67). 
1 ksi  = 6.895  MN/m®. 


® Room  temperature. 

No  failure  Kfn,  some  prowtli  observed  at  lower  values  (ref.  10). 
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Probably  the  most  convincing  evidence  that  the  stress-intensity  factor,  K,  is  the 
controlling  mechanical  parameter  in  sustained-stress  flaw  growth  are  the  strong 
corrclf  Hons  obtained  between  various  types  of  fracture  test  specimens  and  between 
test  specimens  and  actual  pressure  vessels. 


Beachem  and  Brown  (ref.  35)  explored  this  consistency  using  three  different  test 
specimen  types: 

1.  The  center-cracked  plate. 

2.  The  urface-flawed  plate. 

3.  The  precrackeci  cantilever  beam. 


Using  4340  steel  in  a dilute  NaCl  solution,  the  same  Kjjj  value  was  obtained  for  all 
three  types  of  test  specimens.  The  work  of  Smith,  Piper,  and  Downey  (ref.  28) 
provides  additional  evidence.  They  used  center-cracked  specimens  to  determine  the 
threshold  stress  intensity  for  crack  initiation  with  end  loading,  and  crack  arrest  with 
wedge-force  loading.  For  Ti-8Al-IMo-l  V alloy  in  3|  percent  salt  solution,  the 
threshold  stress  intensity  for  crack  initiation  was  20  to  25  ksi>/Tm 
(1  ksiVui*  **  1.099^^>/m)  and  for  crack  arrest  20  to  22  ksi^/ItT.  For  end-loaded 
test  specimens  under  constant  load,  both  the  stress-intensity  factor  and  net  section 
stress  increase  with  increasing  crack  length;  with  wedge-force  loading,  the  net  section 
stresses  increase  whereas  the  stress  intensity  decreases  with  increasing  crack  length.  The 
excellent  agreement  between  initiation  and  arrest  values  of  Kjj^  clearly  shows  that  it  is 
the  stress-intensity  parameter  and  not  net  section  stress  that  is  the  controlling 
parameter  in  sustained-stress  crack  growth.  Correlations  between  sustained-stress  flaw 
growth  in  surface-flawed  fracture  test  specimens  and  pressure  vessels  subjected  to 
sustained  pressurization  are  shown  in  references  10,  20,  and  34. 


In  addition  to  comparisons  of  laboratory  test  specimen  data  to  pressure-vessel  data, 
there  have  been  several  instances  where  data  from  sustained-stress  fracture-test 
specimens  and  fracture-mechanics  analyses  have  been  used  to  describe  conditions 
leading  up  to  service  failures  and  to  arrive  at  corrective  actions.  Examples  of  "crvice 
failure  analyses  include:  a 4330-steel  hydraulic  actuator  that  failed  in  s v^iter 
en/ironnient  as  shown  in  references  2 and  32;  titanium  pressure-vessel  failures  in  ai. 
N2O4  propellant  environment  shown  in  reference  36;  and  titanium  pressure-vessel 
failures  in  a methanol  environment  shown  in  reference  21. 
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2.3.2  Combined  Cyclic  and  Sustained-Sir-ess  Flaw  Growth 


The  use  of  Kjj/K|^  versus  cycle  data  to  predict  the  life  of  thick-walled  pressure  vessels 
was  first  reported  in  the  literature  in  reference  IS.  It  indicated  that  if  the  maximum 
possible  Kjj/Kjg  m the  vessel  were  known  (i.e.,  from  a successful  proof  test),  the 
ordinate  of  a Kjj/Kjg  versus  cycles  plot,  such  as  that  shown  in  figure  8,  could  be 
entered  at  the  appropriate  value  of  Kjj/Kj^  and  the  predicted  minimum  number  of 
cycles  to  fracture  read  from  the  abscissa.  Experimental  substantiation  of  this  approach, 
based  on  tests  of  actual  preflawed  pressure  vessels,  was  subsequently  presented  in 
references  10,  18,  and  19.  However,  this  approach  was  based  on  the  assutnption  that 
the  pressure  vessel  was  cycled  at  a speed  comparable  to  that  used  in  generating  the  test 
specimen  data  or  that  cyclic  speed  was  not  important.  In  reference  2,  it  was 
hypothesized  that  for  values  of  initial-stress  intensity  (Kji)  below  the  sustained-stress, 
threshold-stress  intensity  value  (Kjji),  cyclic  speed  (or  hold  time  at  maximum  load) 
probably  would  not  affect  the  cyclic  growth  rate  of  flaws;  but  for  values  of  Kjj  above 
Kth»  it  cou.d  have  a significant  effect.  In  other  words,  the  minimum  cyclic  life  was 
limited  by  the  number  of  cycles  required  to  increase  the  value  of  Ku  to  the  Kjjj  value, 
and  above  the  Kjpj  level,  failure  could  occur  in  one  additional  cycle  if  the  hold  time 
was  sufficiently  long.  On  a curve  of  K^i/KI^.  versus  log  cycles  to  fracture,  this  cyclic  life 
is  represented  by  the  difference  between  the  number  of  cycles  at  the  ordinates  of 
Kii/Kic  and  KTH/KI^;. 


To  date  there  are  limited  experimental  data  to  substantiate  this  hypothesis.  These  data 
were  developed  for  2219-T87  aluminum  and  5Al-2.5Sn(ELI)  titanium  in  the  relatively 
inert  environment  of  liquid  nitrogen  and  are  shown  in  reference  20.  When  materials  are 
subjected  to  more  aggressive  environments  (i.e.,  those  resulting  in  low  values) 

there  is  considerable  doubt  regarding  the  general  validity  of  the  hypothesis.  There  are 
some  data  on  8AI-IM0-IV  titanium  in  a salt-water  environment  that  indicate  cyclic 
frequency  has  no  signilicant  effect  on  flaw-growth  rate  at  stress-intensity  levels  below 
Kth-  These  data  are  shown  in  reference  37.  On  the  other  hand,  recent  investigations 
by  Barsom  (ref.  38)  and  Wei  (ref.  37)  have  shown  that  for  some  material-environment 
combinations,  both  the  environment  and  the  cyclic  frequency  can  affect  the 
flaw-growth  rates  at  values  of  stress-intensity  below  For  example,  Barsom  has 
shown  that,  for  1 2Ni  steel  In  a salt  water  environment,  cyclic  growth  rates  of  Haws  are 
higher  than  in  a dry  environment  and  progressively  increase  with  decreasing  cyclic 
frequency  (i.e.,  from  10  Hz  to  0. 1 Hz)  at  stress-intensity  (K„jj,x)  levels  less  than  Kjjr. 
A complete  explanation  of  this  type  <(f  behavior  has  not  been  obtained;  however,  it  is 
apparent  that  additional  research  on  environmentally  enhanced  fatigue  growth  (i.e., 
corrosion  fatigue)  is  required. 
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If  it  is  necessary  to  use  materials  having  low-threshold,  stress-intensity  values  (less  than 
70-  to  80-percent  K|,.)  in  the  expected  operating  environment,  it  appears  that  the 
effect  of  environment  and  cyclic  frequency  on  cyclic  growth  rates  of  flaws  should  be 
determined  and  the  appropriate  rates  used  to  estimaie  Uu  life  of  the  pressure  vessel.  As 
previously  mentioned,  the  minimum  allowable  cyclic  life  is  limited  to  the  number  of 
cycles  required  to  increase  the  value  of  the  initial  stress  intensity  Kjj  to  the  Kjh  value. 

The  technique  for  using  data  on  versus  cycles  to  fracture  to  estimate 

pressure-vessel  life  also  depends  on  pressure-vessel  wall  thickness.  For  thick-walled 
vessels,  the  Kjj/Kiq  curves  can  be  used  directly,  as  previously  indicated.  For  thin-walled 
vessels,  the  task  is  somewhat  more  complicated.  When  the  depth  of  a surface  flaw 
becomes  large  with  respect  to  the  wall  thickness  of  the  vessel,  the  stress  intensity  is 
higher  than  that  predicted  by  the  original  Irwin  surface-flaw  equation  (ref.  4),  and  as  a 
resul  , the  subcritical  flaw-growth  rates  will  be  higher  and  the  total  vessel  life  shorter 
than  that  obtained  from  K[j/Kic  curves  of  the  type  shown  in  figure  8.  (It  should  be 
noted  that  shallow  surface-flaw  test  specimens  were  used  in  generating  the  basic 
Kii/Kic  data.)  The  increase  in  stress  inter"ity  for  long  surface  flaws  and  for 
semicircular  surface  flaws,  which  become  deep  with  respect  to  the  vessel’s  wall 
thickness,  has  been  approximated  by  Kobayashi  and  Smith,  respectively  (Sec.  2.1).  As 
indicated  in  reference  8 and  shown  in  the  example  in  Appendix  B,  for  thin-walled 
vessels,  it  is  necessary  to  use  flaw  growth-rate  data  and  to  account  for  the 
stress-intensity  magnification  of  deep  flaws  when  making  estimates  of  vessel  life. 
Curves  of  flaw-growth  rate  can  be  obtained  by  differentiating  the  curves  of  Kfi/KjQ 
versus  cycle.  For  a given  vessel  design,  the  flaw  growth-rate  curves  can  then  be 
arithmetically  integrated  using  the  Kobayashi  approximation  to  account  for  the 
increase  in  stress  intensity  as  the  flaw  approaches  the  free  surface  of  the  pressure-vessel 
wall.  A relatively  simple  procedure  is  shown  in  reference  8.  Like  thick-walled  vessels 
subjected  to  long  hold  times  at  maximum  pressure,  the  cyclic  life  of  thin-walled  vessels 
is  the  number  of  cycles  required  to  increase  the  stress  intensity  from  some  known  or 
maximum  possible  initial  value  to  the  threshold  value  for  sustained  stress  flaw  growth. 

In  tire  analysis  of  thin-walled  vessels,  if  it  is  found  that  the  flaw  gets  very  deep  (i.e., 
approximately  one  plastic  zone  size  from  the  back  surface  of  the  vessel  wall)  prior  to 
attaining  the  threshold-stress  intensity,  it  appears  wise  to  experimentally  determine 
cyclic  flaw-growth  rates  with  preflawed  test  specimens  having  the  same  thickness  as  the 
actual  vessel  wall.  The  plane-strain  plastic  zone  size  can  be  approximated  by 
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Recent  studies  (ref.  39)  have  shown  that  in  this  situation  the  flaw-growth  rates  at  a 
given  stress-intensity  ievei  may  be  higher  than  those  predicted  from  the  results  of 
shallow-flaw,  thick-specimen  test  data. 

The  design  objective  is  to  assure  that  the  minimum  acceptable  pressure-vessel  life  will 
be  attained,  rather  than  to  estimate  life  per  se.  This  can  be  accomplished  from  an 
accurate  prediction  of  the  service  life  by  using  laboratory  cyclic  and  sustained-stress 
flaw-growth  data  to  establish  allowable  K[{/Kic  ratios,  and  by  determining  from  these 
ratios  the  required  proof-test  factors  and  maximum  permissible  initial  flaw  sizes. 


3.  CRITERIA 

Metallic  pressure  vessels  for  space  vehicles  shall  be  /iesigned  to  avoid  service  failure 
caused  by  flaws  and  to  ensure  that  the  probability  of  catastrophic  failure  resulting 
from  flaws  during  proof  tests  is  remote.  The  pressures,  temperatures,  environments, 
and  stresses  from  sources  other  than  internal  pressure  to  which  the  pressure  vessels  will 
be  exposed  shall  be  accounted  for.  The  materials  selected  for  pressure  vessels  shall 
possess  appropriate  fracture-  and  flaw-growth  characteristics;  and,  all  material 
properties  or  characteristics  used  in  design  and  analysis  shall  be  taken  from  reliable 
sources  of  data  or  adequately  substantiated  by  tests.  Critical  flaw  sizes  for  stress  levels 
of  interest  shall  be  determined  by  analysis  or  te.;t  as  appropriate.  Where  possible,  the 
maximum  size  of  initial  flaws  permitted  in  pressure  vessels  shall  be  sufficient  to  have  a 
high  probability  of  detection  by  nondestructive  inspection  but  not  sufficient  to  attain 
' the  critical  flaw  size  during  the  pressure  vessel’s  service  life.  In  addition,  the  permissible 
initial  flaw  size  shall  be  less  than  the  critical  flaw  size  at  the  proof-pressure  stress  level. 
The  initial  stress-intensity  ratio  permitted  in  pressure  vessels  shall  be  selected  to  ensure 
that  the  critical  stress-intensity  ratio  is  not  attained  during  the  design  life  of  the  vessel. 
Each  pressure  vessel  shall  be  proof  tested.  The  proof-pressure  level  shall  be  selected  to 
demonstrate  that  the  pressure  vessel  is  free  of  flaws  larger  than  the  permissible  initial 
flaw  size  or  that  the  actual  initial  stress-intensity  ratio  is  less  than  the  permissible  initial 
sti ess-intensity  ratio.  Account  shall  be  taken  of  differences  between  the  proof  test  and 
service  temperatures,  and  of  the  time  required  to  pressurize  and  depressurize  the  vessel 
during  the  proof  test. 


3.1  Design  Conditions 

The  maximum  operating  pressure  shall  be  determined  for  each  pressure  vessel,  and  the 
probability  of  exceeding  this  pressure  during  test  (except  proof  test)  and  service  usage 
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shall  be  sufficiently  low  to  be  consistent  with  the  overall  vehicle  flightworthiness 
requirements. 


The  internal  pressure-tirne-temperature  history  for  the  vessel  during  test,  storage,  and 
service  use  shall  be  determined. 

The  internal  and  external  liquid  and  gaseous  environments  to  which  the  vessel  will  be 
exposed  during  test,  storage,  and  service  use  shall  be  determined. 

Temperature  gradients  associated  with  all  critical  ground  and  flight  conditions  shall  be 
determined  and  accounted  for  in  the  design  and  test  of  each  metallic  pressure  vessel. 

Stresses  resulting  from  flight  and  ground  loads  shall  be  determined  analytically  and/or 
experimentally;  if  they  occur  simultaneously  with  and  are  additive  to  internal  pressure 
stresses,  they  shall  be  accounted  for  in  the  design  and  simulated  during  the  proof  test 
of  the  vessel. 

Local  yielding  caused  by  stresses  resulting  from  design  discontinuities  and 
manufacturing  discontinuities  shall  be  permitted  at  the  proof-test  pressure  level  if 
empirical  flaw  size  versus  stress  data  have  been  obtained  for  the  particular 
discontinuities  in  question  (e.g.,  asymmetrical  weld  lands,  mismatch,  etc.)  and  if  it  has 
been  demonstrated  that  at  the  proof-test  pressure  the  flav/  size  required  to  cause 
fracture  either  exceeds  the  local  material  thickness  or  is  of  sufficient  size  to  result  in  a 
high  probability  of  detection.  This  procedure  is  necessary  to  minimize  the  probability 
of  proof-test  failure.  General  yielding  shall  not  be  permitted  at  the  proof-pressure  level 
unless  the  pressure  vessel  is  designed  to  accommodate  it. 


3.2  Materials 

The  fracture  and  subcritical  flaw-growth  characteristics  of  the  pressure  vessel  materials 
shall  be  determined  for  all  critical  environmental  conditions. 

Materials  with  low  sustained-stress,  threshold-stress  intensity  values  in  the  anticipated 
service  environment  shall  not  be  used  in  metallic  pressure  vessels  unless  adequate 
protection  from  the  service  environment  can  be  demonstrated  by  test. 

Material  properties  used  in  the  design  of  metallic  pressure  vessels  shall  be  the  “A” 
values  of  MIL-HDBK-S  for  unflawed  parent  metal  or  obtained  in  the  same  manner  as 
those  values. 
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Material  properties  of  weldments  and  repaired  weldments  shall  be  obtained  by  tests 
based  on  the  same  procedure  used  in  obtaining  the  “A”  values  of  MIL-HDBK-5  for 
I unflawed  parent  metal. 

i ' 

3.3  Critical  Flaw  Sizes 

When  the  proof  and  maximum-operating  stress  levels  are  less  than  the  tensile  yield 
strength  of  the  pressure-vessel  material,  the  critical  flaw  sizes  shall  be  calculated  and 
based  on  the  appropriate  stress-intensity  equations,  the  applied  stress,  and  the 
measured  plane-strain  fracture  toughness  of  the  material. 

t 

* 

> When  the  applied  stress  (proof  or  operating)  exceeds  the  tensile  yield  strength  of  the 

i material,  the  critical  flaw  sizes  shall  be  empirically  determined  using  test  specimens 

I that  contain  flaws  simulating  those  that  could  be  encountered  in  the  actual  pressure 

[ vessel.  *’ 

! 

I 3.4  Initial  Flaw  Size 

I 

I The  maximum  permissible  initial  Haw  size  in  metallic  pressure  vessels  shall  be  the 

j largest  flaw  which  cannot  attain  the  critical  flaw  size  within  the  required  life  span  of 

I the  vessel,  and  shall  be  smaller  than  the  critical  flaw  at  the  proof-stress  level. 

! Pressure-vessel  joints  having  the  permissible  radial  and/or  angular  mismatch  and 

I containing  the  maximum  permissible  initial  surface-flaw  size  on  the  high 

tension-stressed  surface  shall  be  capable  of  withstanding  the  proof  stress  without 
failure. 

) 

I 

3.5  Allowable  Stress-Intensity  Ratio 

» 

i . The  allowable  initial-to-critical  stress-intensity  ratio  for  a metallic  pressure  vessel  shall 

! be  the  largest  value  which  cannot  attain  unity  within  the  required  life  span  of  the 

vessel. 

! The  allowable  initial-to-critical  stress-intensity  ratio  shall  be  no  higher  than  the  value 

I obtained  from  an  analysis  of  the  subcritical  flaw-growth  tests  of  the  pressure-vessel 

i materials  in  the  anticipated  service  environments, 

\ . . 

I The  allowable  initial-to-critical  stress-intensity  ratio  for  metallic  pressure  vessels  subject 

i to  short-time  pressurization  shall  be  allowed  to  exceed  the  threshold-to-critical 

! stress-intensity  ratio  only  if  it  can  be  shown  by  test  that  the  allowable  ratio  cannot 

i attain  unity  during  the  operational  life  of  the  vessel. 


I 
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3.6  Proof  Test 

Each  pressure  vessel  shall  be  subjected  to  a proof  test.  The  proof-test  factor  shall  be 
equal  to,  or  greater  than,  one  divided  by  the  allowable  initial-to-critical  stress-intensity 
ratio. 

When  it  has  been  shown  by  test  that  the  pressure-ves::el  materials  exhibit  a decreasing 
fracture  resistance  with  decreasing  temperature,  the  proof  test  shall  be  conducted  at  a 
temperature  equal  to,  or  less  than,  the  lowest  expected  operating  temperature. 

The  pressurization  time  and  hold  u..ie  at  the  proof-pressure  level  shall  be  the  minimum  * 

practical,  consistent  with  possible  test-system  limitations.  Emphasis  shall  be  placed  on 
minimizing  depressurization  time.  * 

Analytical  and  experimental  verification  that  the  probable  service  failure  mode  is 
leakage  rather  than  catastrophic  fracture  shall  be  required  when  assurance  of  safer 
operational  life  cannot  be  provided  by  proof  test. 

4.  RECOMMENDED  PRACTICES 

From  the  discussion  in  Section  2 it  is  apparent  that  to  prevent  proof-test  failures,  low 
proof-stress  levels  and  materials  having  high  fracture-toughness  values  should  be  used  so 
that  the  critical  flaw  sizes  are  large  and  hopefully  .exceed  the  thickness  of  the 
pressure-vessel  wall.  In  this  case  the  worst  that  could  happen  during  proof  testing  is 
that  the  vessel  would  leak  and  require  repair.  Also,  it  is  apparent  that  to  obtain 
maximum  assurance  of  safe  operational  performance  it  would  be  preferable  to  use  large 
proof-test  factors,  low  operational-stress  levels,  and  materials  with  low  flaw-growth 
rates  under  cyclic  loads  and  high  values  of  Kjh  in  the  expected  service  environment. 

However,  the  use  of  high  proof-test  factors,  low  proof-stress  levels,  low  operating-stress 

levels,  and  materials  having  very  high  fracture-toughness  values  (often  associated  with 

low  tensile  strengths)  generally  leads  to  excessively  high  pressure-vessel  weight.  With 

the  possible  exception  of  some  first-stage  launch-vehicle  tankage,  these  vessels  are 

generally  not  cost  effective  in  terms  of  the  delivery  cost  in  dollars-per-pound  of  | 

payload  in  orbit.  | 

Tradeoffs  can  and  should  be  made  to  arrive  at  an  optimum  design  for  a given  pressure 
vessel  application.  The  interrelations  between  materials,  the  required  service  life  of  the 
vessel,  the  required  proof-test  factor,  the  allowable  flaw  sizes,  the  probability  of 
proof-test  failure,  and  the  weiglit  of  the  pressure  vessel  should  be  understood  and 
carefully  assessed.  These  interrelations  are  illustrated  in  a simplified  example  in 
Appendix  A.  Tradeoffs,  however,  must  be  made  within  the  constraints  provided  by  the 
design  criteria  of  the  previous  section. 
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4.1  Design  Conditions 

To  prevent  premature  service  failure  of  metallic  pressure  vessels,  it  is  extremely 
important  to  consider  the  entire  anticipated  pressure-time-temperature  history  of  the 
vessel  and  the  environments  to  which  it  will  be  exposed. 

The  value  of  maximum  operating  pressure  used  in  the  design  of  liquid  propellant  tanks 
and  gas  bottles  should  equal  the  maximum  nominal-operating  pressure  plus  the  upper 
tolerance  of  the  pressure-limiting  device.  This  device  should  have  a reliability  consistent 
with  the  overall  vehicle  flightworthiness  requirements. 

The  predicted  pressure-vessel  history  should  include  pressures,  times,  temperatures,  and 
fluid  and  gaseous  environments  for  all  of  the  anticipated  cycles,  starting  with  the  initial 
proof-pressure  test  and  ending  with  the  last  service-pressure  cycle.  Also,  it  is  important 
to  include  pressurization  rates,  depressurization  rates,  and  hold  times.  In  thoae  cases 
where  the  life  history  of  the  vessel  cannot  be  acqurately  predicted,  a design  life 
envelope  should  be  established  and  the  appropriate  operational  limitations  placed  upon 
the  completed  vessel. 

Loads  other  than  internal  pressure,  such  as  slosh,  sonic,  vibration,  handling,  and 
transportation  loads,  should  be  determined  in  accordance  with  applicable  NASA 
monographs.  Effort  should  be  made  to  minimize  high  stresses  resulting  from  flight  and 
ground  loads  by  careful  detailed  design  and  by  using  antlslosh,  damping,  and  antishock 
devices.  Stresses  resulting  from  external  flight  and  ground  loads  should  be  determined 
analytically  and/or  experimentally,  and  accounted  for  in  the  design  of  the  pressure 
vessel.  Temperature  gradients  (and  resulting  tl  mal  stresses)  should  be  determined  for 
'all  critical  ground  and  flight  conditions.  If  the  stresses  are  of  sufficient  magnitude  to 
affect  the  basic  vessel  design,  an  effort  should  be  made  to  minimize  or  eliminate  these 
stresses  using  thermal  insulation,  controlled  fill  rates  of  cryogens,  etc. 

Wherever  possible,  the  objective  should  be  to  eliminate  residual  stresses  by  stress  relief 
treatments.  If  this  is  not  practical,  residual  stresses  should  be  minimized  by  careful 
design  and  controlled  welding  procedures. 

A stress  analysis  should  be  performed  for  every  vessel  and  include  stresses  resulting 
from  internal  pressure,  ground  and  flight  loads,  and  thermal  gradients.  The  analysis  of 
stresses  resulting  from  internal  pressure  should  include  primary  membrane  stresses  and 
secondary  bending  and  membrane  stresses  that  result  from  design  discontinuities  and 
allowable  design  deviations. 

General  yielding  should  be  avoided  during  pressure  testing  except  for  those  vessels  that 
are  specifically  designed  to  accommodate  it  (e.g.,  cryoformed  stainless-steel  vessels).  To 
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avoid  general  yielding  during  proof-pressure  testing,  the  minimum  design  ultimate 
factor  of  safety,  (F.S.)mDU*  should  be  as  follows: 


P _ _ Parent  metal  ultimate  strength 

• MDU  ® ^ Parent  metal  yield  strength  ^ ^ 

Where 

a = Proof  factor  = 1 4-  (Allowable  Kjj/Kij.) 

The  factors  previously  specified  are  minimum  values  for  all  metallic  pressure  vessels 

used  on  both  manned  and  unmanned  vehicles.  Uncertainties  in  loads,  pressures,  service  ’ 

environments,  and/or  service  requirements  may  make  it  necessary  to  use  higher  factors; 

however,  in  no  case  should  lower  factors  be  used.  • 


4.2  Materials 

The  following  fracture  and  subcritical  flaw-growth  characteristics  should  be  obtained 
for  materials  intended  for  use  in  metallic  pressure  vessels: 


1.  The  plane-strain  fracture  toughness  values  (i.e.,  values)  for  the  parent 
metal,  weldments,  and  heat-affected  zones  at  the  operating-  and  proof-test 
temperatures,  and  in  the  principal  directions  of  loadings. 

2.  The  threshold  stress-intensity  (Kjjj)  values  for  the  parent  metal,  weldments, 
and  heat-affected  zones  in  simulated  service  environments. 

d(^) 

3.  The  cyclic  flaw-growth  data  (curves  of  Kii/K|c  versus  cycles  or  versus 
K)  for  the  parent  metal,  weldments,  and  heat-affected  zones. 


.f 

In  addition,  the  effects  of  material  processing  on  these  fracture  characteristics  should 
be  determined.  A quality  control  program  should  be  established  to  determine  that  large  | 

variations  in  values  of  toughness  or  threshold  stress-intensity  ratios  do  not  occur  from  f 

one  batch,  or  heat,  of  material  to  another.  Also,  each  manufacturing  process  that  might  ^ 

adversely  affect  tlie  strength,  toughness,  and  threshold  stress-intensity  values  of  the  end  , 

product  (e.g.,  welding  and  heat  treating)  should  be  certified  by  performing  specimen 
tests.  Test  specimens  should  have  the  same  shape,  be  made  from  the  same  materials, 
and  use  the  processes  planned  for  production  hardware. 


The  quantity  of  fracture  test  data  obtained  should  be  determined  on  the  basis  of  the 
impact  a failure  would  have  on  the  mission,  schedules,  and  costs. 
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To  ■ comply  with  the  criteria  in  this  monograph,  it  is  unnecessary  to  limit  the 
determination  of  fracture  toughness  values  to  any  particular  type  of  test  specimen. 
However,  it  does  appear  that  the  curves  of  predicted  critical  flav/  size  (based  on  the 
measured  K{q  values)  for  the  pressure-vessel  parent  metal,  weldments,  and 
heat-affected  zones  should  be  verified  by  data  from  a series  of  surface-flawed  specimen 
tests.  The  test  specimens  should  be  the  same  thickness,  processed  in  the  same  manner 
as  the  vessel,  and  each  should  contain  a different  size  flaw.  Procedures  for  specimen 
fabrication  and  test  are  discussed  in  reference  19.  To  eliminate  the  effects  of  inplane 
bending  and  specimen  width,  the  test-specimen  width  should  be  about  five  times  the 
surface-flaw  length  (i.e.,  the  2c  dimension). 

Likewise,  the  acquisition  of  threshold  stress-intensity  (Kjjj)  data  and  cyclic 
flaw-growth  data  should  not  be  limited  to  the  use  of  any  one  type  of  test  specimen. 
However,  the  surface-flawed  specimen  has  been  used  to  obtain  the  majority  of  such 
data  to  date  (Sec.  2). 

i * 

The  recommended  experimental  approaches  for  using  surface-flawed  test  specimens  to 
obtain  data  on  Ki|/K{(.  versus  cycles,  and  Kn/Ki^  versus  time  are  described  in 
references  19  to  23;  therefore,  it  is  unnecessary  to  repeat  the  approaches  in  detail  in 
this  monograph,  however,  the  following  deserve  particular  attention. 

Data  on  cyclic  and  sustained-stress  flaw  growth  should  be  obtained  for  parent  metal, 
weldments,  and  heat-affected  zones.  The  test  specimens  should  be  of  sufficient  width 
to  prevent  inplane  bending  effects;  for  the  cyclic  tests,  it  is  particularly  important  that 
the  test  specimen  be  sufficiently  thick  to  ensure  that  the  flaw  attains  the  critical  size 

before  growing  more  than  half  way  through  the  thickness  of  the  specimen.  It  is  also 

\ 

recommended  that  cyclic  tests  be  performed  in  the  anticipated  service  environment 
and  that  the  effect  of  cyclic  frequency  be  evaluated.  In  most  cases,  a cyclic  frequency 
of  about  0.0167  to  0.0833  Hz  (1  to  5 cpm)  is  considered  suitable.  For  the 
sustained-stress  tests  accurate  simulation  of  the  anticipated  service  environment  should 
be  emphasized.  A complete  set  of  data  on  Kij/Kjc  versus  cycle  should  be  obtained  for 
each  of  the  anticipated  service-loading  profiles  (i.e.,  R values).  It  is  conceivable  that  in 
some  cases  prior  load,  temperature,  and  environment  histories  could  have  a detrimental 
effect  on  cyclic-  and  sustained-stress,  flaw-growth  characteristics.  If  this  is  suspected, 
the  effects  should  be  determined  experimentally. 

The  required  fracture-toughness  and  subcritical  flaw-growth  characteristics  of  materials 
to  be  used  in  metallic  pressure  vessels  cannot  be  specified  in  terms  of  speciflc  minimum 
or  maximum  allowable  values  because  of  the  many  factors  involved.  However,  in 
general,  it  is  recommended  that  the  material  have  sufficient  fracture  toughness  so  that 
the  predicted  critical  flaw  sizes  at  the  applied  proof  stress  are  sufficiently  large  so  that 
there  is  a high  probability  of  their  being  detected  prior  to  the  test.  Also,  materials  that 
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exhibit  a low-threshold  stress  intensity  in  the  anticipated  service  environment  should 
be  avoided.  If  the  material  has  a K^h  value  below  about  70  percent  of  Kjc  the 
possible  use  of  alternate  materials  should  be  investigated. 


Use  of  the  improvements  in  allowable  uniaxial  ultimate  and  yield  strengths  caused  by 
biaxial  stress  fields  results  in  increased  operational  and  proof  stresses  as  well  as 
lighter  weight  pressure  vessels.  The  higher  stresses  reduce  the  critical  flaw  sizes, 
however,  and  increase  the  chances  of  premature  failure  of  the  pressure  vessel. 

Therefore,  increases  in  the  allowable  uniaxial  tensile  yield  and  ultimate  strengths  of 
parent  metal  cai'sed  by  biaxial  stress  should  be  taken  into  account  only  if 

1.  The  critical  flaw  sizes  associated  with  the  increased  proof-stress  level  are 

large  (high  probability  of  being  detected  prior  to  the  test).  * 

2.  Sufficient  experimental  data  are  available  to  allow  a reliable  determination 
of  the  biaxial  improvement  factor. 

Because  of  the  high  probability  of  the  occurrence  of  defects  and  the  complexities  in 
stress  fields  introduced  by  design  and  manufacturing  discontinuities,  biaxial  strength 
elevation  should  not  be  used  to  establish  allowable  ultimate  strengths  of  welded  joints. 

In  cases  where  the  effect  of  the  biaxial  stress  field  reduces  the  uniaxial  tensQe  strength, 
the  amount  of  the  reduction  should  be  determined  experimentally  and  used  to 
establish  allowable  strengths. 

4.3  Critical  Flaw  Sizes 

Prevention  of  proof-test  failure  requires  knowledge  of  the  critical  flaw  sizes  at 
proof-stress  levels,  knowledge  of  possible  flaw  growth  during  proof  test,  and  detection 
and  repair  of  all  flaws  that  ejfceed  or  could  attain  the  critical  size  during  proof  test. 

Prediction  of  accurate  critical  flaw  sizes  is  not  always  an  easy  task;  however,  it  is  a 

necessary  goal.  ! 

I 

The  concept  of  critical  flaw  sizes  and  the  equations  for  determining  these  sizes  for  * 

surface  flaws  in  thick-  and  thin-walled  vessels  were  introduced  in  section  2.  These 
equations  apply,  however,  only  when  the  gross  stress  levels  of  the  pressure  vessel  are 
below  the  yield  strength  of  the  pressure-vessel  material  and  when  the  stresses  are 
uniform  through  the  thickness  of  the  vessel  wall.  When  this  is  the  case  (as  in  areas  of  a 
vessel  that  are  under  membrane  stress),  it  must  be  recognized  that  the  accuracy  of  the 
calculated  critical  flaw  size  depends  directly  on  how  accurately  the  materiaPs  fracture 
toughness  (Kfc)  and  the  applied  stress  levels  are  known.  When  calculating  critical  flaw 
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sizes -for  these  areas  of  uniform  elastic  stress,  the  value  of  Kf^  selected  for  design  and 
the  maximum  possible  applied  stress  level  (i.e.,  that  corresponding  to  the  minimum 
material  gage)  should  be  used.  In  addition,  it  is  a conservative  viewpoint  to  assume  that 
the  flaws  are  surface  (or  just  subsurface)  flaws  and  that  they  are  long  in  relation  to 
their  depth  so  that  Q « 1.0.  The  resulting  predicted  critical  flaw  size  is  thus  described 
I by  the  single  dimension,  a (i.e.,  the  depth).  When  this  depth  is  large  with  respect  to  the 

I wall  thickness  (i.e.,  greater  than  about  half  the  thickness),  the  effect  of  deep-flaw 

stress-intensity  magnification  should  be  accounted  for.  The  equation  shown  in  figure  3 
attempts  to  do  this  by  the  addition  of  the  Mj^  factor.  A reasonable  estimate  for  Mg  is 
the  approximate  Kobayashi  solution  shown  in  figure  3.  While  recent  data  (ref.  39) 

* indicate  that  its  use  can  result  in  somewhat  consemtive  ansv/ers  for  the  more  ductile 

! materials  and  perhaps  slightly  unconservative  answers  for  the  brittle  materials,  it  is 

I recommended  that  the  figure  3 curve  be  used  until  improved  solutions  are  obtained. 

Since  the  equation  shown  in  figure  3 is  not  explicit  in  terms  of  the  critical  flaw  size, 
various  critical  depths  (acr)  should  be  assumed  for  the  long  surface  flaw,  the  values 
determined  from  the  Kobayashi  curve,  and  the  failure  stresses  calculated.  The  curve  of 
a versus  acf  can  then  be  plotted.  If  the  agr  at  the  proof-  (or  operating-)  stress  level  is 
i larger  than  the  wall  thickness,  the  expected  failure  mode  for  the  vessel  at  proof-  (or 

operating-)  pressure  would  be  leakage.  However,  this  can  be  predicted  with  confidence 
only  if  there  are  no  higher  stressed  areas  in  the  vessel  where  the  critical  flaw  depth 
would  be  smaller,  or  if  the  value  calculated  for  a^r  exceeds  the  wall  thickness  by  a 
significant  amount. 

In  most  vessels  there  are  areas  where  the  stresses  are  not  uniform  through  the  thickness 
of  the  wall  (i.e.,  at  mismatched  weld  joints,  asymmetrical  weld  lands,  changes  of 
contour,  etc.)  and  many  times  it  is  known  that  at  the  proof  pressure  the  total  applied 
stresses  in  these  local  areas  exceed  the  yield  strength  of  the  material.  If  it  is  known  that 
the  stresses  approach  or  exceed  the  material  yield  strength,  an.  estimate  of  the  critical 
flaw  sizes  (for  long  surface  flaws)  may  be  made  by  test.  For  these  cases,  the  critical 
flaw-size  data  should  be  obtained  by  testing  a series  of  surface-flawed  specimens  (with 
■ various  size  flaws)  that  model  the  actual  hardware.  It  is  further  recommended  that  the 
^ flaws  be  made  long  in  relation  to  their  depth  (i.e.,  small  a/2c  ratios)  and  that  the 

i specimen  width  be  about  five  times  the  flaw  length. 

In  areas  of  noiumiform  stress  (e.g.,  combined  bending  plus  tension)  where  the  stresses 

are  within  the  elastic  range,  it  is  possible  to  make  reasonably  accurate  estimates  of  the 

critical  flaw  sizes  by  analysis.  References  6 and  40  present  both  approximate  and 

numerically  exact  stress-intensity  solutions  for  nonuniform  stress  fields.  Also,  there  are 

often  special  situations  (particularly  during  the  failure  analysis  studies  or  Material 

Review  Board  type  actions)  where  it  is  of  interest  to  predict  critical  sizes  (or  failure  ( 

stresses)  for  flaws  of  shapes,  locations,  or  orientations  other  than  those  previously 
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discussed.  For  example,  corner  flaws,  near-surface  internal  flaws,  coplanar-internal 
flaws,  and  sharp-tailed  porosity  may  all  be  encountered.  Again,  for  most  of  these 
situations,  reasonably  accurate  analytical  estimates  can  be  made  (providing  the  stress 
field  is  elastic)  using  various  available  stress-intensity  solutions.  Some  such  solutions  are 
included  in  references  2,  6,  41,  and  42.  Others  are  currently  being  developed. 

4.4  Initial  Flaw  Size 

The  two  distinct  areas  of  concern  regarding  initial  flaw  sizes  are  as  follows: 

1.  The  determination  of  either  actual  or  maximum  possible  initial  flaw  sizes  in 
the  vessel  as  initially  fabricated,  and  before  and  after  the  proof  test. 

2.  The  determination  of  maximum  permissible  initial  flaw  sizes  (i.e,,  the 
allowable  initial  flaw  sizes)  before  the  proof  test. 


Nondestructive  inspection  (i.e..  X-ray,  ultrasonic,  etc.)  is  the  only  means  for 
determining  actual  initial  flaw  sizes  before  the  proof  test  (Sec.  2),  consequently,  such 
inspections  should  be  used  to  minimize  the  possibility  of  proof-test  failure.  The  extent 
of  nondestructive  inspection  should  be  determined  on  an  individual  basis,  taking  into 
consideration  the  consequences  of  a proof-test  failui  e,  the  capabilities  of  the  available 
inspection  techniques,  and  the  sizes  of  initial  flaws  that  must  be  detected  (i.e.,  the 
allowable  initial  flaw  sizes). 

The  successful  proof  test  provides  a dkect  measure  of  the  maximum  possible 
initial-to-critical  stress-intensity  ratio  to  predict  the  specific  maximum  possible  initial 
flaw  sizes  that  may  exist  in  the  vessel  after  the  proof  test  and  before  the  service  usage. 
(Due  to  possible  flaw  growth  during  the  proof  test,  the  initial  flaw  sizes  before  and 
after  the  proof  test  may  not  be  the  same).  If  the  proof  test  is  properly  designed  and 
successfully  executed,  the  maximum  possible  initial  flaw  sizes  after  the  proof  test  are 
equal  to  the  predicted  critical  flaw  sizes  at  the  proof-stress  level.  However,  since  the 
proof  test  itself  provides  assurance  against  operational  failure,  the  prevention  of  such 
failure  does  not  require  the  prediction  of  allowable  initial  flaw  si<2e. 

Allowable  initial  flaw  sizes  should  be  determined  for  the  following  specific  purposes: 

1.  Assessing  the  adequacy  of  the  nondestructive  inspection  procedures. 

2.  Assessing  the  adequacy  of  the  flaw  or  defect  acceptance  limits. 

3.  Assessing  the  probability  of  a proof-test  failure. 
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These  require  that  the  allowable  initial  flaw  sizes  be  established  for  all  high-stressed 
areas  of  the  vessel,  including  the  parent  metal,  weldments,  and  heat-affected  zones. 


The  allowable  initial  flaw  sizes  should  be  established  using  the  allowable 
initial-to-critical  stress-intensity  ratios  determined  from  subcritical  flaw-growth  test 
data  (Sec.  4.5);  the  measured  K[q  values  for  the  parent  metal,  welds,  and  heat-affected 
zones;  experimental  measurements  of  possible  flaw  growth  that  could  occur  during 
proof  test;  and  the  appropriate  stress-intensity  equations  for  various  flaw-geometry  and 
boundary-stress  conditions.  The  same  stress-intensity  equations  used  in  predicting 
critical  flaw  sizes  (Sec.  4.3)  should  be  used  to  establish  allowable  initial  flaw  sizes 
except  to  substitute  the  allowable  value  of  Kjj  for  Ki^. 

4.5  Allowable  Stress-Intensity  Ratio 

The  allowable  initia!-to-critical  stress-intensity  ratio  (i.e.,  allowable  K|}/Kiq  ratio)  is  an 
important  element  in  the  control  of  fracture  of  metallic  pressure  vessels.  Consequently, 
extreme  care  should  be  exercised  in  selecting  the  values  of  this  ratio  to  be  used  in 
establishing  the  proof-tes<  factor  and  the  allowable  initial  flaw  sizes.  The  allowable 
Kji/Kic  ratio  to  be  used  in  determining  the  proof-test  factor  (Secs.  3.2  and  4.1)  should 
be  a statistically  meaningful  value  obtained  from  an  analysis  of  the  subcritical 
flaw-growth  test  data  in  the  various  anticipated  service  environments  for  the  parent 
metal,  welds,  and  heat-affected  zones.  When  allowable  Kn/Kjg  ratios  are  used  to 
establish  allowable  initial  flaw  sizes,  the  value  of  Kij/Kjc  for  the  specific  area  of 
interest  of  the  vessel  should  be  used.  Also,  the  selected  design  value  of  should  be 
used. 


The  allowable  Kfj/Kic  ratio  should  be  determined,  using  statistically  meaningful  curves 
of  subcritical  flaw  growth  (i.e.,  Kij/Kjc  versus  cycle  and  Kij/Kjc  versus  time)  and  the 
most  severe  service  history  anticipated  for  the  vessel  (Sec.  4.1). 


The  flaw-growth  curves  should  take  into  account  possible  heat-to-heat  variations  in  the 
values  of  Kjfj  and  Kjc  and  the  scatter  in  these  values  within  a given  heat.  References 
22  and  43  present  discussions  on  the  effects  of  data  scatter  and  heat-to-heat  variations. 


Complexity  of  the  analysis  required  to  determine  allowable  Kij/K[c  ratios  depends 
upon  the  pressure-vessel  design  and  the  complexity  of  the  anticipated  service  history. 
A recommended  procedure  for  performing  this  analysis  can  best  be  illustrated  by 
specific  examples  for  thick-  and  thin-walled  vessels.  These  examples  are  presented 
in  Appendix  B. 
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4.6  Proof  Test 

Every  pressure  vessel  should  be  proof  tested  to  a stress  level  equal  to  or  greater  than 
the  maximum  operating  stress  times  a (a  = 1 -r  allowable  Kij/Kjc).  If  the  vessel  is 
proof  tested  at  a temperature  other  than  the  operating  or  service  temperature,  the 
minimum  proof-test  factor,  a,  should  be  determined  by  equation  (2)  in  Section  2.. 

In  this  case,  it  is  important  that  the  values  of  Kjc  are  known  for  all  areas  of  the  vessel 
and  that  it  is  known  how  they  vary  as  a function  of  temperature.  Also,  it  is  important 
to  know  the  probable  scatter  in  values  of  Kjc  at  both  the  operating  and  proof-test 
temperature.  To  ensure  that  the  proof-test  factor  obtained  will  be  adequate,  the  upper 
statistical  value  of  the  Kjg  scatter  band  at  the  proof-test  temperature  and  the  lower 
statistical  value  at  the  operating  temperature  should  be  used. 

The  proof  test  should  be  conducted  with  a test  fluid  that  will  neither  induce  general 
corrosion  pitting  nor  severe  stress-corrosion  cracking.  The  values  of  K-j-fj  for  the  vessel 
materials  should  be  obtained  from  sustained-stress  fracture  tests  performed  in  the  test 
fluid  at  the  proof-test  temperature.  If  the  values  of  Kjh  ^^e  low,  either  an  alternate 
fluid  should  be  selected  or,  if  this  is  not  practical,  methods  of  protecting  the  vessel  or 
inhibiting  the  action  of  the  test  fluid  should  be  investigated. 

\ 

Slow  flaw  growth  during  pressurization  and  elapsed  time  at  proof  pressure  should  be 
minimized  by  rapid  pressurization  rates  and  short  hold  times.  The  pressurization  time 
should  be  the  minimum  possible,  consistent  with  the  capabilities  of  the  test  equipment. 
A maximum  hold  time  of  about  15  seconds  is  considered  to  be  reasonable. 

It  is  extremely  important  to  minimize  the  time  necessary  to  depressurize  from  the 
proof  pressure  to  a pressure  equal  to  K-pH/Kic  times  the  proof  pressure.  If  this  cannot 
be  accomplished  in  a few  seconds  because  of  test-system  limitations  or  the 
pressure-vessel  design,  the  potential  detrimental  effects  of  the  slower  depressurization 
should  be  determined  by  analysis.  An  fllustrative  example  of  a recommended  analysis 
procedure  is  shown  in  reference  7. 

Proof  testing  of  metallic  pressure  vessels  should  be  limited  to  a single  pressure  cycle 
unless  there  are  special  circumstances  indicating  the  need  for  additional  cycles.  Special 
circumstances  include  the  following  cases: 

1.  A single  proof  test  cannot  be  designed  to  envelop  the  critical  operational 
pressure,  temperature,  and  external  loading  combinations. 

2.  The  vessel  was  modified  or  repaired  after  the  initial  proof  test  and  the 
modified  or  repaired  areas  of  the  vessel  need  to  be  proof  tested. 
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3.  It  is  desired  to  recertify  the  vessel  for  additional  service  usage  after  it  has 
been  in  service  for  a period  of  time. 

4.  From  an  economical  standpoint,  it  is  desired  to  test  components  (e.g., 
bulkheads)  of  the  vessel  prior  to  final  assembly. 

5.  It  has  been  shown  by  laboratory  experiments  on  preflawtd  simulated  parts 
or  specimens  that  a prior  test  at  a higher  temperature  is  advantageous  to 
minimuze  the  risk  of  failure  at  the  design  temperature. 

A failure-mode  analysis  should  be  performed  for  each  completed  pressure-vessel  design. 
The  predicted  failure  mode  (i.e.,  leakage  or  complete  fracture)  should  be  determined  at 
the  proof  and  maximum  operating  conditions. 

Analytical  and  experimental  verification  that  the  probable  failure  mode  is  leakage 
rather  than  complete  fracture  should  be  obtained  in  cases  where  assurance  of 
operatiqnal  life  is  not  provided  by  the  proof  test. 

For  those  pressure  vessels  which  are  critical  for  internal  pressure  combined  with  flight 
loads,  it  may  not  be  possible  to  represent  the  operational  stress  levels  in  the  vessel  by 
internal  pressure  alone.  In  such  cases,  the  proof  test  should  include  provisions  to 
apply  representative  flight  loads  combined  with  internal  pressure. 
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APPENDIX  A 

DESIGN  TRADE-ILLUSTRATIVE  EXAMPLE 


Figi  i^  A*1  illustrates  how  the  various  factors  affecting  reliability  and  weight  are 
interrelated  for  pressure  vessels  designed  to  contain  liquid  hydrogen.  In  the  upper 
portior  of  the  figure,  the  cyclic  lives  of  two  materials  are  shown  as  a function  of  the 
inverse  of  the  stress-intensity  ratio  (Kij/Kjc).  The  cyclic  growth  of  initial  defects  or 
flaws  in  a vessel  is  primarily  a function  of  this  ratio.  Also,  it  can  be  shown  that  the 
maximum  possible  KhIKiq  ratio  in  a pressure  vessel  after  a successful  proof  test  is 
equal  to  1 divided  by  the  proof-test  factor,  a,  or  K\JKii  = a.  The  solid  lines  are  based 
on  the  assumption  of  rapid  pressure  cycling  where  the  sustained-stress  flaw  growth 
above  is  negligible.  The  dashed  lines  are  based  on  die  assumption  that  there  are 
long-duration  hold  times  at  maximum  pressure;  and,  consequently,  the  life  is  the 
number  of  cycles  required  for  the  applied  stress  intensity  to  reach  Kjii. 

In  the  center  portion  of  the  figure,  constant  flaw-size  lines  are  shown  as  a function  of 
the  proof-test  factor  and  the  square  of  the  ratio  of  the  plane-strain  fracture  toughness, 
Kjc,  and  the  operational  stress  level  Ogp.  These  curves  were  obtained  as  follows: 


Kfc  = 1.95  Opj.QQf  (A-1) 

however: 


^proof 

" “‘’"op 

max  (a/Q); 

*op 

II 

o 

O 

O 

substituting: 

■ 

Kic 

- 1.95aOop(a/Q)| 

fej 

= 3.8a2(a/Q)j  (A-2) 

With  (a/Q)j  held  as 

a constant,  the  equation  can  be  solved  and  plotted  in  terms  of 

(Kic/oop)®  vs  a. 

Figure  A-1.  - Interrelated  factors  affecting  the  weight  and  reliability  of  thick-walled  LH2  pressure  vessels. 
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The  lower  portion  of  the  figure  shows  the  relationship  between  the  design  ultimate 
factor  of  safety  (F.S.)  and  (K|c/oop)^  fo»  the  two  materials,  obtained  from  the 
following  relationship: 


Points  of  equal  pressure-vessel  weight  were  computed  for  the  aluminum  and  titanium, 
and  connected  by  dashed  lines  with  the  relative  weight  indicated. 
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Consider  a typical  design  problem:  suppose  it  were  desired  to  design  a high-pressure  | 

helium  vessel  to  be  contained  within  a larger  LH2  propellant  tank  and  have  a required  ’ | 

minimum  life  of  500  pressure  cycles.  From  the  upper  portion  of  the  figure  it  can  be  I 

seen  that  a successful  proof  test  to  1.95  times  the  maximum  operating  pressure  would  | 

be  required  to  assure  this  life  using  the  titanium  alloy,  and  1.35  times  the  maximum  f 

operating  pressure  using  the  aluminum  alloy.  It  should  be  noted  that  the  1.95  factor  is  ' | 

somewhat  higher  than  the  conventional  proof  factor  usually  specified  for  high-pressure  j 

gas  bottles  and  the  1.35  factor  is  lower  than  that  usually  specified.  Suppose  it  were  | 

decided  to.  use  a conventional  ultimate  factor  of  safety  of  2.5,  commonly  used  for  •*  | 

high-pressure  bottles.  From  the  lower  portion  of  the  figure  it  can  be  seen  that  . ji 

(Kig/ogp)^  equals  0.35  for  the  titanium  and  1.25  for  the  aluminum.  Also,  it  is  seen  | 

that  the  weight  of  the  aluminum  vessel  will  be  1.8/1.25  or  1.44  times  the  weight  ot  the 
titaiiium  vessel.  In  the  center  portion  of  the  figure,  the  flaw  sizes  that  will  cause  failure 
during  proof  test  can  be  determined.  For  the  titanium  vessel  this  is  slightly  greater  than 
0.02  in.  (1  in.  = 0.0254  m)  (i.e.,  the  depth  of  a long  surface  flaw)  and  for  the 
aluminum  vessel  it  is  » 0. 1 0 in. 


It  is  doubtful  if  the  titanium  tank  could  successfully  pass  the  proof  test  because  of  the 
difficulty  in  detecting  an  initial  flaw  size  as  small  as  the  critical  flaw  size  at  the  proof 
stress.  On  the  other  hand,  this  does  not  appear  to  be  a problem  vt^ith  the  aluminum 
tank.  The  use  of  the  conventional  factor  of  safety  of  2.5  seems  to  unduly  penalize  the 
aluminum  tank  (i.e.,  causes  it  to  be  excessively  heavy),  and  yet  it  is  marginally 
adequate  for  the  titanium  tank. 

If  an  aluminum  tank  were  designed  with  an  ultimate  factor  of  safety  of  about  1.75,  its 

weigiit  would  be  equal  to  that  of  the  titanium  tank  designed  with  an  ultimate  factor  of 

safety  of  2.5,  and  the  critical  flaw  size  at  the  proof-stress  level  (1.35  times  Ogp)  would 

be  about  0.09  in.  This  flaw  is  still  about  four  times  larger  than  that  for  the  titanium  < 

vessel  and  is  sufficiently  large  to  create  some  degree  of  confidence  that  all  initial  flaws. 
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equal  to  or  greater  than  this  size,  will  be  detected  by  nondestructive  inspection.  As  a 
result,  proof-test  failures  (and  the  resulting  high  costs)  should  not  be  as  probable  as 
with  the  titanium  vessel. 

From  the  foregoing  example  it  is  apparent  that  using  standardized  design  factors  does 
not  assure  optimum  (nor  in  some  cases  even  adequate)  designs.  To  preclude  the 
possibility  of  failure  of  hazardous  vessels,  high  factors  of  safety  have  often  been 
specified.  However,  to  save  weight  (caused  by  the  high  factors  of  safety)  the  designer 
has  been  forced  to  use  higher  strength  (and  generally  lower  tougliness)  materials.  As  a 
result,  the  risk  of  failure  has  often  been  increased  rather  than  reduced. 

While  it  can  be  argued  that  standardized  factors  of  safety  have  been  adequate  for  many 
past  applications,  the  designer  must  concern  himself  not  with  average  behavior,  but 
with  the  exception  which  can  result  in  failure.  During  recent  years  there  have  been 
costly  exceptions. 


I 
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ALLOWABLE  STRESS-INTENSITY 
RATIO  - ILLUSTRATIVE  EXAMPLES 

B.1  Thick-Wailed  Pressure  Vessel 


Suppose  it  is  anticipated  that  a thick-walled  6A1-4V  titanium  helium  tank  will  go 
through  the  preflight  service  history  shown  in  figure  B-1.  The  maximum  design 
operating  stress  is  Oop  and  R is  the  ratio  of  minimum-to-maximum  stress  during  a 
cycle.  The  following  is  a tabulation  of  the  preflight  history: 

1.  200  loading  cycles  with  the  maximum  stress  = 90  percent  of  Oqp  and 
R = 0.1. 

2.  4300  loading  cycles  with  the  maximum  stress  = OQp  and  R = 0.7. 

3.  260  loading  cycles  with  the  maximum  stress  = 95  percent  of  and 

R = .0.4. 

4.  60  loading  cycles  with  the  maximum  stress  = OgpandR  = 0.1. 

5.  A long-duration  flight  cycle  with  the  maximum  stress  = Ogp. 

To  design  an  adequate  proof  test  for  this  vessel,  it  is  necessary  to  determine  the 
maximum  allowable  ratio  and  then  to  calculate  the  minimum  proof-test  factor. 

The  cyclic  life  curves  for  6A1-4V  titanium  (STA)  are  reproduced  in  figure  B-2  for 
R = 0.1  and  R = 0.4,  and  R = 0.7  from  reference  22.  The  change  in  Kjj/K|g  throughout 
the  life  of  the  titanium  tank  is  graphically  illustrated  in  figure  B-2  and  determined  by 
the  following  procedure. 

Because  the  value  of  threshold  stress  intensity  for  sustained-stress  flaw  growth  is  90 
percent  of  (table  1),  the  allowable  value  of  K|j/K|g  at  the  beginning  of  the 
long-duration  flight  cycle  at  Ogp  is  0.90.  This  requirement  is  illustrated  by  point  A in 
figure  B-2. 

The  60  loading  cycles  at  Ogp  R = 0. 1 change  the  Kii/Kjg  ratio  from  point  A to 
point  B in  figure  B-2.  Point  B is  60  cycles  to  the  right  of  point  A,  with  the  cycles  being 
measured  along  the  abscissa  of  the  plot  of  R = 0.1.  Hence,  the  allowable  K|j/K|g  ratio 
at  the  beginning  of  the  60  cycles  (point  B in  figures  B-1  and  B-2)  is  0.84. 
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Allowable  stress-intensity  ratio 


Figure  B-2.  - Determination  of  allowable  stress-intensity  ratio  for  a thick-walled  vessel. 
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Kli/K[c  is  proportioned  to  the  stress  level  (o  ) because 


Kli/Kic 


1.1  ypT  a (a/Q) 
Kic 


\ 


(B-1) 


The  stress  level  is  5 percent  lower  at  the  end  of  the  260  cycles  than  at  the  beginning  of 
the  60  cycles,  and  since  the  flaw  size  is  the  same  for  both  stress  levels  at  that  point 
(point  B in  figure  B-1),  then  the  allowable  value  of  Kij/Kic  at  the  end  of  the  260 
loading  cycles  is  (0.95/1.00)  times  0.84  = 0.798.  This  Kij/Kjc  ratio  is  given  by  point  B 
in  figure  B-2  on  the  R = 0.4  curve. 


The  260  loading  cycles  with  the  maximum  stress  = 0.^5  Ogp  and  R = 0.4  change  the 
Kjj/Kic  ratio  from  that  given  by  point  B to  that  given  by  point  C in  figure  B-2.  Point  C 
is  260  cycles  to  the  right  of  point  B on  the  plot  of  R = 0.4.  Hence,  the  allowable 
Kli/K,c  ratio  at  the  beginning  of  the  260  cycles  (point  C in  figures  B-1  and  B-2)  is 
0.74. 


The  stress  level  is  5 percent  higher  at  the  end  of  the  4300  cycies  than  at  the  beginning 
of  the  260  cycles  and,  by  the  same  reasoning  given  above,  the  allowable  value  of 
Kli/Kic  at  the  end  of  4300  cycles  is  (1/0.95)  times  0.74  = 0.78.  This  Kjj/Kjg  ratio  is 
given  by  point  C in  figure  B-2  on  the  R = 0.7  curve. 

The  4300  loading  cycles  at  Oop  and  R = 0.7  change  the  Kii/K[c  ratio  from  point  C to 
point  D in  figure  B-2.  Point  D is  4300  cycles  to  the  right  of  point  C on  the  plot  of 
R = 0.7.  Hence,  the  allowable  Kij/Kjc  ratio  at  the  beginning  of  the  4300  cycles  (point 
D in  figs.  B-1  and  B-2)  is  0.70. 

The  stress  level  is  1 0 percent  lower  at  the  end  of  the  200  cycles  than  at  the  beginning 
of  the  4300  cycles  and  therefore  the  allowable  value  of  Kjj/Kic  at  the  end  of  the  200 
cycles  is  (0.90/1.00)  times  0.70  = 0.63.  This  Kij/Kjc  ratio  is  given  by  point  D in  figure 
B-2  on  the  R = 0. 1 curve. 

The  200  loading  cycles  with  the  maximum  stress  at  0.90  Oop  and  R = 0.1  change  the 
Kji/Kic  ratio  from  that  given  by  point  D to  that  given  by  point  E in  figure  B-2.  Hence, 
the  allowable  Kij/Kij.  ratio  at  the  beginning  of  the  200  cycles  (point  E in  figs.  B-1  and 
B-2)  is  0.6.  The  operating  stress  is  10  percent  higher  than  the  stress  at  the  beginning  of 
the  200  cycles  so  that  the  allowable  value  of  Kj j/Kjc  at  the  operating  stress  is  ( 1 .0/0.9) 
times  0.6  = 0.667.  This  is  shown  by  the  asterisk  in  figure  B-2. 
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Thus,  for  the  pressure  vessel  subjected  to  the  anticipated  ?ervice  history  given,  the 
maximum  allowable  Kij/Kic  ratio  at  the  end  of  the  proof  cycle  is  0.667  and  the 
minimum  required  proof-test  factor  is  a=  1/0.667=  l.S.  This  indirectly  imposes  a 
restriction  on  the  maximum  allowable  operating  stress  because  the  proof  stress  should 
not  exceed  the  yield  strength  of  the  material.  Hence,  the  maximum  allowable  operating 
stress  is  0.667  times  Oyg. 

B.2  Thin-Walied  Pressure  Vessel 

Suppose  a thin-walled  6A1-4V  (STA)  titanium  propellant  tank  designed  to  contain 
N2O4  at  room  temperature  is  expected  to  withstand  a prefliglit  service  history, 
graphically  shown  in  figure  B-3,  and  tabulated  as  follows: 


1 . 20  loading  cycles  with  maximum  stress  = 95  percent  of  the  maximum  design  | 

operating  stress,  OQp.  , , 

I 

2.  9 loading  cycles  with  maximum  stress  = Oop*  ■ 

t 

3.  20  loading  cycles  with  maximum  stress  = 89  percent  of  Ogp*  1 

i 

4.  A long-duration  flight  cycle  with  maximum  stress  = Oop. 


In  the  thin-walled  tank,  the  flaw  depth  becomes  deep  with  respect  to  the  wall  thickness 

of  the  tank  before  reaching  the  critical  size.  Hence,  the  stress-intensity  factor  must  be 

corrected  for  the  a/t  ratio  according  to  figure  3.  Suppose  the  thickness  of  the  tank  wall 

is  0.022  in.  (1  in.  = 0.0254  m)  and  the  maximum  design  operating  stress,  o^p  is 

84.4  ksi  (1  ksi  = 6.895  MN/m^).  Under  the  specified  environmental  conditions,  the 

material  of  this  gage  has  a minimum  fracture  toughness  of  37  ksi  s/m. 

(1  ksi  \fm.  - 1.099-^  \fm)  and  a threshold  stress  intensity  of  80  percent  of  Ki--  The 
rn* 

plot  of  flaw-growth  rate  versus  Kjj/K|g  for  the  material  is  shown  in  figure  B4  for 

(7  = 105  ksi  (1  ksi  = 6.895  MN/m*).  The  effect  of  the  stress  level  on  the  growth  rate  is 

indicated  by  the  equation  on  the  plot.  Taking  this  effect  into  consideration,  the  curve 

is  arithmetically  integrated,  according  to  the  method  outlined  in  reference  8,  for  three 

stress  levels.  These  integrated  plots  (flaw  depth  versus  cycles  to  fracture)  are  shown  in  | 

figure  B-5.  In  the  calculations,  it  was  assumed  that  the  value  of  Q is  unity  (i.e.,  the  . 

flaws  are  relatively  long  with  respect  to  their  depth). 
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Figure  B-3.  History  of  cyclic  stresses  of  a thin-Vvalled  vessel. 


1 


d(a/QI/dN,jU  in./cycle 

Figure  B4.  - Cyclic  flaw-growth  curve. 
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Because  the  threshold  stress  intensity  is  0.80  the  allowable  value  of  Kjj/K|g  at  the 
beginning  of  the  long-duration  flight  cycle  is  0.80,  This  requirement  is  illustrated  by 
point  A on  the  curve  of  a^p  in  figure  B-5. 

The  tank-wall  stress  increases  by  1 1 percent  at  the  end  of  20  loading  cycles  with  the 
maximum  stress  = 0.89  Oop;  however,  the  flaw  size  remains  the  same  during  the  stress 
increase.  This  is  shown  by  point  A on  the  plot  of  0.89  Ogp  in  figure  B-5. 

The  20  loading  cycles  with  the  maximum  stress  = 0.89  Oop  changes  the  flaw  depth  (a) 
from  point  A to  point  B on  the  plot  of  0.89  Oop  in  figure  B-5.  Point  B is  20  cycles  to 
the  right  of  point  A with  the  cycles  being  measured  along  the  abscissa  of  the  plot. 

i'he  stress  decreases  by  1 1 percent  at  the  end  of  9 cycles  with  the  maximum 
stress  = Oop-  This  is  shown  by  point  B on  the  plot  of  Oop  in  figure  B-5. 


Figure  B-5.  - Determination  of  allowable  stress-intensity  ratio  for  a thin-walled  vessel. 
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The  9 loading  cycles  with  the  maximum  stress  = Oop  changes  flaw  depth  (a)  from  point 
B to  point  C on  the  plot  of  app-  Point  C is  9 cycles  to  the  right  of  point  B. 

The  tank-wall  stress  increases  by  5 percent  at  the  end  of  20  loading  cycles  with  the 
maximum  stress  = 0.95  Oop.  This  is  shown  by  point  C on  the  plot  of  0.S5  Onn  in  figure 
B-5. 

The  20  loading  cycles  at  0.95  Oop  changes  flaw  depth  (a)  from  point  C to  point  D on 
the  plot  cf  0.95  Oop.  Point  D is  20  cycles  to  the  right  of  point  C.  The  value  of  the  flaw 
depth  at  point  D is  0.01356  in.  (1  in.  = 0.0254  m). 

The  maximum  allowable  value  of  Kij/Kic  at  the  end  of  the  proof-test  cycle  then  is 
given  by  . ■ ^ 

K\i  _ 1.1  Mk  y/WsT  Oop 
Kic  37.0 

Oop  = 84.4  ksi  (1  ksi  = 6.895  MN/m*),  a/t  = 0.01356/0.022  = 0.615,  and  from 
figure  3 is  1.25. 

Hence,  the  maximum  allowable  Kn/Kjc  ratio  is  0.647,  and  the  proof  factor  is 
a=  1/0.647=  1.55. 


I 
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SYMBOLS 


a semiminor  axis  of  the  ellipse  x*  /c^  + /a*  = 1 or  crack  depth  of  the 

semielliptical  surface  flaw,  in.  (1  in.  = 0.0254  m) 

2c  crack  length  of  the  semielliptical  surface  flaw,  in. 

K|  plane-strain  stress-intensity  factor,  ksi-v/liT  (1  ksiv'^^  1.099 -^p-^/m) 

Kjg  plane-strain  critical  stress-intensity  factor  or  fracture  toughness  of  the 

material,  ksivnir. 

Kji  plane-strain  stress-intensity  factor  at  initial  conditions,  ksi^/mT 

Kjjj  plane-strain  threshold  stress-intensity  level,  ksii/uT 

Mk  stress-intensity  magnification  factor  for  deep  surface  flaws  based  on 

Kobayashi’s  solution 

N number  of  cycles 

Q flaw-shape  parameter  = 0^  — 0.2 1 2 (a/Oyg)* 

R ratio  of  minimum  to  maximum  stress  during  a cycle 

T time,  hr 

t thickness  of  plate  (specimen),  in. 

a proof-test  factor 

6 , angle  of  integration 

a uniform  gross  stress  applied  at  infinity  and  perpendicular  to  plane  of  crack, 

ksi  (1  ksi  = U.895  MN/m* ) 

Ogp  maximum  design  operating  stress,  ksi 

Cult  ultimate  strength  of  the  material,  ksi 

Oyg  uniaxial  tensile  yield  strength  of  the  material,  ksi 

0 complete  elliptical  integral  of  the  second  kind  having  modulus  k defined  as 

k = ( 1 — a*  /c* ) * 

SUBSCRIPTS 

cr  at  critical  conditions 

1 at  initial  condition 
op  . operational 


END  OF  REFERENCE 
80 


REFERENCE 

81 


JOHNSON,  R.  E. : APOLLO  EXPERIENCE  REPORT  - THE  PROBLEM 
OF  STRESS-CORROSION  CRACKING.  NASA  TN  D-7111,  1973. 


NASA  IN  D-7111 


APOLLO  EXPERIENCE  REPORT  - 
THE  PROBLEM  OF 
STRESS-CORROSION  CRACKING 

by  Robert  E,  Johnson 

Manned  Spacecraft  Center 
Houston,  Texas  77058 


NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION  • WASHINGTON,  D.  C.  • MARCH  1973 


1.  Report  No.  2.  Government  Accenion  No. 

NASA  TND-7111 

3.  Recipient's  Catalog  No. 

4.  Title  end  Subtitle 

APOLLO  EXPERIENCE  REPORT 

THE  PROBLEM  OF  STRESS-CORROSION  CRACKING 

S.  Report  Date 

March  1973 

6.  Performing  Organization  Code 

7.  Authorlsl 

Robert  E.  Johnson,  MSC 

8.  Performing  Orgenization  Report  No. 

MSC  S-344 

10.  Work  Unit  No. 

914-13-20-06-72 

9.  Performing  Orgenization  Name  and  Addren 

Manned  Spacecraft  Center 
Houston,  Texas  77058 

11.  Contract  or  Grant  No. 

13.  Type  nf  Report  and  Period  Covered 

Technical  Note 

12.  Sponsoring  Agency  Name  and  Address 

National  Aeronautics  and  Space  Administration 
Washington,  D.C.  20546 

14.  Sponsoring  Agency  Code 

1 15.  Supplementary  Notes  I 

The  MSC  Director  waived  the  use  of  the  International  System  of  Units  (SI)  for  this  Apollo 
Experience  Report  because,  in  his  judgment,  the  use  of  SI  Units  would  impair  the  usefulness 
of  the  report  or  result  in  excessive  cost. 


16.  Abstract 

Stress-corrosion  cracking  has  been  the  most  common  cause  of  structural-material  failures  in 
the  Apollo  Program.  The  frequency  of  stress-corrosion  cracking  has  been  high  and  the  magni- 
tude of  the  problem,  in  terms  of  hardware  lost  and  time  and  money  expended,  has  been  signifi- 
cant. In  this  report,  the  significant  Apollo  Program  experiences  with  stress-corrosion 
cracking  are  discussed.  The  causes  of  stress-corrosion  cracking  and  the  corrective  actions 
are  discussed,  in  terminology  familiar  to  design  engineers  and  management  personnel,  to 
show  how  stress-corrosion  cracking  can  be  prevented. 


17.  Key  Words  (Suggested  by  Author(s)l 

'Stress  Corrosion 
' Aluminum  Alloys 
' Titanium  Alloys 

18.  Distribution  Statement 

19.  Security  dassif.  (of  this  report) 

None 

20.  Security  Classif.  (of  this  page) 

None 

21.  No.  of  Paget 
20 

22.  Mce 
$3.00 

Fw  sale  by  the  National  Technical  Information  Service.  Springfield.  Virginia  221S1 


Over  130  parts  in  the  LM  progran> 
were  found  to  be  cracked  as  a result  of 
stress  corrosion.  Many  corrective  actions 
were  instituted.  Among  the  solutions  were 
component  redesign,  heat  treatment  to  make 
the  components  less  susceptible,  shimming 
or  otherwise  relieving  fabrication  stresses, 
addition  of  corrosion-protection  coatings  to 
preclude  as  much  of  the  corrosive  environ- 
ment as  possible,  and  shot  peening  to  in- 
troduce compressive  surface  stresses. 


Pressure-Vessel  Stress  Corrosion 


The  problem  of  stress-corrosion 
cracking  in  pressure  vessels  is  especially 
serious  because  the  occurrence  of  this  prob- 
lem usually  results  in  catastrophic  failure  of 
the  vessel  and  associated  damage  to  other 
hardware  near  the  pressure  vessel.  Some 
of  the  significant  Apollo  Program  pressure- 
v«'3sel  failures  are  described  individually 
in  the  following  sections. 


Nitrogen  tetroxlde  in  tltanium-allo' 


pressure  vessels.  - In  all  of  the  Apollo 
spacecraft  propulsion  systems,  nitrogen 
tetroxlde  is  used  as  the  oxidizer.  The  stor- 
age of  nitrogen  tetroxlde  under  pressure  in 
titanium-alloy  pressure  vessels  was  a sub- 
ject of  concern  because  of  known  reactions 
between  titanium  and  other  oxidizers.  Ex- 
tensive test  programs  were  conducted  before 
1964  to  approve  the  use  of  type  6A1-4V  tita- 
nium alloy  as  the  standard  Apollo  space- 
craft pressure-vessel  material  for  this  application.  In  1964,  qualification  tests  on  the 
Apollo  spacecraft  main  propellant  tanks  were  completed.  The  tests  included  30-day 
exposures  of  the  pressure  vessels  to  nitrogen  tetroxlde  under  the  maximum  wall  stress 
of  approximately  100  ksi. 


Figure  17.  - Cracking  on  a machined 
part.  (Note  the  relationship  of  the 
crack  to  the  alloy  grain  direction. ) 


In  1965,  a stress-corrosion  failure  of  an  Apollo  reaction  control  system  pressure 
vessel  occurred.  This  x'ailure  could  only  have  been  caused  by  the  nitrogen  tetroxlde 
reacting  with  the  titanium-alloy  pressure  vessel.  The  failure  analysis  (refs.  2 and  3) 
showed  that  a change  in  the  nitrogen  totroxide  composition,  within  the  limits  of  the  pro- 
curement specification  for  the  oxidizei , had  eliminated  one  oxide  of  nitrogen  and  created 
a fluid  that  was  causing  serious  stress -corrosion  cracking  of  the  titanium  alloy.  De- 
tails of  the  failed  hardware  are  shown  in  I’gure  18. 


(b)  Magnified  view  of  the  inside  surface 
showing  cracks. 


(a)  Failed  pressure  vessel. 


(c)  Transgranular  cracks. 


(d)  Electron  fractograph  of  the  failed 
surface. 


Figure  18.  - Stress  corrosion  of  type  6A1-4V  titanium  alloy  from  a failed  nitrogen 

tetro^de  pressure  vessel. 
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To  eliminate  the  problem,  NASA  gen- 
erated a nitrogen  tetroxide  procurement 
specification  that  carefully  controlled  the 
oxidizer  composition  to  maintain  compati- 
bility with  the  pressure-vessel  titanium 
alloy.  In  addition,  by  taking  samples  of  the 
oxi(Uzer  from  the  flight  supply  system  be- 
fore the  oxidizer  is  loaded  into  the  space- 
craft and  by  testing  the  oxidizer  in  contact 
with  stressed  precracked  samples  of  the 
pressure-vessel  alloy,  NASA  ccntinues  to 
ensure  that  no  fluid  change  has  occxirred 
that  could  cause  aggressive  reactions  dur- 
ing a flight. 

Methanol  in  titanium-alloy  pressure  vessels.  - The  most  damaging  failure  of  a 
pressure  vessel  in  the  Apollo  Program  occurred  in  October  1966  when  a main  propel- 
lant tank  ruptured  inside  an  Apollo  service  module  and  caused  extensive  damage  and 
serious  loss  of  hardware.  The  failure  occurred  while  the  pressure  vessel,  made  of 
titanium  alloy  6A1-4V,  was  filled  with  methanol  and  was  pressurized.  The  failure  mode 
was  stress-corrosion  cracking. 

In  this  instance,  methanol  was  used  for  safety  reasons  in  the  system  checkout  in- 
stead of  the  toxic  propellant.  Methanol  was  selected  for  its  physical  similarity  (density, 
viscosity)  to  the  propellant  and  because  it  could  be  removed  from  the  system  easily 
without  leaving  a residue  or  other  contamination.  The  approval  for  the  use  of  methanol 
was  based  on  a literature  search,  which  vmcovered  no  data  to  indicate  a potential  prob- 
lem. After  the  failure  of  the  Apollo  spacecraft  hardware,  numerous  programs  were 
initiated  to  investigate  the  problem,  and  the  seriousness  of  the  problem  was  defined  in 
several  technical  papers  (ref.  4).  Examples  of  the  metallography  fiom  the  failed  mate- 
rial are  shown  in  figure  19.  Additional  information  concerning  the  failure  analysis  is 
contained  in  references  3 and  5. 

In  retrospect,  the  lack  of  a test  program  to  approve  pressure-test  fluids  before 
they  were  used  and  a continuing  check  against  contaminants  during  use  caused  a serious 
program  problem.  The  Manned  Spacecraft  Center  has  corrected  this  situation  by  re- 
quiring compatlblUty  testing  before  a new  pressure-vessel  material  or  a new  test  en- 
vironment can  be  used  in  the  Apollo  Program. 


(e)  Cross  section  of  the  pressure- 
vessel  wall  showing  a flat 
fracture  with  a shear  lip. 

Figure  18.  - Concluded. 
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"I — Saw  Cut 


Solid-fuel- rocket  motor  case  made  ^ type  4335V  steel  alloy.  - Type  4335V  steel 
alloy  was  heat  treated  to  a minimum  tensile  strength  of  210  000  psi.  During  hydrostatic 
acceptance  testing,  stress-corrosion  cracking  occurred  that  resulted  in  the  rupture  of 


Microstructure  of  the  tank  / 
inner  surface  (magni-/  ' 
fication:  50x). 


(c)  Microstructure  at  the  fracture  face. 


Figure  19.  - Origin  of  the  failure  that  resulted  from  methanol  in  a type 
6A1-4V  titanium- alloy  pressure  vessel. 


(b) 


(d)  Microstructure  at  the  fracture 
face  (different  location  from 
fik.  19(c)). 


,^a)  Tank  cross  section  at  the  fracture 
face  (magnification:  l(h<). 


two  motor  cases.  The  test  fluid  was  water,  and  failure  analysis  showed  that  stress- 
corrosion  cracking  would  occur  if  defects  existed  in  the  stressed  alloy  whei:  it  was 
brought  into  contact  with  water.  The  defects  in  the  motor  cases  were  identified  as 
tight  cracks  that  had  resulted  from  the  welding  operation  and  that  could  not  be  detected 
by  the  postweld  inspection.  The  corrective  action  for  the  problem  was  to  change  to  a 
compatible  test  fluid,  hydraulic  fluid,  and  to  make  the  inspection  and  quality-control 
procedures  of  the  welding  operation  more  thorough. 

Oxygen-storage  vessel  made  of  type  D6AC  steel  alloy.  - Type  D6AC  steel  alloy 
was  heat  treated  to  the  220  000-  to  240  000-psi  tensile-strength  range  and  was  used  to 
store  gaseous  oxygen  under  pressure.  The  failure  of  one  pressure  vessel  because  of 
stress-corrosion  cracking  was  caused  by  a small  defect  on  the  exterior  surface  of  the 
pressure  sphere.  The  corrosive  medium  was  listed  as  water  because  the  test  consisted 
of  immersing  the  vessel  under  water  during  hydrostatic  testing.  The  vessel  was  nickel 
plated  and  the  defect  was  found  to  contain  nickel,  which  indicated  the  presence  of  the 
flaw  before  nickel  plating.  The  corrective  action  taken  was  to  change  the  test  fluid  to 
oil  and  to  discontinue  the  immersion  of  the  tank  during  pressure  testing.  Also,  inspec- 
tion procedures  were  tightened  to  enable  detection  of  pressure-vessel  defects  before 
testing. 


CONCLUSIONS 


The  Apollo  spacecraft  is  constructed  of  high-strength  alloys  and  is  designed  and 
fabricated  to  be  a highly  efficient,  low-weight  vehicle.  Stress  corrosion  has  been  a se- 
rious problem  in  the  Apollo  Program  and  reflects  the  type  of  problem  that  can  occur 
in  a program  requiring  these  characteristics.  To  illustrate  the  type  of  problem  en- 
countered, several  examples  are  examined. 

The  examples  discussed  in  this  report  are  typical  ones  and  do  not  represent  all 
of  the  stress -corrosion  cracking  failures  experienced  in  the  Apollo  Program.  How- 
ever, the  examples  discussed  do  represent  the  most  significant  problems  encountered 
in  the  Apollo  Program  and  allow  the  following  general  conclusions  to  be  drawn  concern- 
ing improvements  that  are  needed  to  prevent  the  recurrence  of  similar  problems  in 
future  programs. 

1.  With  the  exception  of  two  environments,  information  on  the  stress -corrosion 
cracking  behavior  of  the  alloys  used  in  Apollo  spacecraft  hardware  was  available  and 
could  have  been  used  to  avoid  many  of  the  stress-corrosion  cracking  failures  if  the  in- 
formation had  been  applied  correctly  during  the  design,  fabrication,  and  test  phases. 

2.  Without  proper  consideration  of  stress -corrosion  cracking,  such  design 
changes  as  those  for  vehicle  weight  reduction  can  seriously  affect  the  stress-corrosion 
sensitivity  of  the  vehicle  hardware  by  changing  fabrication  techniques,  raw-material 
mill  forms,  and  stress  levels,  and  by  eliminating  corrosion-protection  systems. 

3.  Specific  alloys  and  alloys  subjected  to  certain  heat-treatment  procedures  are 
very  susceptible  to  stress -corrosion  cracking,  and  their  use  should  be  avoided  wher- 
ever possible.  Control  should  be  exercised  by  the  contractors  and  NASA  over  the  use 
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of  these  alloys  to  ensure  that  adequate  consideration  of  stress-corrosion  cracking  has 
been  given  to  those  applications  in  which  the  use  of  these  materials  is  required. 

4.  New  environment/alloy  combinations  must  be  examined  experimentally  before 
they  are  used  in  a program.  The  use  of  material  forms,  heat  treatments,  stresses, 
potential  stress  concentrations,  and  environments  must  be  simulated  if  meaningful 
service  data  are  to  be  obtained  and  program  problems  are  to  be  avoided. 


Manned  Spacecraft  Center 

National  Aeronautics  and  Space  Administration 
Houston,  Texas,  July  10,  1972 
914-13-20-06-72 
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ABSTRACT 


Present  industry  methods  of  obtaining  engineering  data  on  weldments  were 
reviewed  through  literature  and  industrial  surveys.  Serious  lack  of  uni- 
formity was  found  within  the  aerospace  industry  in  the  development  and 
use  of  engineering  design  data.  Difficulties  in  defining  weldment  char- 
acterizationg  primarily  due  to  the  absence  of  adequate  government  or 
industry-wide  welding  process  specifications,  were  the  major  factors 
limiting  industry-wide  generation  and  the  use  of  weldment  design  data. 

The  determination  of  weldment  design  strengths  from  coupon-derived  data, 
structural  data,  and  other  factors  has  resulted  in  many  differences  in 
design  values.  It  was  concluded  from  the  literature  and  industrial 
surveys  that  properly  characterized  coupon-derived  weldment  design  data 
was  the  most  meaningful  approach  in  establishing  and  presenting  data 
that  would  have  industry-wide  usefulness.  It  was  also  evident  that  in 
using  coupon-derived  weldment  design  data,  a correlation  factor  must  be 
i rh?d  f?r  pnrh  gp<^f"ific  structural  component.  /Guidelines  for  the 
generation  and  presentation  of  weldment  design  data  were  developed.  These 
guidelines  were  used  in  a model  test  program  in  which  design  data  on  6061 
aluminum  and  Ti-6A1-4V  titanium  alloy  weldments  were  obtained.  Coupon- 
derived  data  was  statistically  treated  to  determine  the  minimum  weld 
strength  for  the  two  alloys.  Significant  welding  variables  and  conditions 
were  identified.  Manual  repair  welding  was  the  most  significant  variable 
which  affected  the  weldment  design  strength.  The  correlation  between  cou- 
pon data  and  structure  was  demonstrated  by  testing  welded  tubes  and  pres- 
sure vessels.  The  test  program  effectively  demonstrated  the  validity  of 
the  guidelines.  . . 

Based  on  the  surveys  and  the  weldment  data  obtained  in  this  program,  re- 
commendations are  made  to  include  the  guidelines  for  the  generation  and 
utilization  of  engineering  data  on  weldments  in  Mil-Hdbk-S — -Guidelines 
for  Presentation  of  Data 3 AFML-TR-66-386 , February,  1967. 

(This  abstract  is  subject  to  special  export  controls,  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Air  Force  Materials  Laboratory  (MAAM) , Wright-Patterson 
Air  Force  Base,  Ohio  45433.) 
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SECTION  VI 


RECOMMENDED  GUIDELINES 


GuiileiLnes  have  been  developed  for  establishment  of  engineering  data  on 
weldments.  The  purpose  of  these  guidelines  is  to  provide  a uniform  pro- 
cedure by  which  meaningful  engineering  data  can  be  developed  for  use  with- 
in the  aerospace  industry. 

These  guidelines  generally  reflect  the  procedures  currently  used  within 
the  aerospace  industry.  They  are  applicable  to  all  types  of  weldable 
materials  and  welding  processes.  However,  recommended  test  coupon  con- 
figurations and  testing  methods  have  been  limited  to  the  evaluation  of 
butt-type  joints. 

In  developing  these  guidelines,  a deliberate  attempt  was  made  to  provide  a 
procedure  by  which  data  on  weldments  could  be  generated  in  a manner  similar 
to  that  of  base  metals  in  Mil-Hdbk-5.  The  guidelines  contain  procedures 
that  deal  with  definitions,  population  definition,  data  generation,  data 
treatment,  and  data  presentation. 

The  guidelines  have  been  prepared  such  that  they  can  be  utilized  without 
reference  to  the  remainder  of  this  report. 

The  intent  of  these  guidelines  is  to  set  forth  procedures  for  generation 
and  presentation  of  engineering  data  on  weldments.  These  procedures  are 
applicable  to  the  aircraft  and  aerospace  industry  and  cohce’rn  all  materials 
joined  by  welding  processes. 

A distinction  is  made  in  properties  of  weldments  between  those  applicable 
to  design  and  those  used  for  welding  development  and  process  control.  These 
guidelines  are  concerned  with  those  properties  applicable  to  design. 

The  approach  followed  establishes  coupon-derived  design  properties  for  weld- 
ments produced  under  known  and  defined  conditions.  Appropriate  analysis  must 
be  conducted  to  adapt  the  coupon-derived  data  to  design  of  the  structure 
being  considered.  This  is  accomplished  by  determining  the  state  of  stress 
for  the  component  joint  and/or  by  relating  structural  hardware  test  results 
to  the  coupon-derived  design  properties.  The.  sequential  steps  of  these  pro- 
cedures are  summarized  in  Figure  11.  This  approach  is  consistent  with  the 
techniques  used  to  obtain  design  data  for  Mil-'idbk-5  [1],  as  defined  in 
Reference  26. 

These  procedures  require  detailed  definition  of  the  welding  conditions  which 
the  design  strengths  represent.  Current  military  welding  specifications  do 
not  contain  adequate  requirements  for  defining  a meaningful  population  of 
weldments.  Due  to  this  lack  of  applicable  industry-wide  specifications, 
the  necessary  information  must  be  presented  with  the  coupon-derived  weld- 
ment design  data. 

These  guidelines  establish  procedures  for  the  orderly  generation  and  pre- 
sentation of  design  data  for  weldments  and  consist  of  sections  covering 
definitions,  population  definition,  data  generation,  data  treatment,  and 
data  presentation.  These  sections  are  presented  below. 
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POPULATION  DEFINITION 
0 Base  Material  Variables 
O Welding  Process  Variables 
O Weld  Character 

DATA  GENERATION 

O Design  Data  Requirements 
® Basic  Population  Definition 
O Subpopulation  Definition 
© Welding  Procedures 
O Coupon  Requirements 
© Testing  Procedures 
Q Minimum  Data  Requirements 

DATA  TREATMENT 

O Selection  of  Data  Basis 
Q Population  Identification 
O Computational  Concepts 
© Computational  Procedures 

DATA  PRESENTATION 

© Introductory  Information 
© Room  Temperature  Properties 
© Data  on  Effect  of  Tempes’oture 
© Use  of  Design  Data 
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COUPON-DERIVED  WELDMENT  DESIGN  DATA 

I 

UTILIZATION  OF  COUPON-DERIVED 
DESIGN  DATA 

© Coupon  to  Structure  Ratios 


Figure  11: 


GUIDELINE  PROCEDURES  FOR  COUPON-DERIVED  WELDMENT 
DESIGN  DATA 


DEFINITIONS 


Throughout  the  guidelines  and  in  the  preparation  of  data,  definitions  of 
the  American  Welding  Society  [33]  will  be  used  for  terms  relating  to 
welding. 

The  definitions  utilized  in  References  1 and  26  will  be  used  for  other 
terms  relating  to  material  properties  and  statistical  treatment  of  data. 

POPULATION  DEFINITION 

Determination  and  presentation  of  industry-wide  properties  of  weldments 
requires  adequate  definition  of  pertinent  welding  parameters,  including  a 
description  of  base  materials,  welding  process  variables,  and  weld  char- 
acter. In  the  case  of  general  metallic  material  properties,  reference  to 
industry-accepted  material  procurement  specifications  provides  this  basis 
for  definition.  For  weldments,  current  military  process  specifications 
are  not  sufficiently  detailed  to  adequately  describe  a.  given  population 
of  weldments.  Present  industry  practice  involves  the  stipulation  of  re- 
quirements and  conditions  in  addition  to  those  of  the  military  specifi- 
cations in  order  to  obtain  consistent,  high-quality  weldments  meeting  the 
requirements  of  industry.  Therefore,  at  the  present  time,  the  procedure 
of  stipulating  requirements  must  be  utilized  in  establishing  industry- 
wide design  data  in  lieu  of  a referenceable  welding  specification. 

The  most  significant  variables  to  be  considered  in  weldment  character- 
ization (population  definition)  are  divided  into  three  basic  categories; 
base  materials,  welding  process  variables,  and  weld  character  • (see  Figure 
12) . The  variables  listed  are  the  minimum  that  must  be  identified  and 
recorded  during  the  initial  portion  of  the  program. 

Base  Materials 

Initial  consideration  must  be  given  to  the:  base  materials.  This  classi- 
fication includes  appropriate  stipulation  of  alloy,  composition,  form, 
preweld  and  postweld  heat-treat  condition,  filler  material,  and  material 
thickness.  Selection,  specification,  and  control  of  these  variables  are 
generally  straightforward,  following  the  same  procedures  as  would  be  used 
in  base  metal  design  data  determination. 

Welding  Process  Variables 

The  most  difficult  aspect  of  weldment  characterization  is  establishment 
of  welding  variables.  These  variables  must  be  sufficiently  detailed  to 
represent  the  population  of  weldments  produced,  as  well  as  to  allow  later 
reproduction  of  welds  within  this  population.  The  appropriate  selection 
of  variables  to  be  stipulated  must  be  based  on  an  interpretation  of  their 
effect  on  weldment  properties  and  the  desirability  of  control.  Using  the 
variable  of  thermal-control  tooling  as  an  example,  it  may  be  found  that 
various  types  of  tooling  influence  tensile  properties  of  a weld  joint  by 
their  effect  on  cooling  rate.  However,  the  difficulty  in  adequately  de- 
scribing thermal-control  tooling  for  more  than  a single  application  makes 
it  desirable  to  treat  tooling  as  a random  and  uncontrolled  variable.  This 
same  judgment  of  effect  on  properties  and  desirability  of  control  must 
be  made  for  each  of  the  welding  process  variables. 
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BASE  MATERIAL 


Alloy,  Composit-ion,Form,  Pre-and  Post-Weld  Heat 
Treat  Condition,  Material  Thickness,  Filler  Material 

WELDING  PROCESS  VARIABLES 

•"^Joint  Preparation  Tooling  Welding  Conditions  Weld  Repair 

Joint  Type  Alignment  Welding  Process  Number  of  Repairs 

Edge  Preparation  Restraint  Welding  Method  Type  of  Repair 

Cleaning  Thermal  Control  Welding  Position 

Heat  Input  (Weld  Setting) 

Preheat 

Interpass  Temperaturs 
Shielding  Gas 

WELD  CHARACTER 

Acceptance  l evejs 
External 

Underfill  and  Undercut 
Cracks 
Pores 

Reinforcements 

internal 

PcM-es 
inclusions 
Cracks 

Lack  of  Fusion 

Tensile  Properties 

Minimum  & Minimum  Average 


Figure  12:  SUMMARY  OF  POPULATION  DEFINITION  CONSIDERATIONS 


Inspection  Methods 

NDT  . . 

Visual 

Radiographic 

Penetrant. 

Magnetic  Particle 
Ultrasonic 
DT 

Transverse  Tensile  Test 
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Weld  CharucLer 


The  Chird  grouping  of  tvelding  conditions  is  weld  character,  which  is 
viovtfod  from  two  aspects:  actual  character,  and  means  of  determining  char- 

acter. Appropriate  levels  of  weld  character  must  be  prescribed  in  order 
to  define  a population  of  weldments.  This  includes  a description  of  in- 
ternal and  external  quality  levels  as  well  as  a minimum  joint  strength 
requirement.  In  most  specifications  there  are  several  weld  classes  that 
serve  to  identify  in  detail  the  quality  level  requirements.  However,  in 
lieu  of  reference  to  a specific  class  in  an  industry-wide  specification, 
detailed  quality  levels  must  be  given.  In  addition,  the  means  of  deter- 
mining these  weldment  characteristics  must  be  established.  This  involves 
stipulation  of  both  nondestructive  and  destructive  test  methods. 

In  summary,  the  primary  concern  of  population  definition  for  weldments 
is  to  describe  welding  conditions  in  a manner  that  will  allow  reproduction 
of  this  same  population  and  be  sufficiently  detailed  to  allow  proper  data 
analysis. 

DATA  GENERATION 

Data  generation  concerns  the  development  of  a testing  program  based  upon 
considerations  of  design  data  requirements,  population  definition,  sub- 
population definition,  welding  procedures,  testing  procedures,  and  mini- 
m*im  data  requirements.  A graphic  summary  of  each  of  these  elements  is 
shown  in  Figure  13  and  is  discussed  in  the  following  paragraphs. 

Design  Data  Requirements 

Initially  the  type  of  data  required  and  the  general  welding  conditions  of 
interest  must  be  established  based  upon  anticipated  use  of  the  data.  This 
includes  the  type  of  property  needed  (e.g.,  tensile,  fatigue),  the  type  of 
data  required  (statistical  or  average) , and  the  general  welding  conditions 
for  which  the  data  will  be  generated. 

Basic  Population  Definition 

The  next  step  is  selection  of  a basic  population  definition  satisfying  the 
general  welding  conditions  previously  established.  The  procedures  outlined 
previously  for  population  definition  require  a detailed  review  of  applica- 
ble welding  conditions  in  order  to  select  a single  population  which  will 
provide  data  consistent  with  the  requirements  for  data  treatment.  The 
example  shown  in  Table  IV  for  6061  aluminum  x^eldments  would  be  typical 
of  a basic  population  definition.  In  this  example,  tooling  and  heat  input 
have  not  been  specified.  It  is  recognized  that  these  variables  have  a 
potential  influence  upon  weldment  properties  and  may  require  a redefinition 
of  the  original  population  as  a result  of  later  data  analysis. 
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Basic  Population  Definition 


Subpopulation  Definition 


Welding  Procedure 


Coupon  Requirements 


Testing  Procedures 


Figure  13:  TESTING  PROGRAM  CONSIDERATIONS 
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Table  IV:  EXAMPLE  POPULATION  DEFINITION 


BASE  MATERIALS 

Al’oy:  6061  Aluminum  per  QQ-A- 250/11 

Form;  Sheet 

Preweld  Heat  Treat  Condition:  T4  or  T6 

Postweld  Heat  Treat  Condition:  As-Welded 
Material  Thickness:  0.09  inch 
Filler  Material:  4043  per  QQ-B-655 


WELDING  VARIABLES 
Joint  Preparation 
Joint  Type:  Butt 

Edge  Preparation:  Square  Groove 

Cleaning:  Deoxidize,  solvent  wipe  and  hand  scrape 

Tooling:  None  Specified 

Welding  Conditions 

Process:  Mechanized  GTA 

Sequence:  Single  Pass 

Position:  Flat 


Heat  Input:  Not  Specified 

Weld  Repair:  None 

WELDMENT  QUALITY 
Inspection  Methods 
Visual 

Radiographic,  Mil-Std-453 
Penetrant,  Mil-l-6866 

Acceptance  Levels 
External 

Weld  Beads:  Removed  Flush 

Underfill  and  Undercut:  None  Allowed 

Cracks:  None  Allowed  " 

Pores:  *Maximum  size  0.02-inch,  one  per  inch 

Mismatch:  10%  of  Thickness  Maximum 

Internal 

Pores  and  Inclusions:  *Maximum  Size  50%  T 6r  0.12  inch  whichever  is 
lesser.  Maximum  accumulated  amount  less  than 
2%  of  cross  section  area 
Cracks:  None  Allowed 

Lack  of  Fusion:  None  Allowed 


*Sharp-tailed  or  crack-like  indications  not  allo'^ed, 
appropriate  acceptance  levels  will  be  added. 
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Subi>opulat:ion  Definition 

Selection  of  appropriate  subpopulations  is  the  next  step  in  test  program 
planning.  Obvious  subpopulations  or  associated  populations  of.  the  pre- 
vious example  would  be  alternative  weld/heat-treating  sequences,  filler 
materials,  welding  processes,  weld  repair,  joint  thickness,  and  weld  classes 
(quality  level).  The  selection  of  these  preplanned  subpopulations  is  de- 
pendent upon  previous  knowledge  of  their  potential  effect  on  weldment 
properties.  However,  those  mentioned  are  the  most  frequently  encountered 
subpopulations  required. 

Welding  Procedure  , 

The  variables  defining  the  selected  basic  and  subpopulations  must  be  con- 
trolled within  their  prescribed  ranges  during  test  program  welding.  This 
requires  welding  in  accordance  with  a referenced  specification  and  any  addi- 
tional requirements  which  may  limit  the  population.  The  generation  of  this 
data  requires  that  welding  he  aonduated  lender  production  conditions  rather 
than  closely  controlled  laboratory  conditions.  In  addition,  data  for  de- 
velopment of  design  properties  must  adequately  represent  the  variation 
allowed  in  the  referenced  specification  and/or  supplemental  requirements 
for  each  variable. 

Weldments  from  which  data  are  generated  should  represent  the  product  of 
several  welders,  welding  machines,  and  weld  setups.  It  is  advisable  to 
select  test  samples  from  weldments  produced  at  different  times  by  differ- 
ent operators  ‘guided  only  by  the  specified  requirements.  Weldment  char- 
acterization must  be  representative  of  final  products  rather  than  the 
idealized  characterization  used  in  many  weld  development  studies. 

Coupon  Requirements 

Considerable  variation  in  actual  coupon  dimensions  used  within  the  aero- 
space industry  has  resulted  In  difficulties  in  obtaining  comparative  data. 

To  provide  the  necessary  uniform  basis  for  obtaining  weldment  data,  rec- 
ommended configurations  are  presented  in  the  following  discussion. 

Transverse-Meld  Tensile  Coupons Two  types  of  transverse-weld  tensile 

coupon  configurations  are  recommended.  Flat  coupons  are  to  be  used  for 
materials  up  to  0.5-inch  thickness.  For  weld  joint  thicknesses  greater 
than  0.5  inch,  round  coupons  are  recommended.  These  two  configurations 
are  shown  in  Figures  14  and  15,  respectively.  Exact  specimen  dimensions 
are  dependent  on  the  thickness  of  the  weldment  being  evaluated,  but  geo- 
metric similitude  is  maintained  within  each  type  of  specimen.  Appropriate 
dimensions  are  given  for  the  reduced  test  section  of  each  coupon.  The 
dimensions  of  the  gripping  areas  at  each  e.id  are  optional  and  may  b®  modi- 
fied to  accoimnodate  standard  test  fixtures. 

The  weld  beads  should  be  removed  from  all  flat  coupons  since  industry 
standards  have  not  been  established  regarding  weld  reinforcement  con- 
figuration. This  requirement  provides  a more  uniform  base  on  which  data 
from  several  sources  may  be  combined.  Wlien  data  is  required  for  welds 
with  reinforcements  intact,  their  configuration  must  be  specified. 
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NOTES: 


1 . Dimension  "W"  and  "L"  optional . 

2.  Weld  bead  on  or  off  optionol . 

3.  Fillet  radii  must  fair  smoothly  into  reduced  section. 

4.  Material  and  grain  direction  per  test  requirements. 

5.  Specimens  warped  from  welding  or  heat  treatment  shall  not  be 

straightened . „ 

6.  Reduced  section  machined  surfaces  . 

7.  The  reduced  section  and  grip  ends  must  be  symmetrical  about 
the  longitudinal  within  * 0,01 , 

8.  Tolerances  except  otherwise  noted:  Linear  ± 0.03,  Angular  ±1* 


Figure  14:  FLAT  TRANSVERSE-WELD  TENSILE  COUPON 
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NOTES; 

1 . Dimension  "L"  and  threod  sire  optional. 

2.  Fillet  radii  must  fair  smoothly  into  reduced  section. 

3.  Reduced  section  machined  surface  3^ 

4.  Heat  treatment  to  be  performed  prior  tb  finish  machining. 

5.  The  reduced  section  and  grip  ends  must  be  symmetrical  obout 
the  longitudinal  ( within  i 0,01  . 

6.  Tolerances  except  otherwise  noted’:  Linear  ± 0.03,  Angular  *1*. 


Figure  15:  ROUND  TRANSVERSE-WELD  TENSILE  COUPON 


When  round  coupons  are  used  in  Chick  weldments,  location  within  the  weld- 
ment becomes  an  additional  variable  which  must  be  described  and  associated 
with  the  data. 

Other'  Weldment  Coupons At  present,  coupon  configuration  requirements  for 

the  evaluation  of  properties  other  than  transverse  tensile  have  not  been 
sufficiently  defined  to  be  utilized  on  an  industry-wide  basis. 

Due  to  the  nature  of  fatigue  testing,  no  specific  test  configurations  are 
recommended.  Configurations  selected  according  to  standard  base  metal 
practices  have  been  used  which  may  be  satisfactory.  Weld  reinforcements 
are  of  particular  significance  in  fatigue  testing  and  should  be  removed 
or  specified  in  detail  along  with  a description  of  the  coupon  used. 

Fracture  toughness  coupons  should  conform  to  the  latest  requirements  de- 
fined by  the  ASTM  recommended  practice.  Crack  location  with  respect  to 
the  weldment  is  of  particular  importance,  and  the  criteria  for  validity  of 
the  specimen  must  be  met. 

The  coupons  used  for  evaluation  of  other  weldment  properties,  such  as 
fillet-weld  shear  strength  and  creep  or  stress  rupture,  also  require  def- 
inition in  order  to  be  used  for  industy-wide  design  strengths. 

Testing  Procedures 

The  availability  of  accepted  test  methods  for  base  metal  evaluation,  as 
evidenced  by  federal  and  ASTM  standards,  has  resulted  in  their  general 
application  to  testing  of  weldments.  Tensile  testing  per  Federal  Test 
Method  Standard  151  is  recommended.  These  standards  control  test  equip- 
ment, data  accuracy,  and  loading  rates.  Reference  to  existing  base  metal 
test  methods  are  generally  considered  satisfactory  for  mechanical  property 
testing  of  weldments  except  for  the  configuration  definition.  The  testing 
practice  and  any  deviations  should  be  reported  when  data  samples  are  gen- 
erated. In  no  case  may  a test  result  be  discarded  on  the  basis  of  a de- 
fect found  after  final  inspection for  example,  during  posttest  examin- 

ation of  the  fractured  surfaces. 


Minimum  Data  Requirements 

The  quantity  of  data  that  must  be  collected  or  generated  depends  upon  the 
population  definition  ana  the  basis  on  which  it  is  to  be  analyzed.  The 
bases  fall  into  two  categories;  data  to  be  statistically  analyzed,  and 
data  to  be  presented  on  an  average  basis  as  defined  under  "Data  Treatment." 

Statistical  Sample  Requir>emants- — The  data  sample  must  be  adequate  to  de- 
termine the  form  and  distribution  of  the  population  from  which  it  was 
drawn.  If  the  xifeldment  population  definition  is  broad  and  allows  consid- 
erable latitude  in  the  range  of  oarameters  defined,  it  is  obvious  that 
larger  sample  sizes  x^ill  be  required.  Certain  minimum  requirements  can 
be  stated,  however,  based  on  statistical  considerations. 

For  data  to  be  directly  analyzed  on  a statistical  basis,  a typical  weld- 
ment population  exhibiting  nearly  normal  distribution  characteristics  should 
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be  represented  by  a sample  containing  a minimum  of  100  observations.  These 
observations  should  include  at  least  10  subsamples  representing  random  var- 
iables such  as  base  material  lots,  filler  material  lots,  weld  processing 
variables,  and  weld  machine  operators  and  setups. 

Direct  analysis  of  a data  sample  that  is  not  normally  distributed  requires 
at  least  300  tests  to  adequately  define  minimum  strengths.  As  in  the  pre- 
vious case,  these  observations  should  be  representative  of  the  total 
population. 

Where  subpopulations  are  defined,  the  above  minimum  data  requirements  apply 
to  each  subpopulation  which  shows  a significant  difference  in  properties. 

At  least  10  pairs  of  measurements  should  be  used  for  an  indirect  analysis 
based  on  derived  ratios.  These  paired  observations  should  represent  the 
range  of  variables  in  the  specified  population.  If  broad  ranges  in  param- 
eters are  involved,  additional  observations  may  be  required. 

Average  Sample  Requirements No  specific  data  requirements  have  been  es- 

tablished for  properties  presented  on  an  average  basis,  but  some  general 
considerations  are  given. 

Due  to  the  number  of  variables  inherent  in  a welding  process,  it  is  advis- 
able to  make  as  broad  a sampling  as  practicable  within  the  population  def- 
inition. The  range  of  material  and  processing  parameters  included  in  the 
sample  will  o'bviously  influence  the  sample  size.  The  total  number  of  ob- 
servations should  be  sufficient  to  identify  factors  that  may  be  significant 
i^thin  the  population  such  as  joint  thickness,  weld  repair,  filler  material, 
and  heat-treat  condition. 

DATA  TREATMENT 

The  procedures  used  in  the  analysis  of  test  data  should  be  based  on  uni- 
form techniques  that  lend  themselves  to  obtaining  meaningful  results  while 
permitting  some  variation  in  approach  based  on  decisions  which  are  not 
completely  arbitrary.  Certain  concepts  have  been  used  in  this  framework 
for  base  metal  analyses  which  lend  themselves  to  analysis  techniques  for 
weldments.  The  guidelines  established  for  analysis  of  data  for  inclusion 
in  Reference  1,  as  presented  in  Reference  26,  are  used  as  a basis  for  the 
development  of  analysis  techniques  applicable  to  mechanical  property  data 
for  weldments. 

The  exact  procedures  used  for  the  analysis  of  test  data  may  vary  from  one 
sample  to  another  depending  on  the  type  and  quantity  of  data.  Selection 
of  the  appropriate  procedure  requires  a number  of  decisions  that  can  best 
be  illustrated  by  the  flow  chart  shown  in  Figure  16.  These  decisions  fall 
into  the  following  categories: 

1)  Determine  the  basis  on  which  the  data  will  be  presented; 

2)  Establish  the  population  to  which  the  properties  apply; 

3)  Determine  the  procedure  for  computations; 


66 


Normal 
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Values 


PRESENT  DATA 


Figure  16:  FLOW  OF  DATA  FOR  ANALYSIS 
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4)  Perform  the  computations. 

These  items  are  described  in  greater  detail  in  the  following  sections. 
Selection  of  Data  Basis 

The  end  results  desired  and  the  type  and  quantity  of  data  available  are 
the  major  factors  in  selecting  the  data  basis.  Certain  properties,  such 
as  fracture  toughness  and  fatigue,  are  usually  presented  on  an  average 
basis.  For  tensile  ultimate  strength  properties,  minimum  design  strengths 
at  F'-ated  reliability  levels  are  desii-ed. 

The  selection  of  the  data  basis  must  be  consistent  with  the  quantity  of 
data  available  and  the  manner  in  tiJhich  it  represents  the  specified  popu- 
lation. Calculation  of  statistical  minimum  values  from  a sample  that  does 
not  adequately  represent  all  of  the  parameters  allowed  in  the  specified 
population  may  result  in  values  which  are  not  valid  for  the  intended  basis. 

To  provide  weldment  data  for  aerospace  applications  consistent  with  the 
assurance  levels  associated  with  design  strengths  in  Mil-Hdbk-5,  all  data 
should  be  presented  on  one  of  the  following  bases; 

A Basis The  value  above  which  at  least  99%  of  the  population  of  values 

is  expected  to  fall,  with  a confidence  of  95%. 

• B Basis The  value  above  which  at  least  90%  of  the  population  of  values 

is  expected  to  fall,  with  a confidence  of  95%. 

S Basis The  minimum  value  specified  by  the  governing  specification.  The 

statistical  assurance  associated  with  this  value  will  depend  on  the  quality 
control  requirements  of  the  specification. 

Average  Basis The  property  is  an  average  value.  No  statistical  assurance 

is  associated  with  this  value. 

Population  Identification 

For  computational  purposes,  the  population  definition  must  be  restrictive 
enough  to  ensure  that  the  computed  properties  are  realistic  and  useful. 

This  requires  the  establishment  of  the  range  of  conditions  for  which  the 
mechanical  property  can  be  characterized  by  a single  distribution.  The 
general  procedure  for  specifying  a population  has  been  previously  given; 
however,  the  analysis  of  data  may  indicate  that  further  refinement  is 
necessary. 

The  specified  population  will  include  the  more  obvious  factors  such  as  base 
material,  filler  material,  heat-treat  condition,  and  weld  process;  but  less 
obvious  factors  such  as  joint  thickness,  heat  input,  and  welding  position 
may  require  further  evaluation.  When  previously  unspecificad  parameters  or 
parameters  that  have  a broad  range  appear  to  be  significant,  the  data  should 
be  grouped  in  appropriate  subpopulations  prior  to  further  analysis.  For  data 
to  be  presented  on  an  average  basis,  the  apparent  subpopulations  should  be 
defined  and  presented  with  the  data.  To  resolve  the  significance  of  these 
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subpopulations  in  a sample  to  be  analyzed  for  minimum  properties,  appro- 
priate statistical  tests  of  significance  should  be  performed  on  the  respec- 
tive groups  of  data. 

The  statistical  tests  of  significance  are  conducted  for  specific  confidence 
levels  and  provide  a sound  basis  for  decision-making.  Data  groups  showing 
no  significant  differences  may  be  combined  for  further  analysis.  If  dif- 
ferences exist,  the  subpopulations  representing  the  data  groups  should  be 
defined  and  the  groups  analyzed  separately.  The  minimum  strength  repre- 
senting the  total  population  is  determined  from  the  subpopulation  exhibit- 
ing the  lowest  strength. 

In  some  cases,  properties  may  vary  continuously  with  some  characteristic 
such  as  thickness.  A correlation  may  be  established  between  the  property 
and  the  characteristic  through  regression  analysis.  The  use  of  regression 
analysis  provides  a tool  whereby  the  data  groups  may  be  recombined  for 
further  analysis. 

Computational  Concepts 

The  development  of  average  property  values  requires  only  the  calculation  of 
the  average  property.  If  the  range  of  values  for  the  property  varies  more 
than '±5%  from  the  average  value,  it  is  advisable  to  report  the  range  as  well. 
No  statistical  confidence  is  associated  with  this  value. 

Two  statistical  concepts  may  be  logically  applied  to  the  analysis  of  weld- 
ment data.  The  first  concept  requires  a direct  statistical  analysis  of 
data  to  arrive  at  design  properties  of  stated  reliability.  ' The  second  con- 
cept uses  an  indirect  computational  method  whereby  the  properties  of  in- 
terest are  established  through  their  relationship  to  a property  for  which 
direct  calculations  are  available.  The  statistical  regression  analysis  is 
usable  with  either  of  these  concepts. 

Direct  analysis  requires  relatively  large  amounts  of  data.  This  technique 
requires  sufficient  data  to  describe  the  form  of  the  distribution  as  well 
as  its  dispersion  characteristics.  The  form  of  the  distribution  is  deter- 
mined on  a statistical  basis  by  applying  the  chi-squared  test  for  normality. 
For  populations  exhibiting  nearly  normal  behavior,  the  computational  pro- 
cedures for  the  normal  distribution  are  used.  If  the  distribution  is  not 
normal,  a nonparametric  analysis  is  used  which  assumes  a random  selection 
of  data  points  and  uses  a ranking  of  the  individual  values  to  arrive  at  the 
required  minimum  value. 

The  indirect  analysis  operates  on  ratios  of  paired  properties.  This  pro- 
cedure requires  the  pairing  of  values  determined  for  the  property  being 
evaluated  with  a corresponding  property  for  which  a direct  statistical 
distribution  is  knoTm.  A statistical  analysis  is  performed  on  ratios  of 
the  paired  observations  to  arrive  at  a reduced  ratio  at  a stated  confi- 
dence level.  This  reduced  ratio  is  applied  to  the  minimum  value  for  the 
known  property  to  derive  the  appropriate  minimum  value  for  the  required 
property.  Proper  selection  of  confidence  limits  gives  derived  property 
values  of  approximately  the  same  assurance  levels  as  for  the  direct  prop- 
erty. This  procedure  is  applicable  for  relatively  small  data  samples. 

As  few  as  10  pairs  of  measurements  may  be  used  if  the  data  adequately 
covers  the  range  of  parameters  inferred  in  the  population  definition. 
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The  large  data  samples  required  for  direct  statistical  analysis  will  us- 
ually limit  its  use  to  tensile  ultimate  strength  of  weldment  coupons.  The 
indirect  analysis  may  be  used  to  derive  other  properties  of  interest  using 
smaller  samples.  One  example  would  be  to  derive  the  minimum  shear  strength 
for  the  cases  where  only  the  tensile  distribution  is  known;  one  would  ope: 
ate  on  the  ratio  SUS/TUS  in  this  case. 

The  indirect  computation  method  also  provides  a tool  for  rational  devel- 
opment of  weld  factors  to  be  used  in  translating  coupon-derived  minimum 
• properties  to  hardware  design.  In  this  case,  the  ratio  of  hardware  fail- 
Av.  ure  stress  to  control  coupon  failure  stress  is  used  as  discussed  under 
use  of  design  data. 

Computational  Procedures 

The  computational  procedures  used  for  the  development  of  minimum  design 
strengths  for  weldments  in  aerospace  structure  should  result  in  values 
consistent  with  the  assurance  levels  associated  with  design  strength  values 
in  Reference  1.  As  such,  the  computational  procedures  and  statistical 
assurance  limits  required  are  consistent  with  those  presented  in  Reference 
26.  Reference  to  AfML-TR-66-386  will  provide  examples  in  the  use  of  the 
various  computational  forms  and  values  for  the  statistical  factors  needed 
for  the  computations  of;  (1)  direct  computation  for  the  normal  distri-r 
bution;  (2)  direct  computation  for  the  unknown  distribution;  and  (3)  in- 
direct computation  of  property  values. 

, DATA  PRESENTATION- 

The  presentation  of  data  on  weldments  is  complicated  by  the  lack  of  weld- 
ing specifications  suitable  for  reference.  In  lieu  of  these  specifications, 
a description  of  the  pertinent  welding  conditions  must  be  given  in  asso- 
ciation with  the  property  data.  This  may  be  cumbersome  in  some  regards; 
however,  it  is  necessary  in  order  to  provide  meaningful  and  useful  engi- 
neering data. 

A minimum  number  of  welding  conditions  should  be  shown  in  the  data  pre- 
sentation for  each  basic  population  of  weldments  considered.  These  would 
include  the  conditions  of  major  significance  to  the  potential  users  of  the 
data.  In  the  population  definition  discussion,  the  many  potential  welding 
variables  were  discussed.  Among  these  many  variables,  the  folloxcing  var- 
iables are  the  minimum  that  should  always  be  specified  where  applicable: 

1)  Alloys , 

2)  Weld  heat-treat  conditions, 

3)  Filler  materials, 

4)  Welding  processes, 

5)  Weld  repairs, 

6)  Joint  thicknesses, 

7)  Joint  types,  ’ 

8)  Weld  quality  levels, 

9)  Welding  method,  l.e.,  manual  or  mechanized. 

Since  the  data  presented  are  based  on  coupon-derived  results,  it  is  also 
necessary  to  provide  comments  on  use  of  the  data  in  structural  design. 
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Introductory  Information 


Hhen  weldment  data  is  presented  it  should  include  introductory  comments 
to  aid  designers  in  selectir:?  appropriate  welding  processes  or  conditions. 
In  addition,  comments  alerting  a designer  to  possible  fabrication  problems 
or  environmental  effects  should  be  included.  These  may  include:  (1)  po- 

tential weld  heat-treating  sequences  for  the  alloy;  (2)  applicable  welding 
methods;  (3)  comments  on  weldment  properties;  (4)  discussion  of  pertinent 
welding  process  variables  such  as  heat  input  sensitivity  or  restrictions, 
preheat  requirements,  atmospheric  contamination,  and  significant  metal- 
lurgical phenomena. 

Room  Temperature  Properties 

Data  on  room  temperature  properties  of  weldments  are  presented  in  tabular 
form  as  illustrated  in  Table  V.  The  table  describes  base  material,  v;eld- 
ing  variables,  and  weld  character  conditions  that  the  data  represents,  as 
well  as  the  properties  of  interest.  As  footnotes  to  this  table,  the  addi- 
tional information  required  to  describe  these  conditions  is  presented. 
Precautionary  notes  for  use  of  the  data  in  design  also  must  be  given,  and 
are  discussed  below. 

Data  on  Effect  of  Temperature 

A typical  effect-of-temperature  curve  of  weldment  properties  is  shown  in 
Figure  17.  This  type  of  curve  would  be  presented  in  conjunction  with  room 
temperature  properties  and  would  reference  the  welding  conditions  and  pre- 
cautionary notes  of  the  room  temperature  case. 

Use  of  Design  Data 

As  a footnote  to  the  coupon-derived  design  data,  it  is  necessary  to  pre- 
sent precautionary  notes  on  the  use  of  the  data  in  structural  design.  It 
is  recognized  that  coupons  may  not  fail  under  load  in  the  same  manner  as 
a structure.  This  lack  of  one-to-one  correlation  may  be  due  to  either  dif- 
ferences in  weldment  character  resulting  from  the  potentially  higher  var- 
iability of  production  welding  or  state  of  stress.  Coupon-structure  ratios 
are  used  to  account  for  these  differences. 

Correlations  developed  using  the  ratioing  techniques  described  in  the 
computational  concepts  discussion  may  be  used  to  determine  appropriate 
ratios.  The  determination  of  an  adequate  design  requires  the  application 
of  the  appropriate  structure-coupon  ratio  to  the  coupon-derived  property. 
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Table  V:  TYPICAL  FORMAT  FOR  PRESENTATION  OF  ROOM 
TEMPERATURE  PROPERTIES  OF  WELDMENTS 


■Vi 

M 


Material 

Material 

Thickness 

Weld  Joint 
Type 

Filler 

Wire 

Alloy 

Heat  Treat 
After  Welding 

Properties 

yu 

F 

tu 

Other  Properties  or  j 


V/elding  Conditions 

B 

Kfli 

B 

6061-T4 

Up  to  0.30 
Above  0.30 

Sq.  Butt 
Groove 

4043 

4043 

Aged  to 
T6 

■ 

6061-T4 

Up  to  0.30 

Sq.  Butt 

4043 

As- 

6061 -T6 

Above  0..30 

Groove 

4043 

Welded 

Up  to  0.30 

Sq.  Butt 

4043 

Sol.  HT 

6061 -F 

and 

Above  0.30 

. 

Groove 

4043 

Age  to  T6 

D> 

l3> 


These  coupon-derived  properties  ore  subject  to  the  usage  limitations  discussed  under 
“Use  of  Design  Data." 

For  the  following  welding  conditions  ------ 

For  the  following  welding  conditions  ------ 


PERCENT  OF  ROOM  TEMPERATURE 


Figure  17:  TYPICAL  EFFECT  OF  TEMPERATURE  PRESENTATION 
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The  basic  parameters  influencing  the  design  of  liquid  oxygen  con- 
tainers are  considered  and  their  design  interrelation  evaluated.  Factors 
considered  include  materials,  configuration,  insulation,  support  mem- 
bers, instrumentation,  valves,  piping,  weight,  evaporation  loss,  and 
accessory  items  such  as  vacuum  pumps  and  transfer  hoses.  Means  for 
evaluating  and  optimizing  the  combination  of  the  various  factors  are  pre- 
sented together  with  experimental  work  conducted  in  areas  where  inform- 
ation was  lacking.  Description  of  the  design  and  construction  of  a liquid 
oxygen  container  together  with  the  thermal  test  results  on  the  container 
is  included. 
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While  the  polystyrene  and  resin  epoxy  foams  did  not  reach  a minimum 
until  the  end  of  the  indicated  pumping  period  virtually  all  of  the  improve- 
ment in  the  isocyanates  was  realized  in  3 to  5 days.  This  result  is  logical 
since  the  isocyanates  were  each  sold  as  open-celled  foams  while  the  other 
two  were  of  the  closed  cell  variety.  These  tests  were  conducted  with  a 
dynamic  vacuum  and  it  is  probable  that  a pressure  increase  would  result 
under  static  vacuum  conditions. 

Another  factor  which  affects  the  use  of  foams  in  LOX  vessels  is  the 
combustion  hazard  since  saturation  with  oxygen  gas  and/or  liquid  oxygen 
may  occur.  A sample  of  the  rigid  isocyanate,  when  tested  in  the  same 
apparatus  as  the  perlite -aluminum  powder  mixtures  (Figure  48),  ignited 
immediately  and  completely  in  an  explosive  manner. 

Results  of  these  tests  show  the  foams  tested  to  be  unsuitable  for  use 
with  LOX  and  of  limited  value  for  insulation  of  other  liquefied  gas  con- 
tainers. 

PROPERTIES  OF  EVACUATED  PERLITE 

Perlite -Aluminum  Powder  Mixtures  , 

Work  down  in  the  laboratory  here  has  established  the  desirability  of 
adding  aluminum  powder  to  evacuated  powders  to  achieve  a reduction  in 
mean  thermal  conductivity.  The  possibility  of  leaking  oxygen  saturating 
the  insulating  medium  raises  the  danger  of  combustibility  of  such  a mixture. 

. To  determine  the  extent  of  this  danger  the  apparatus  shown  in  Figure 
48  was  used.  In  this  equipment  the  mixture  being  tested  (C)  is  supported  on 
a bed  of  430  mesh  perlite  (O)  which  is  in  turn  supported  on  a glass  fiber 
cloth  (E)  and  100  mesh  Monel  screen  (F).  The  test  chamber  is  sealed  to 
the  walls  with  an  asbestos  packing  (H).  Pure  oxygen  gas  is  introduced 
through  tube  (G)  and  passes  up  through  the  sample  and  support  medium. 
Sufficient  time  is  allowed  to  permit  oxygen  to  permeate  the  sample  (10 
minutes  or  more)  at  which  time  a hot  nichrome  wire  (A)  is  lowered  into 
contact  with  the  sample.  This  wire  is  made  of  18  turns  of  No.  22  gauge 
helically  wound  nichrome  heater  wire.  Fifty  watts  of  electric  power  is 
dissipated  in  the  coil  heating  it  to  a point  just  below  the  melting  point  of 
the  wire.  Results  are  shown  in  Table  lO.  The  term  "some"  in  the  com- 
bustion column  indicates  local  burning  in  close  proximity  to  the  wire  while 
"complete"  indicates  that  burning  initiated  by  the  coil  propagated  through- 
out the  body  of  the  sample. 

Minimum  values  for  conductivity  for  some  powder  mixtures  are 
closely  approached  for  concentr'..bions  of  20%  aluminum  powder  by  weight 
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yOz  Gas  Line© 


Figure  48.  Corabustion  Test  Apparatus 

\ 


Variac 


Table  10 


Test  No.  Mixture 


Combustion  Comment 


1. 

10%  Baker  Al.*^^ 
90%  perlite 

None 

Wattage  increased  till 
nichrome  wire  element 
failed. 

2. 

15%  Baker  Al. 
85%  perlite 

None 

element  failed 

3. 

20%  Baker  Al. 
80%  perlite 

None 

element  failed 

4. 

25%  Baker  Al. 
75%  perlite 

Some 

element  failed 

5. 

30%  Baker  Al. 
70%  perlite 

Complete 

6. 

35%  Baker  Al. 
65%  perlite 

Complete 

7. 

• 

• 

30%  Baker  Al. 
70%  perlite 

Complete 

8. 

25%  Baker  Al. 
75%  perlite 

Some 

element  failed 

9. 

30%  Alcoa  A 1. 
70%  perlite 

None 

element  failed 

10. 

50%  Alcoa  Al. 
50%  perlite 

None 

element  failed 

11. 

75%  Alcoa  Al. 
25%  perlite 

Complete 

Propagated  slowly  but 
completely. 

(1)  Baker  USP  aluminum  powder,  lot  4776,  (cleaned) 

(2)  ^-30  mesh  perlite  from  Persolite  Product,  Inc. 

(3)  Alcoa  aluminum  pigment  No.  123. 
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or  less.  As  seen  in  Table  10  this  appears  to  be  safely  below  the  cozn> 
bustion  point. 

Fi*om  the  above  results  it  is  concluded  that  no  combustion  danger 
exists  if  suitable  mixtures  are  utilized.  A low  aluminum  percentage  is 
also  desirable  from  the  viewpoint  of  insulation  weight. 

Load  Carrying  Ability 

One  of  the  major  sources  of  heat  leak  into  a liquefied  gas  storage 
vessel  is  that  due  to  heat  conduction  along  the  supporting  members.  Two 
of  the  most  obvious  methods  for  reducing  this  heat  leak  are,  (1)  Use  of  a 
material  with  reduced  thermal  conductivity,  and  (2)  reduction  of  the  area 
of  heat  path.  The  first  of  these  methods  is  discussed  in  a presentation  on 
possible  support  member  materials  appearing  elsewhere  in  this  report. 

The  second  method  is  more  difficult  to  achieve,  particularly  when  high 
shock  load  conditions  are  to  be  encountered. 

One  method  which  appears  promising  in  vessels  which  utilize 
evacuated  powder  type  of  insulation  is  to  use  the  powder  as  a load  carrying 
medium.  Evaluation  of  the  load  carrying  ability  of  evacuated  perlite  wa’s 
therefore  undertaken. 

Apparatus 

Determination  of  the  load  carrying  ability  of  evacuated  pevlite  was 
made  with  the  apparatus  shown  in  Figures  49  and  50.  The  chamber  (A) 
is  an  8 inch  I.  D.  , 1/4  inch  wall  brass  tube  closed  on  one  end  with  a 
soldered  plate  and  provided  with  an  O-ring  flange  on  the  other,  a 3/4 
inch  diameter  opening  closed  with  a rubber  stopper  and  protective  cap 
in  provided  in  the  wall  near  the  bottom  for  filling  the  chamber  with  pow- 
der. A 2 1/4  inch  diameter  cylinder  is  soldered  through  the  center  of 
the  top  cover  plate.  Through  the  cover  plate,  to  the  side  of  cylinder,  is 
a 3/4  inch  diameter  vacuum  pump  connection  fitted  on  the  underside  with 
a screen  and  glass  wool  filter. 

An  O-ring  sealed  piston  with  extension  shaits  to  fit  the  cylinder  was 
made  from  one  piece  of  brass.  The  lower  shaft  passes  through  a Teflon 
packed  wiper  gland  in  the  bottom  of  the  cylinder.  Another  O-ring  seal  is 
used  through  the  removable  cylinder  cap  which  is  screwed  to  the  cylinder 
and  scaled  with  a flat  neoprene  gasket.  The  end  of  the  top  extension  shaft 
is  fitted  with  an  adjustable  button.  Four  3/8  inch  tubes  pass  through  the 
cylinder  cap.  One  of  these  is  used  to  transmit  the  pressure  existing  on 
the  top  of  the  piston  to  a calibrated  absolute  pressure  gauge.  The  other 
three  tubes  are  connected  through  a 1 inch  ball  type  quick  opening  valve  (C) 
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INTRODUCTION’ 


Pressurized  gas  storage  tanks  have  been  recognized  for  some 
time  to  represent  a large  energy  potential . 

The  arrival  of  the  missile  and  the  space  age  brought  with  it 
the  need  for  tanks  with  lightwe?lght  structure  and  necessarily..,  . 
lower  safety  factors . An  increased  safety  hazard  came  with  the 
lower  safety  factors. 

The  fact  that  these  vessels  represent  a "Big  Bomb"  is  not 
sufficient  information  to  establish  safe  operating  procedures 
for  testing.  First,  the  magnitude  of  the  hazard  must  be  de- 
fined . 

The  purpose  of  this  report  is  to  establish  a simplified 
method  for  determining  the  potential  hazard.  Design  and  safety 
considerations  will  also  be  presented. 


I . STORED  ENERGY 


Pressvre  storage  vessels  of  low  safety  factor,  as  used  in  air- 
borne missile  and  space  vehicle  pressure  systems,  present  an  ex- 
treme safety  hazard.  Because  of  the  necessary  lightweight  charac- 
teristics of  the  vessel  structure,  any  damage  to  the  thin  skin  can 
cause  the  pressurized  vessel  to  disintegrate  with  a large  energy^ 
release.  This  energy* release  can  create  a shock  overpressure  sim- 
ilar to  that  created  by  a chemical  explosion,  although  no  chemical 
reaction  takes  place. 

The  amount  of  energy  release  is  a function  of  the  quantity  of 
gas  contained  in  the  vessel.  Because  of  this,  a high-volume  low- 
pressure  vessel  can  contain  an  equal  amount  of  energy  as  a low- 
volume  high-pressure  vessel  (Pig.  1).  The  potential  energy  avail- 
able in  a pressurized  vessel  can  be  equated  to  the  energy  constant 
of  TNT.  As  an  example:  a 1940-cu  ft  vessel  at  10  psi  will  con- 

tain the  same  amount  of  energy  as  a 2-cu  ft  vessel  at  a pressure 
of  3000  psi  (3.5  lb  of  TNT). 

The  rapidity  with  which  the  energy  release  takes  place  is  an 
important  consideration.  'This  can  vary  with  vessel  size,  shape, 
wall  thickness,  and  fabrication  methods.  For  the  "urpose  of  il- 
lustrating the  magnitude  of  the  hazard,  the  extre''"  :ase  of  in- 
stant and  total  removal  of  gas  confinement  v/ill  be  used.  The 
sudden  release  of  energy  is  transmitted  through  the  air  in  the 
form  of  a shock  wave,  formed  by  the  sudden  displacement  of  the 
air  surrounding  the  vessel.  The  shock  wave  carries  with  it  a 
measurable  overpressure  varying  with  the  intensity  of  the  ini- 
tial displacement.  The  shock  overpressure  diminishes  rapidly  as 
the  distance  from  the  point  of  generation  increases,  and  v.’ill  de- 
generate into  a sound  wave  as  the  overpressure  approaches  zero. 

The  effect  is  similar  to  that  of  a chemical  explosion.  A large 
leak  would  dissipate  the  same  amount  of  energy,  but  without  the 
explosive  effect. 
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Fig.  1 Hlgh-Volun*  Low-Pressure  Tank  Failure  Showing  Tearing  and 
Shredding  Effect  of  Stored  Energy  Release 


The  hazard  potential  or  TNT  equivalency  of  a pressurized  ves- 
sel Is  determined  by  the  calculation  of  the  amount  of  energy  avail- 
able from  the  explosive  expansion  of  a volume  of  compressed  gas: 
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where 

E = energy  (calories), 

" the  original  (absolute)  pressure  of  the  compressed 
gas, 

P2  “ final  or  atmospheric  pressure, 

R = molar  gas  constant  (1.987  cal/gm-mole  “K  for  an  ideal 
gas), 

V = pressure  vessel  volume, 

® ambient  air  temperature  (“K), 

T2  = temperature  of  the  compressed  gas  (®K). 

The  standard  for  energy  release  is  set  at  1,00C ,000,000  cal/ 
ton  of  TNT  or  1,140  cal/gm. 

Once  the  energy  equivalent  has  been  established,  minimum  safe 
distance  for  nonoperating  personnel  can  be  computed,  using  over* 
pressure  data  from  reference  TNT  explosions  (Table  1). 
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II . FRAGMENTATION 


Very  little  date  exist  on  fragmentation  as  associated  with 
exploding  pressure  vessels. 

In  an  analysis  of  an  actual  explosion  (Ref  1),  It  was  estl' 
mated  that  approximately  10%  of  the  available  energy  Is  ifsed  In* - 
deforming  the  tank  structure  and  imparting  a velocity  to  the  re- 
sulting fragments.  The  Initial  velocity  of  a given  fragment  can 
be  estimated  from  this  Information.  However,  since  the  behavior 
of  the  particles  will  vary  with  vessel,  size,  shape,  wall  thick- 
ness, method  of  construction  (Fig.  2),  and  to  some  degree,  atmos- 
pheric conditions,  the  fragmentation  hazard  magnitude  Is  entirely 
unpredictable.  Because  of  this,  adequate  protection  for  person- 
nel and  operating  equipment  must  be  provided. 


Fig.  2 Top  Half  of  10-cu  ft  Sphere:  Stored  Energy  Caused  this  Portion  to 

Travel  250  ft  In  Air  and  150  yd  after  Deforming  Heavy  Structural 
I-Beam  on  Facility  Roof 
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III.  PHYSIOLOGICAL  DAMAGE 


Laboratory  tests  and  field  studies  have  established  that  the 
maximum  allowable  shock  overpressures  a human  can  safely  be  sub- 
jected to  is  a 5-psi  stagnation  overpressure.  These  studies  have 
also  indicated  that  when  the  pressure  rises  rapidly,  a peak  over- 
pressure as  low  as  35  psi  with  a duration  of  400  msec  could  cause 

death  in  human  beings.  Damage  to  lungs  can  occur  as  low  as  6 to 

7 psi  and  eardrum  rupture  will  occur  with  a 50%  probability  be- 
tween 20  to  30  psi.  Damage  to  eardrums  can  occur  as  low  as  6 psi. 

Probability  of  fatality  and  injury  from  shock  overpressure  are 
shown  in  Table  2. 

Table  2 Probability  of  Fatality  and  Injury 
from  Shock  Overpressure 


Blast  Effect 

Limiting  Criteria 

Threshold 
OverpresHure  (psi) 

Primary 

99%  Probability  of  Fatality 
50%  Probability  of  Fatality 
1%  Probability  of  Fatality 

55  to  65 
45  to  55 
35  to  45 

Lung  Damage 

15 

Eardrum  Rupture 

5 

Secondary 

Penetration  into  Abdomen 

115  fps  for  a 10- 
gm  Glass  Missile 

Nonpenetrative  Skull  Fracture 

10  fps  for  a 10- 
lb  Masonry  Missile 

Tertiary 

Skull  Fracture  from  Impact 

10  fps  for  Displace- 
ment of  a 160-lb  Man 

*The  minimum  overpressure  at  which' «l*l6€r-lb  man  can  attain  a 
velocity  of  10  fpa  has  been  determined  to  be  3 psi  for  a man 
standing  face-on  and  5 psi  for  a man  standing  side-on  (Ref  2) , 

Primary  effects  include  injuries  resulting  from  air  pressure 
changes  caused  by  primary  pressure  release  and  its  reflections 
from  stationary  objects. 

Secondary  effects  include  injuries  that  follow  the  impact  of 
penetrating  and  nonpenetrating  missiles  energized  by  the  pressure 
release . 

Tertiary  effects  stem  from  the  physical  displacement  of  a 
man  by  the  blast  and  subsequent  impact  on  stationary  objects. 

Damage  as  a result  of  the  impact  of  a large  fragment  on  a 
man  occurs  at  velocities  of  10  fps . Damage  from  small  fragments 
is  encountered  in  areas  where  these  fragments  can  attain  veloc- 
ities over  115  fps. 


IV . DESIGN  CONSIDERATIONS 


The  safe  operation  of  any  system  begins  with  the  designer. 
Several  basic  considerations  the  designer  must  make  if  he  is  to 
achieve  this  goal  are: 

1)  Not  specify  leak  checks  or  other  operations  in  which 
personnel  are  involved  when  pressures  are  at  a level 
greater  than  operating  pressure  or  one-half  design 
burst  pressure,  whichever  is  lesser; 

2)  Specify  proof  pressure  checks  to  a value  no  less  than 
150%  of  maximum  expected  operating  pressure  when  work 
near  a pressurized  vessel  is  necessary; 

3)  Not  specify  proof  checks  using  gas  as  a pressure 
medium; 

4)  Provide  protection  that  will  enable  pressure  relief 
at  a value  not  to  exceed  10%  of  the  maximum  expected 
operating  pressure  when  supply  pressure  is  capable 
of  exceeding ‘the  proof  pressure  of  the  vessel. 
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V.  SAFETY  CONSIDERATIONS 


The  high  energy  potential  of  airborne  pressure  vessels  present 
a safety  hazard  that  is  difficult  to  define.  Because  of  the  thin 
skin  and  low  factor  of  safety  designed  into  these  vessels,  any 
damage  incurred  while  under  pressure  may  cause  explosive  disinte- 
gration (Fig.  3).  , 


Pig.  3 Test  Facility  Damage  from  Shock  Over- 
pressure Caused  by  Weld  Failure  on  10- 
cu  ft  Sphere  at  Approximately  6000  psi: 

Sphere  Broke  in  TWo  Halves  with  Little 
or  No  Fragmentation 

Because  of  the  necessity  of  testing  in  the  operating  range, 
strict  safety  requirements  must  be  established  to  minimize  the 
possibility  of  this  occurring: 

- . J-*"  V ■* 

1)  Under  no  circumstances  should  the  maximum  design  op- 
*>^*ting  pressure  be  exceeded  when  gas  pressure  test- 
ing. 


1 
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2)  No  tests  at  operating  pressure  should  be  conducted 
until  the  vessel  has  been  successfully  proof  tested 
to  not  less  than  .150%  of  the  maximum  design  operating 
pressure.  Proof  testing  with  gas  should  not  be  spec- 
ified in  lieu  of  hydrostatic  testing  without  complete 
analysis  of  the  hazard  magnitude. 

3)  Before  proof  pressure  tests,  no  pressurization  to 
value  greater  than  12%  of  the  intended  proof  pressure 
should  be  conducted.  At  no  time  should  it  be  permis- 
sible to  exceed  this  value  in  an  area  not  specifically 
designated  for  pressure  testing.  Areas  where  access 
control  is  difficult,  where  minimum  safe  distance  can- 
not be  enforced,  or  where  personnel  congestion  may  ex- 
ist, should  not  be  designated  for  pressure  testing. 

4)  Before  gas  pressure  testing,  a controlled  area  should 

be  set  up  using  data  from  Tables  2,  3,  and  4.  No  access 
to  controlled  areas  should  be  permitted  from  the  time 
vessel  pressurization  begins  until  pressure  has  sta- 
bilized. The  minimum  stabilization  time  should  be  10 
min  from  the  time  test  pressure  is  reached. 

5)  The  controlled  area  should  extend  to  the  minimum  safe 
distance  from  the  outer  skin  of  the  vessel  under  test. 
If  the  vessel  is  contained  within  a structure,  the 
minimum  safe  distance  should  be  measured  horizontally 
from  the  nearest  point  on  that  structure  to  the  edge 
of  the  controlled  area.  No  tools  other  than  those 
necessary  for  testing  are  allowed  in  this  area. 

6)  Whenever  the  safety  factor  is  less  than  1.5:1,  no  per- 
sonnel access  to  the  controlled  area  should  be  allowed 
until  pressure  has  been  reduced  to  an  acceptable  level. 
An  acceptable  level  will  be  no  greater  than  two-thirds 
of  proven  pressure  capability. 

7)  No  corrosive  or  hazardous  liquid  should  be  used  in  a 

•>  pressure  vessel  until  the- vis sel'*  has  been  successfully 
tested  to  150%  of  its  designed  test  or  operating  pres- 
sure. Corrosive  or  flammable  liquids  should  not  be 
used  for  hydrostatic  testing. 

The  personnel  hazard  is  increased  as  the  safety  factor  is  in- 
creased. The  hazard  is  at  its  minimum  where  a factor  of  safety 
of  4:1  or  greater  can  be  maintained.  It  is  not  necessary  to  re- 
strict personnel  access  at  this  level. 


M-64-137 


Table  3 Energy  Equivalent  Table 


Tank  Pressure 

Energy  Equivalent  per  Cubic 

(psig) 

Foot  of  Tank  Volume 

10 

0.001238 

20 

0.002711 

30 

0.004591 

40 

0.00748 

50 

0.00936 

60 

0.01277 

70 

0=01458 

80 

0.01729 

90 

0.0203 

100 

0.0230 

200 

0.0566 

300 

0.09418 

400 

0.1340 

500 

0.1787 

600 

0.2252 

700 

0.2719 

800 

0.3211 

900 

0.3710 

1000 

0.4150 

2000 

0.4937 

3000 

1.043 

4000 

2.218 

5000 

2.960 

6000 

3.650 

7000 

4.326 

8000 

5.05 

9000 

5.79 

10000 

7.53 

20000 

15.29 

30000 

22.53 

Note ; To  obtain  the  pressure  vessel  energy  equivalent, 
multiply  the  energy  equivale.nt  p^er-  cubic  foot  by 
•*  the  vessel  volume  in  cubi'c'' fee’fi  . 
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Table  4 Pressure  and  Volume  Conversions 


Pressure  Conversion  Table 

Pounds  per  Square 

. Pounds  per  Square 

Inches  of 

I ches  of 

Kilograms  per 

Inch  (Absolute) 

Foot  (Absolute) 

Mercury 

Water 

Atmospheres 

Square  Centimeter 

1 

144 

2.036 

27.70 

0.06804 

0.07031 

0.00695 

1 

0.01414 

0.1924 

0.4725  X 10^ 

0.4882  X 10‘^ 

0.4912 

70.73 

1 

12.61 

0.03342 

0.03453 

0.03610 

5 .2023 

0.07349 

1 

0.002538 

0.002456 

14.70 

2116 .3 

29.92 

407 .2 

1 

1.0333 

14.22 

2048 

28.96 

394.0 

0.9678 

1 

1 

Volume  Conversion 

1 Table 

Cubic 

S Cubic 

Cubic 

U.S. 

Cubic 

Inches 

Feet 

Yards 

Gallons 

Liters 

Centimeters 

1 

''  0.5787  X lo"^ 

0.2143  X lO"^ 

0.004329 

0.01639 

16 .39 

1,728 

1 

0.03704 

7.481 

28.32 

764.6 

28,320 

46,b56 

27 

1 

202.0 

764,600 

231 

0.1337 

0.004951 

1 

3.785 

3,785 

6,102 

0.03531 

0.001308 

0.2642 

1 

1,000 
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GUIDE  TO  THi  USE  OF  THIS  MONOGRAPH 


Tlie  purpose  of  this  monograph  is  to  organize  and  present,  for  effective  use  in  design,  the 
significant  experience  and  knowledge  accumulated  in  development  and  operational 
programs  to  date.  It  reviews  and  assesses  current  design  practices,  and  from  them  establishes 
firm  guidance  for  achieving  greater  consistency  in  design,  increased  reliability  in  the  end 
product,  and  greater  efficiency  in  the  design  effort.  The  monograph  is  organized  into  two 
major  sections  that  are  preceded  by  a brief  introduction  and  complemented  by  a set  of 
references. 

The  State  of  the  Art,  section  2,  reviews  and  discusses  the  total  design  problem,  and 
identifies  which  design  elements  are  involved  in  successful  design.  It  describes  succinctly  the 
current  technology  pertaining  to  these  elements.  When  detailed  information  is  required,  the 
best  available  references  are  cited.  This  section  serves  as  a survey  of  the  subject  that  provides 
background  material  and  prepares  a proper  technological  base  for  the  Design  Criteria  and 
Recommended  Practices. 

The  Design  Criteria,  shown  in  italics  in  section  3,  state  clearly  and  briefly  what  rule,  guide, 
limitation,  or  standard  must  be  imposed  on  each  essential  design  element  to  assure 
successful  design.  The  Design  Criteria  can  serve  effectively  as  a checklist  of  rules  for  the 
project  manager  to  use  in  guiding  a design  or  in  assessing  its  adequacy. 

The  Recommended  Practices,  also  in  section  3,  state  how  to  satisfy  each  of  the  criteria. 
Whenever  possible,  the  best  procedure  is  described;  when  this  cannot  be  done  concisely, 
appropriate  references  are  provided.  The  Recommended  Practices,  in  conjunction  with  the 
Design  Criteria,  provide  positive  guidance  to  the  practicing  designer  on  how  to  achieve 
successful  design. 

Both  sections  have  been  organized  into  decimally  numbered  subsections  so  that  the  subjects 
within  similarly  numbered  subsections  correspond  from  section  to  section.  The  format  for 
the  Contents  displays  this  continuity  of  subject  in  such  a way  that  a particular  aspect  of 
design  can  be  followed  through  both  sections  as  a discrete  subject. 

The  design  criteria  monograph  is  not  intended  to  be  a design  handbook,  a set  of 
specifications,  or  a design  manual.  It  is  a summary  and  a systematic  ordering  of  the  large  and 
loosely  organized  body  of  existing  successful  design  techniques  and  practices.  Its  value  and 
its  merit  should  be  judged  on  how  effectively  it  makes  that  material  available  to  and  useful 
to  the  designer. 
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power  available  for  hydrodynamic  work 
shaft  horsepower 


(6) 


'sh 


where 

Pg  = shaft  horsepower  minus  mechanical  losses 


The  mechanical  losses  for  pumps  with  impellers  1 0 in.  in  diameter  or  larger  are  very  small 
and  may  be  neglected.  For  pumps  with  impellers  as  small  as  1.0  in.  in  diameter,  the 
mechanical  losses  (seal  and  bearing  power)  may  be  as  high  as  20  percent  of  the  shaft  power. 

Head  coefficient  \Jj  is  a measure  of  headiise  related  to  impeller  discharge  tip  speed  Ujj : 


^ = 


gH 


(7) 


where 

g = acceleration  due  to  gravity 
Ut2  = impeller  discharge  tip  speed 


Figure  3 is  a representative  diagram  relating  N^,  0^,7?,  and  \}j  for  both  centrifugal 

and  axial  flow  turbopumps;  additional  information  of  this  Wnd  is  presented  in  references  4 
and  5. 


2.2.1. 1 CRITICAL  SPEED 

A basic  objective  in  the  design  of  rotating  machinery  is  to  avoid  operation  at  a critical  speed, 
i.e.,  a shaft  rotative  speed  at  which  a rotor/stator  system  natural  frequency  coincides  with  a 
possible  forcing  frequency.  Three  important  critical  speeds  usually  are  associated  with  a 
turbopump  that  has  a shaft  support  system  with  two  radial  bearings:  the  shaft  bending 
critical  speed,  and  two  speeds  that  are  a function  of  the  nonrigid  bearing  supports  (refs.  6 
through  32). 
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Specific  diameter 


"Itan  II  second-stage  fuel  (centrifugal) 
titan  II  first-stage  oxidizer  (centrifugal) 
I main-stage  LH2  (axial) 

Mark  9 main-stage  LH2  (axial) 

Hark  25  main-stage  LH2  (axial)  NERVA 
Atlas  sustalner  oxidizer  (centrifugal) 

H-l  oxidizer  (centrifugal) 

X"8  LH2  (centrifugal) 

H-l  fuel  (centrifugal) 
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<►-.8  \.6 
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6000  6000.  8000  10000  I5C00  20000 


Specific  speed,  N 


Figure  3.  — Representative  Nj  — Oj  diagram  for  centrifugal  and  axial 
flow  turbopumps. 


There  are  two  distinct  design  philosophies  currently  applied  in  the  design  of  rocket  engine 
turbopumps.  In  one  (ref.  6),  the  bearing-and-shaft  system  is  designed  with  all  of  the 
turbopump  operating  speeds  kept  below  the  first  rigid-body  whirl  critical  speed.  To  achieve 
this  condition,  liigh  bearing  spring  rates  are  required.  Therefore,  roller  bearings  are  often 
used  at  both  ends  of  the  shaft  along  with  ball  bearings  if  needed  for  axial  thrust. 

The  other  design  philosophy  (ref.  30)  calls  for  normal  pump  operation  above  the  first  and 
second  whirl  critical  speeds,  but  below  any  mode  wherein  significant  shaft  bending  occurs.^ 
This  practice  requires  lower  bearing  or  bearing-support  spring  rates  and  a minimal  internal 
looseness  of  the  bearings.  Consequently,  only  preloaded  ball  bearings  are  used.  Duplex  ball 
bearings  are  often  used  to  increase  the  bearing  radial-load  capacity. 

In  both  design  approaches,  a margin  of  approximately  20  percent  is  allowed  between  the 
shaft  operating  speed  and  the  nearest  calculated  whirl  critical  speed.  The  disadvantages  of 
operating  liquid-hydrogen  pumps  below  the  first  rigid-body  whirl  critical  speed  are  the 
necessary  high  bearing  spring  rates  and  high  bearing  DN  values;  as  a consequence,  when  the 
hydrogen-pump  shaft  transmits  torque  through  the  bearing,  the  bearing  stresses  and  bearing 
wear  tendencies  generally  are  higher  than  the  acceptable  values.  The  disadvantage  of 
operating  above  the  first  rigid-body  whirl  critical  speed  is  the  possibility  that 
subsynchronous  whirling  instabilities  will  occur;  in  addition,  machines  that  operate  above 
the  first  or  second  critical  speeds  of  the  shaft  can  incur  excessive  bearing  dynamic  loads 
during  partial-speed  operation  unless  sufficient  damping  is  provided  (ref.  31). 

Nearly  all  dense-fluid  turbopumps  operate  below  the  first  critical  speed.  Liquid-hydrogen 
pumps  often  operate  between  two  critical  speeds,  and  throttleable  pumps  may  operate  at  a 
critical  speed  for  a limited  time  during  start  transients  or  during  test.  The  designer  can  ease 
critical-speed  difficulties  by  employing  light  hardware  that  is  caret  ally  balanced.  Ax.al 
dimensions  are  kept  short,  and  the  flow  passages  are  shaped  to  yield  optimum  bearing  spans. 
Reference  28  presents  the  important  analytical  procedures  and  considerations.  For  pumps 
that  must  operate  over  a wide  speed  range,  it  is  necessary  to  determine  whether  all  operation 
will  be  below  the  first  critical  speed  or  between  two  widely  separated  critical  speeds,  or 
whether  some  operation  at  a critical  speed  will  be  necessary.  Operation  below  the  first 
critical  speed  requires  a lower  maximum  design  speed.  The  degree  of  damping  and  the 
energy  input,  usually  set  by  rotor  imbalance,  determine  the  maximum  amplitude  that  will 
occur  at  resonance.  For  many  designs,  operation  through  a resonant  speed  on  startup  and 
shutdown  transients  is  acceptable;  however,  sustained  operation  during  rocket  engine 
mainstage  at  speeds  between  80  and  120  percent  of  a shaft  critical  speed  set  by  bearing 
spring  rate  is  avoided.  Limited  operation  during  development  tests  designed  to  evaluate 
amplitudes  at  critical  speed  is  allowable. 
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must  be  made  for  manufacturing  and  assembly  errors  that  result  in  offset  of  rotors  from 
true  center.  Normality  control  and  piloting  influence  the  rotor  rotating  center  after 
assembly.  Provisions  for  final  balance  after  assembly  can  be  used  to  minimize  imbalance  in 
very-high-speed  machines. 

In  the  assembly  of  built-up  rotors,  the  possibility  of  misassembly  exists  whenever  a part  can 
be  mounted  in  more  than  one  position.  Various  practices  are  used  to  preclude  the  possibility 
of  misassembly.  These  usually  take  the  form  of  minor  modifications  to  the  hardware  that 
prevent  mating  the  parts  when  they  are  not  in  the  correct  position. 

All  the  various  components  of  a rotating  assembly  obviously  must  be  designed  for  the  same 
direction  of  rotation.  It  is  an  established  practice  to  coordinate  design  efforts  and  avoid 
problems  of  mismatched  direction  of  rotation  by  making  a preliminary  axonometric 
projection  of  the  assembly  that  shows  clearly  the  direction  of  rotation.  Copies  are  furnished 
to  all  designers  on  the  job. 

High-speed  impellers  are  proof  tested  by  prespinning  each  part  during  the  fabrication 
process  to  provide  partial  quality  assurance.  Prespinning  each  impeller  has  additional 
benefiis  in  that  local  yielding  occurs  at  areas  of  high  strain  concentration  such  as  bolt  holes, 
splines,  and  keyways.  This  yielding  produces  favorable  residual  stresses  that  effectively 
prestress  the  part  and  prevents  *’e  occurrence  of  yielding  during  operation. 


2.3.4  Materials 


Impeller  materials  that  have  been  used  successfully  with  rocket  propellants  are  shown  in 
table  II.  Materials  that  are  not  listed  as  cast  were  forged.  The  materials  are  chemically 
compatible  with  the  pumped  fluid,  have  satisfactory  strength  and  ductility  at  the  operating 
temperatures,  and  can  be  used  to  fabricate  impellers  with  existing  technology. 


2.4  HOUSING 


The  pump  housing  is  the  physical  structure  that  forms  the  containing  envelope  for  the 
pump.  It  consists  of  the  casing  (the  part  of  the  pump  that  surrounds  the  impeller),  the 
diffusing  system  and  volute  for  single-stage  pumps,  and  the  crossover  system  for  multistage 
pumps.  The  diffusing  system  may  include  vaned  or  vaneless  diffusers  upstream  of  the  volute 
and  a conical  diffuser  or  duffusers  downstream  of  the  volute.  In  addition,  the  housing 
contains  and  mounts  the  bearings  that  support  the  rotating  assembly  and  the  seals  that 
prevent  leakage  of  the  pumped  fluid.  Consideration  is  given  to  both  the  mechanical  and 
hydraulic  factors  in  selecting  a particular  housing  configuration,  because  the  housing  not 


39 


Table  II.  - Materials  Successfully  Used  for  Impellers 


Impeller 

material 

Pumped  fluid 

LHj, 

CH4 

IRFNA, 

N2O4 

LOX 

LF2 

FLOX 

RP-1 

N2H4.UDMH, 
or  50/50 
mixture 

Aluminum 

A356  (cast) 

X 

X 

X 

A357  (cast) 

X 

X 

X 

2014-T6 

X 

6061 -T6 

X 

X 

X 

7075-T73 

X 

X 

X 

X 

X 

7079 

X 

Steel 

AM  350 

X 

X 

304L  (cast) 

X 

X 

304L 

X 

X 

310 

X 

X 

347  (cast) 

X 

Inconel  718  (cast) 

X 

X 

X 

“K”  Monel 

X 

Ti5.Al-2.5Sn 

X 

X 

Note:  X indicates  that  the  material  was  used  successfully  with  the  fluid  shown;  absence  of  X means  either  that  no 

data  on  the  use  ate  available  or  that  the  material  was  incompatible  with  the  fluid.  Materials  not  shown  as 
cast  were  forged. 


only  represents  the  major  segment  of  pump  weight  but  has  a most  significant  effect  upon 
pump  efficiency.  It  is  commonly  accepted  that  the  housing  determines  the  operating  point 
where  the  best  efficiency  occurs  (refs.  63  and  64), 

Housings  have  been  successfully  fabricated  using  two  basic  processes:  casting  in  one  or  more 
pieces,  or  welding  together  forged,  formed,  cast,  or  machined  elements.  Materials  have 
included  cast  aluminum  alloys,  cast  stainless  steels,  and  high-strength  wrought  aluminum 
alloys  and  steels.  Sometimes,  separate  liners  are  used  to  provide  an  inert  material  as  an 
interface  with  the  impeller  to  achieve  configuration  flexibility  or  to  simplify  fabrication. 
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Duffuser  vanes  can  be  integral  or  separate.  Reinforcing  bolts  through  diffuser  or  guide  vanes 
have  provided  structural  aid. 

Housing  structures  must  be  designed  to  sustain  mounting  loads  as  well  as  internal  pressure 
loads.  External  loads  on  parts  such  as  the  volute  may  be  minimized  by  incorporating  flexible 
ducts  that  minimize  bending  loads. 


2.4.1  Hydrodynamic  Design 


The  hydrodynamic  design  of  the  housing  components  is  based  on  a combination  of 
theoretical  and  empirical  considerations.  A systematic  experimental  background  similar  to 
that  for  axial  pump  and  compressor  cascades  is  not  available,  because  the  greater  geometric 
and  analytical  complexity  of  the  centrifugal  pump  makes  the  experimental  task  more 
difficult  and  because  to  date  there  has  been  less  emphasis  on  this  approach. 


2.4.1. 1 CASING 

Major  considerations  in  the  design  of  the  casing  involve  the  shape  and  smoothness  of  the 
interior  walls  that  form  the  flow  path  from  the  inlet  to  the  diffiuser  (fig.  1).  The  hape  must 
follow  closely  the  exact  contour  of  the  impeller,  particularly  for  an  open-face  impeller 
where  this  wall  contour  establishes  the  size  and  uniformity  of  the  tip  clearance.  The 
roughness  of  the  casing  inner  wall  — due  either  to  surface  finish  or  to  fasteners  and 
attachment  points  — influences  the  radial  pressure  gradient  and  thereby  the  axial  thrust 
balance.  Furthermore,  increasing  roughness  of  the  wall  increases  the  impeller  disk  friction 
loss.  Current  practice  is  to  achieve  a surface  finish  of  about  63  p in./in.;  necessary  fasteners 
and  attachment  points  are  located  as  close  as  possible  to  the  pump  center  line  where  the 
impeller  relative  velocity  and  therefore  fluid  velocity  — is  at  its  lowest. 


2.4.1.2  DIFFUSION  SYSTEM 

The  pump  diffusion  systems  of  interest  for  both  single  and  multistage  pumps  are  the 
vaneless  and  vaned  diffuser  upstream  of  the  volute  and  the  conical  diffuser  downstream  of 
the  volute.  For  multistage  pumps,  the  diffusing  system  between  stages  may  consist  of  a 
vaned  diffuser  followed  by  an  internal  crossover  passage  with  no  volute,  or  a volute  followed 
by  external  crossover  tubes. 


2.4.1 .2.1  Vaneless  Diffuser 

The  gap  between  the  ipipeller  discharge  and  the  vaned  diffuser  inlet  or  the  volute  tongue 
(referred  to  as  a vaiieless  diffuser)  acts  as  a mixing  zone  for  the  impeller  blade  wakes;  this 
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mixing  can  significantly  suppress  pressure-perturbation  effects  (ref.  65).  Figure  24  shows 
this  gap  expressed  as  the  ratio  of  diametral  clearance  to  impeller  diameter  plotted  against 
impeller  discharge  flow  angle.  The  available  mixing  length  is  approximately  the  radial 
clearance  divided  by  the  sine  of  the  impeller  discharge  flow  angle.  Current  practice  is  to 
maintain  a constant  ratio  of  mixing  length  to  impeller  diameter  by  increasing  the  spacing  as 
the  impeller  discharge  flow  angle  increases. 


Figure  24.  - Impeller-to-stator  spacing  as  a function  of 
discharge  f iow  angie. 


As  an  example  of  the  inlluence  of  this  gap  size,  a gain  of  1 .8  percent  in  the  efficiency  of  the 
NERVA  pump  (at  a specific  speed  of  980)  was  obtained  by  trimming  the  impeller  and 
thereby  increasing  the  ratio  of  diametral  clearance  to  impeller  diameter  from  0.03  to  0.06. 

4 

It  should  be  noted  that  any  increase  in  gap  size  above  the  minimum  values  necessary  for 
suppression  of  pressure  perturbations  (fig.  24)  reduces  efficiency  and  increases  weight.  In 
addition,  pressure  losses  in  the  vaneless  diffuser  increase  as  pump  specific  speed  decreases; 
these  pressure  losses  may  be  calculated  by  procedures  presented  in  reference  66.  The 
required  radial  clearance  may  be  reduced  by  design  of  the  impeller  to  produce  a minimum 
thickness  of  the  boundary  layer. 


2.4.1 .2,2  Vaned  Dnffuser 

A vaned  diffuser  provides  volute  flow-matching  over  a wide  flow  range  and  also  a lower 
volute  velocity  that  reduces  the  pressure  differences  caused  by  manufacturing  variations. 
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Both  the  volute  flow-matching  and  reduced  volute  velocity  reduce  impeller  radial  loads. 
\ aned  diffusers  are  also  used  to  obtain  maximum  pump  efficiency.  The  reduced  volute 
velocity  results  in  a 3-percent  increase  in  pump  efficiency  at  a specific  speed  of  1 200  and 
greater  improvement  as  specific  speeds  are  decreased  (ref.  4).  However,  vaned  diffusers 
designed  for  radial-vaned  impellers  in  low-specific-speed  pumps  have  exhibited 
discontinuities  in  the  head/capacity  curve  at  flow  rates  of  45  to  50  percent  of  the 
best-efficiency  operating  point  (fig.  13).  Operation  at  or  near  this  region  of  head 
discontinuity  (diffuser  stall)  usually  is  unstable  and  is  avoided.  The  design-point  efficiency 
of  pumps  with  vaned  diffusers  generally  is  higher  and  remains  higher  with  decreasing  flow, 
but  falls  more  rapidly  with  increasing  flow  than  that  for  pumps  with  a vaneless  volute. 

Most  investigators  (refs.  63,  64,  67,  and  68)  agree  that  the  diffuser  throat  area  is  the  most 
important  parameter  for  determining  a match  with  the  impeller  discharge  flow.  Figure  25 


Figure  25.  - Relative  velocities  in  diffuser  throat  and  at 

impeller  discharge  as  a function  of  fluid  flow  angle. 


presents  the  ratio  of  diffuser  throat  velocity  to  impeller  discharge  velocity  that  may  be  used 
to  calculate  the  diffuser  throat  area.  The  diffuser  inlet  angle  and  shape  also  infl  < '.nee  the 
slope  of  the  characteristic  curves;  however,  systematic  design  information  is  not  available. 

The  rate  of  diffusion  described  by  the  effective  cone  angle  of  the  vaned  diffuser  strongly 
influences  the  number  of  diffuser  vanes  required.  Eckert  and  Schnell  (ref.  66)  present  an 
equation  that  relates  the  required  number  of  circular  arc  diffuser  vanes  to  the  diffuser 
equivalent  cone  angle  d,  radius  ratio  R4/R3 , discharge-to-inlet  area  ratio  A4/A3  of  the  vaned 
diffuser,  and  vane  inlet  angle  P3.  The  results  of  calc*i?otions  for  several  area  ratios  are 
presented  in  figure  26;  the  equivalent  cone  angle  use  i : 1 the  calculations  was  8°.  A small 
number  of  diffuser  vanes  minimizes  blockage,  and  so  each  diffuser  passage  is  fed  by  more 
than  one  impeller  passage  (ref.  69). 
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For  minimum  losses,  the  diffuser  vane  inlet  angle,  /Sj , is  designed  to  match  the  entering  fluid 
flow  angle  at  the  design  flow  rate.  If  the  purr*^  is  required  to  operate  at  reduced  flow  rates 
(as  in  a throttled  engine),  the  diffuser  vane  inlet  angle  may  be  designed  to  match  the  inlet 
flow  angle  at  a low  coefficient  as  low  as  80  percent  of  the  nominal  value  for  maximum 
engine  thrust. 

The  influence  of  various  diffuser  area  distributions  may  be  evaluated  by  means  of  a 
computer  program  such  as  that  presented  in  reference  70;  this  evaluation  permits 
comparison  of  velocity  gradients  with  previously  tested  successful  diffusers. 

When  diffusers  are  required  to  carry  casing  structural  forces,  a vane  island  type  of  diffuser 
(fig.  27(a))  may  be  used.  The  inlet  angle  and  throat  area  requirements  for  the  vane  island 
diffuser  are  the  same  as  those  for  vaned  diffusers  (fig.  27(b)).  The  relation  between  throat 
area  and  discharge  area  is  described  by  the  cone  angle,  which  normally  is  7°  to  10°  (ref.  71). 


Vans 

Island 


(a)  Vane  Island  diffuser 


Figure  27.  — Vaned  diffuser  designs. 


For  all  types  of  diffusers,  the  diffusion  factor  D for  a single  stage  of  diffusion  is  maintained 
less  than  or  equal  to  0.6.  D can  be  expressed  as 


D = 


P — P 
*■83  '•a  cun 

P — P 

*■13  *'8  mm 


(18) 


where 

?83  = static  pressure  at  diffuser  inlet 

Pa  mjn  = minimum  pressure  in  diffuser 
P,3  = total  pressure  at  diffuser  inlet 
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The  width  of  a diffuser  vane  bs  is  made  approximately  equal  to  the  impeller  tip  width  bjj , 
i.e., 

ba  = (.9to  1.0)bt2  (19) 


and  the  side  walls  are  rounded  or  faired.  These  practices  minimize  flow  separation  even 
under  conditions  of  axial  misalignment  with  the  impeller  and  produce  an  efficient  energy 
conversion  in  the  diffuser. 


2.4.1 .2.3  Interstage  Flow  Passage 

Interstage  flow  passages  (fig.  1 1)  are  required  in  multistage  pumps  to  guide  the  fluid  from 
the  discharge  of  one  stage  to  the  inlet  of  the  next  stage  and  to  provide  velocity  matching. 
Limited  design  information  is  available  for  multistage  rocket  pumps  because  only  a few  have 
been  designed  and  tested.  Examples  are  the  J-2S  fuel  pump,  which  has  vaned  interstage 
passages,  and  the  breadboard  liquid-hydrogen  pump  (ref.  62),  which  had  a double-discharge 
volute  with  two  external  crossover  tubes.  Some  of  the  concepts  and  practices  for  the  design 
of  interstage  flow  passages  used  in  the  commercial  pump  and  compressor  industry  are 
presented  in  references  66  and  72. 


An  additional  objective  when  using  a vaned  diffuser  with  a volute  is  to  avoid  the  possibility 
of  wave  reinforcement  of  the  pressure  waves  that  result  from  the  interaction  of  the  impeller 
blade  wakes  with  the  diffuser  vanes.  The  impeller  discharge  blade  number  Z2 , diffuser  vane 
number  Z^,  and  volute  flow-path  length  irD^  are  important  design  parameters. 
Superposition  of  pressure  waves  can  result  in  large  amplitude  oscillations  in  discharge 
pressure.  This  superposition,  or  reinforcement,  of  waves  is  avoided  by  proper  matching  of 
the  number  of  impeller  blades  and  the  number  of  diffuser  vanes.  Reinforcement  of  the  j‘'’ 
harmonic  of  the  waves  will  occur  whenever  the  reinforcement  index  m is  an  integer, 
where  m is  given  by  the  expressions  (refs.  65  and  73) 


and 


m = j 


m = j 


h 

Zd 

h 

z. 
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Zj  — Z2 


(a  + W)| 

TrDyN 

(a  + W)l 


ifZ2>Z. 


ifZ^>Za 


(20) 


(21) 


where 


j = order  of  the  harmonic  of  the  fundamental  wave  frequency 
D,  = average  distance  from  center  of  pump  to  center  of  volute  passage 
a = velocity  of  sound  in  liquid 
W - average  relative  velocity  of  fluid  in  volute  passage 
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2.4.1 .3  VOLUTE 


The  object  of  volute  design  is  to  provide  a distribution  of  cross-sectional  area  with  respect  to 
wrap  angle  that  will  yield  a constant  impeller  discharge  static  pressure  at  the  design  point  of 
the  pump;  the  radial  load  on  the  shaft  and  the  impeller  vibrations  are  thereby  minimized. 
An  asymmetric  volute  cross  section  is  preferred  because  it  produces  a single  vortex  that  is 
stable  and  that  improves  the  efficiency  of  the  conical  diffuser  at  the  exit  (refs.  66  and  71). 
The  conical  diffuser  at  the  volute  exit  will  operate  efficiently  when  the  included  angle  for 
circular  cross  sections  is  between  7°  and  9°;  for  square  cross  sections,  6°;  and  for  two 
parallel  walls,  11°. 

The  inlet  angle  of  the  volute  tongue  is  designed  for  zero  incidence  angle  at  the  design  flow  in 
order  to  reduce  the  losses  associated  with  the  volute,  to  minimize  local  pressure  differences, 
and  to  reduce  the  amplitude  of  the  pressure  oscillations  in  the  pump  discharge.  If  a vaned 
diffuser  precedes  the  volute,  the  transition  from  the  vaned  diffuser  to  the  volute  tongue 
must  be  dc-  gned  to  avoid  an  interaction  that  would  lead  to  an  unstable  (e.g.,  bi-stable) 
pump  head-versus-flow  characteristic.  Stable  flow  is  achieved  by  fairing  one  diffuser  vane 
into  the  volute  tongue  or  by  leaving  a large  clearance  between  the  vane  discharge  and  the 
tongue. 

2.4.1 .3.1  Cross-Sectional  Area 

Two  methods  are  in  use  for  sizing  the  volute  cross-sectional  area:  constant  moment  of 
momentum,  and  constant  mean  velocity. 

Constant  moment  of  momentum.  — The  fluid  tangential  velocity  is  assumed  to  be  inversely 
proportional  to  the  radius.  After  the  volute  shape  has  been  established,  the  volute 
cross-sectional  area  satisfying  the  given  flow  requirement  is  determined  at  each 
circumferential  station.  The  constant-moment-of-momentum  method  was  applied  to  the 
design  of  Titan  I and  Titan  II  pump  housings;  corrected  for  friction  losses  (ref.  74),  the 
method  was  used  in  the  design  of  the  J-2S  Mark  29  fuel  pump,  which  experienced  very  light 
radial  bearing  loads. 

Constant  mean  velocity.  — The  velocity  is  assumed  to  be  constant,  and  therefore  the 
cross-sectional  area  is  increased  proportionally  as  the  central  volute  wrap  angle  increases. 
The  method  was  developed  as  a simplification  in  volute  design. 

Although  there  are  only  minor  differences  in  pump  efficiency  between  the  two  methods 
(ref.  64),  the  unsymmetrical  pressure  (with  its  associated  radial  hydraulic  forces  upon  the 
impeller)  around  the  volute  passage  has  been  found  to  be  higher  in  designs  based  on  tire 
constant-mean-velocity  method  (ref.  63). 
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2.4.1 .3.2  Off -Design  Radial  Load 

Splitter  vanes  or  multiple  tongues  and  vaned  diffusers  in  the  volute  housing  or  double-outlet 
volutes  (fig.  28)  are  used  to  reduce  radial  thrust  over  a wide  flow  range  and  to  provide 
structural  support  to  the  housing.  The  greater  the  number  of  symmetrically  located  splitter 
vanes,  the  better  is  the  balance  of  radial  thrust.  This  is  an  advantage  of  the  multiple-tongue 
volute.  Vaned  diffusers  reduce  the  velocity  of  the  fluid  and  control  the  flow  angle  at  the 
entrance  to  the  volute  tongue  and  therefore  produce  a uniform  impeller  discharge  pressure 
with  a resultant  low  radial  load.  The  impeller  discharge  pressure  as  a function  of  angular 
distance  from  the  tongue  is  presented  for  three  types  of  volutes  and  a range  of  flowrates  in 
figure  29  (ref.  75). 


(•)  SIngla-tonguc, 
single-outlet 


(b)  Double-tongue, 
single-outlet 


(e)  Double- tongue, 
double-outlet 


Figure  28.  — Voliiie  configurations. 
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Static  pressure  at  impeller  discharge,  % P 


2.4.2  Structural  Desogn 


The  housing  structure  must  be  capable  of  withstanding  external  mounting  loads  as  well  as 
loads  due  to  internal  pressures,  and  deform? tion  must  be  limited  so  that  sealing  surfaces  will 
remain  effective  and  bearing  supports  will  not  be  distorted.  The  housing  structure  must  be 
adequate  to  accommodates  access  for  instrumentation. 

A m^or  concern  in  housing  design  is  the  integrity  of  the  volute  tongue  that  withstands  a 
large  volute-separating  load.  The  tongue  must  be  ductile;  when  the  volute  is  cast  of 
aluminum,  provisions  are  made  to  chill  the  tongue  region  rapidly  during  casting  to  provide 
both  high  ductility  and  strength.  The  volute  structure  is  proof-pressure  tested  to  produce 
tongue  yielding.  This  practice  results  in  lower  tongue  stress  and  improved  fatigue  life  during 
normal  pump  operation.  Figure  30  presents  several  successful  structural  design  solutions. 


(•)  loii  ttructur*  raduca* 
ton^ua  load 


(k)  Praaaura-balanca  itructura 
raducat  tongua  load 


(c)  Structural  vanaa 
•Inlalia  valuta 
waifkt 


(d)  Radially  orla'<tad  tonfua 
raducai  tonfua  load 
(nonttructural  virad 
diffutar) 


Figura  30.  - Voluta  structural  gaomatrias. 
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Figure  30(a)  utilizes  a box  structure  to  minimize  the  volute  tongue  deformation.  The  design 
in  figure  30(b)  pressure  balances  much  of  the  volute  to  minimize  tongue  deformation.  In 
figure  30(c),  structural  diffuser  vanes  support  .volute  separating  forces  and  thereby  minimize 
weight.  The  design  of  figure  30(d)  utilizes  a long  radially  oriented  tongue  in  conjunction 
with  nonstructural  diffuser  vanes  in  a folded  volute;  the  long  radial  tongue  is  loaded  in 
bending  rather  than  in  tension  so  that  the  loads  are  minimized. 

In  order  to  minimize  external  forces  upon  the  pump  housing,  the  inlet  and  discharge  ducting 
may  be  connected  to  the  engine  by  flexible  bellows.  Another  method  for  keeping  external 
loads  low  is  to  utilize  the  discharge  duct  as  part  of  the  mounting  structure  to  the  engine  in 
conjunction  with  hinged  mounting  points  on  the  housing.  This  design  requires  the  use  of 
only  a low-pressure  bellows  at  the  pump  inlet  and  so  is  adaptable  to  high  pump-discharge 
pressures.  For  minimum  volute  separating  forces,  a circular  cross  section  is  used.  Housing 
stresses  and  deflection  may  be  calculated  by  procedures  presented  in  references  61  and  76. 
The  steady  state  and  dynamic  stresses  calculated  for  the  pump  housing  are  evaluated  by 
means  of  a modified  Goodman  diagram  (fig.  23)  in  order  to  establish  the  capability  of  the 
design  to  meet  the  required  life.  Safety  factors  are  applied  to  compensate  for  uncertainties 
in  material  properties  and  analytical  techniques.  The  values  of  the  safety  factors  vary  with 
the  type  of  material  control,  quality  control,  and  structural  development  program  and  with 
the  expected  application.  Current  practices  in  the  use  of  structural  design  safety  factors  are 
summarized  in  table  III. 


2.4.3  Mechanical  Design 


The  mechanical  design  of  the  pump  housing  must  satisfy  the  hydrodynamic  requirements 
and  in  addition  provide  reliable  structure,  leak-free  joints  and  static  seals,  reliable  fasteners 
and  attachments,  materials  compatible  with  the  propellants,  and  fabrication  feasibility. 
Provision  for  anticipated  special  instrumentation  is  made  during  the  design  phase  to  ensure 
access  and  structural  reliability. 


2.4.3.1  JOINTS  AND  STATIC  SEALS 

i 

Joints  serve  to  connect  housing  components  and  to  carry  loads.  A joint  also  may  be  required 
to  prevent  a leak  from  a region  of  high  pressure  to  one  of  lower  pressure  internally  or  to  the 
environment  surrounding  the  pump. 

Bolt  and  stud-nut  and  clamp-type  flange  configurations  have  been  used  successfully.  For 
high-pressure  pumps  (>1000  psi),  bolts  or  studs  with  nuts  to  connect  mating  flange  joints 
have  been  used.  Face-to-face  contact  is  preferred  in  order  to  control  contact  loads,  minimize 
relative  motion  and  so  avoid  fretting,  and  provide  reliable  dimensional  control.  The  joint 
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Table'III.  - Current  Practices  in  Structural  Design 


Basic  safety  factors 

Practice 

Minimum  yield  factor  of  safety 

>U 

Minimum  ultimate  factor  of  safety 

>1.4 

Design  loads 

Most  critical  combined  conditions 

Material  properties 

Minimum  guaranteed,  based  on  maximum  operating  temperature, 

environment,  and  service  life 

Primary  stresses 

Maintain  yield  and  ultimate  safety  factors 

Secondary  stresses 

Local  yielding  allowed;  maintain  ultimate  safety  factor  on  total  strain 

Fatigue  factors 

Low-cycle  fatigue 

4X  predicted  cycles 

High-cycle  fatigue 

lOX  predicted  cycles 

Accumulation  damage 

Sum  of  4X  low-cycle  fatigue  damage  -i-  4X  creep  damage  lOX 
higSi-cyde  fatigue  damage  <1 .0 

Service  life 

Consider  operating  condition  profile  for  total  design  life 

Special  pressure  vessel  factors 

Vf  ification  pressures 

Proof  pressure 

Proof  factor  X limit  pressure  at  design  temperature 

Burst  pressure 

l.SX  limit  pressure  at  design  temperature 

Limit  pressure 

Maximum  expected  operating  pressure  including  surges,  accelerations. 

and  oscillations 

Proof  factor 

Value  established  by  fracture  mechanics  analysis,  or  1 .2,  whichever  is 

greater 

Checkout  pressures 

Proof  pressure 

1 .5  X checkout  pressure 

Burst  pressure 

2.0  X checkout  pressure 

Checkout  pressure 

System  chedcout  pressure  permitted  with  personnel  present 

design  is  influenced  by  the  static-seal  configuration  and  by  assembly  and  installation 
requirements.  Flange  static  seals  that  have  been  successfully  used  are  0-rings,  spring-loaded 
0-rings,  K-seals,  and  conoseals  (ref.  77).  The  welded  seal  is  of  particular  interest  for  very  low 
leakage  and  light  weight.  With  welded  seals,  lightweight  flexible  lips  are  sealed  by  welding  at 
assembly ; load  transmission  is  provided  by  bolted  flanges. 

Static-seal  mating  surfaces  in  the  housing  must  be  free  from  distortions  that  exceed  the  seal 
capability  for  conformance.  The  seal  materials  must  be  capable  of  maintaining  an  effective 
seal  after  a long  shelf  life.  Materials  that  relax  under  prolonged  load  are  not  satisfactory  seal 
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materials,  because  they  may  not  be  able  to  conform  to  joint  deformation  after  lengthy 
storage  periods.  The  pressure  differential  to  which  external  seals  are  subjected  normally  are 
minimized  by  the  use  of  a double-seal  arrangement  with  a drain  to  a low-pressure  point 
provided  between  the  two  seals.  Further  infonnation  on  the  design  of  static  seals  may  be 
found  in  reference  77. 


2A3.2  FASTEN  ERS  AND  ATTACHMENTS 

Fasteners  and  attachments  used  in  housings  are  almost  always  of  special  design  because  of 
the  chemical  or  thermal  unsuitability  of  most  materials  available  commercially.  Although 
these  special  designs  are  custom  made,  the  cost  usually  remains  competitive  because  of  the 
detailed  stress  analysis,  chemical  compatibility  and  strength  certification,  material  and 
fabrication  traceability,  and  configuration  control  that  must  be  applied  to  all  fasteners  and 
attachments.  The  use  of  special  designs  can  avoid  the  inadvertent  substitution  of  a different 
material  or  the  same  material  with  a different  heat  treatment.  Fasteners  are  designed  to 
permit  repeated  assembly  and  disassembly  without  damage.  Sufficient  material  allowances 
are  made  to  allow  repair  by  installation  of  thread  inserts  or  use  of  oversized  studs.  Fastener 
and  attachments  are  designed  so  that  thorough  cleaning  is  possible. 

Positive  locking  devices  are  provided  for  all  fasteners  and  attachments  to  prevent  loosening 
by  vibration;  snap  rings  are  avoided  unless  positive  retention  can  be  ensured. 

Fastener  preload  is  controlled  carefully  in  order  to  minimize  fretting  and  to  maintain 
consistent  housing-assembly  spring  raies. 


2.4.3.3  ASSEMBLY  PROVISIONS 

Certain  provisions  are  made  in  design  to  ensure  that  assembly  of  the  housing  does  not 
introduce  problems  and  difficulties.  For  example,  housing  liners  used  to  minimize  the 
explosion  hazard  due  to  inadvertent  rubbing  with  adjacent  rotating  components  are  vented 
to  low-pressure  regions  to  eliminate  the  possibility  that  the  liner  may  deviate  from  the 
housing  contour  and  rub  a rotating  component. 

Also,  the  dimensions  and  significant  characteristics  of  all  parts  and  components  are  carefully 
controlled.  Detailed  logs  are  kept  so  that  measurements  and  checks  can  be  repeated  exactly 
as  specified. 

Finally,  provisions  are  made  to  minimize  possibility  of  misassembly  of  parts.  As  in  the 
case  of  the  impeller,  these  provisions  usually  take  the  form  of  minor  changes  to  the 
hardware  that  preclude  incorrect  mating  of  parts. 
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2.5  THRUST  BALANCE  SYSTEM 


The  thrust  balance  system  of  a turbopump  balances  the  forces  resulting  from  fluid  pressure 
and  fluid  momentum  changes  originating  in  the  turbine  and  the  pump.  The  forces  must  be 
balanced  to  a residual  value  that  can  be  reliably  sustained  by  the  turbopump  bearings  (ref. 
43). 

Devices  for  balancing  axial  thrust  include  impeller  balance  ribs,  impeller  seals,  anti-vortex 
ribs,  self-compensating  balance  pistons,  and  ^hmst  bearings  (figs.  31  and  32).  In  most  cases, 
combinations  of  devices  have  been  used.  A large  effort  in  pump  development  programs  has 


Mow 


(a)  Opan-faea  lapallar 
with  balanca  ribt 


(b)  Shroudad  Inpallar  with  Inlat 
•aal  and  balanca  rIbt 


(d)  Shroudad  Impallar  with 
Inlat  and  hub  saalt  and 
antl-vortax  ribt 


Figure  31.  — Methods  for  balancing  axial  thrust. 


been  directed  to  solving  axial-thrust  problems.  The  chief  difficulty  lies  not  in  designing 
systems  for  balancing  thrust,  but  .'n  predicting  accurately  the  magnitude  of  the  unbalanced 
forces.  The  usual  approach  is  to  utilize  the  initial  analytical  results  to  design  test  setups  for 
measuring  pressures  and  forces  and  operating  clearances  accurately.  Then  the  design  is 
refined  on  the  basis  of  the  test  results. 
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(b)  Paral l«l-f low  hydroatatic  baaring 


Figure  32.  — Schematics  and  force  diagrams  for  typical  balance 
piston  aruf  hydrostatic  bearing. 
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2.5.1  Unbafianced  Forces 


Turbine  for-.c";  are  balanced  by  the  pump  axial-thrust  system  n state  ot-the-art  turbopumps. 
Procedares  tor  calculating  turbine  pressures  and  axial  forces  are  presented  in  reference  42. 
Model  turbine  tests  are  used  to  measure  internal  pressures  so  that  thrust  balance  forces  may 
be  more  accurately  estimated.  Since  nozzle  spouting  velocities  are  v‘uy  high,  flow  steps  in 
the  stream  can  produce  large  axial  forces  on  rotors.  Potor/ stator  alignment  and  the  shape  of 
the  turbine  rotor  downstream  of  the  nozzle  are  controlled  tO  maintain  these  forces  within 
t . j capability  of  the  hardware. 

In  the  pump,  pressure  gradients  occur  on  the  smooth  nonpumping  impeller  hub  and  shroud 
surfaces  as  well  as  on  the  open  faces  of  impellers.  The  pressure  gradients  on  the  nonpumping 
surfaces  caused  by  viscous  forces  may  be  calculated  by  the  procedures  presented  in 
reference  79,  The  pressures  on  the  face  of  an  open  impeller  may  be  calculated  by  procedures 
presented  in  references  53,  54.  and  80. 


2.5.2  Methods  of  Thrust  Balance 


2.5.2.1  IMPELLER  WEAR  RINGS 

Impeller  wear  rings,  also  called  impeller  seals,  are  used  on  the  front  shroud  and  hub  of 
shrouded  impellers  for  control  of  axial  thrust  (figs.  31(b)  and  (d)).  The  area  at  a diameter 
smaller  than  the  hub  wear  ring  is  held  at  a pressure  slightly  above  the  impeller  inlet  value  by 
directing  the  leakage  flow  from  the  wear  ring  to  the  impeller  inlet  through  holes  in  the 
impeller  or  through  external  passages.  The  relative  diameters  of  the  two  wear  rings  are  sized 
to  produce  the  required  balance  force.  The  J-2  oxidizer  pump,  which  is  thrust  balanced  by 
use  of  wear  rings,  utilizes  anti-vortex  ribs  at  a diameter  smaller  than  the  hub  wear  ring  to 
influence  the  radial  pressure  gradient  in  that  area.  Control  of  the  pressure  gradient  in  that 
region  by  trimming  the  ribs  permits  adjusting  the  axial  thrust  of  the  impeller  without 
changing  the  diameters  of  the  impeller  wear  rings. 

The  fuel  turbopump  in  the  F-1  engine  had  lead-plated  impeller  wear  rings.  When  the  wear 
ring  rubbed  during  operation,  the  relatively  soft  lead  “rolled  up”  and  caused  wear  on  the 
back  disk  of  the  impeller  and  shroud.  The  problem  was  minimized  by  improving  the  bond  of 
the  lead  to  the  base  metal  and  by  enlarging  the  clearances  to  reduce  the  degree  of  rubbing. 


2.5.2.2  IMPEI  *.ER  BALANCE  RIBS 

Impeller  balance  ribs  are  blades  located  on  the  back  of  the  impeller  hub  (fig.  31(a)).  They 
form  a low-  or  zero-flow  impeller  that  provides  a large  pressure  gradient  where  they  are 
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located.  The  rib  pumping  action  reduces  the  pressure  at  the  smaller  diameter  to  counteract 
the  low  pressure  at  the  impeller  inlet.  Holes  may  be  provided  through  the  impeller  into  the 
inside  diameter  region  of  the  balance  ribs  to  vent  that  region  statically  and  to  provide  a 
positive  coolant  flow  into  the  balance  ribs  to  prevent  cavitation  caused  by  fluid  heating  that 
results  from  the  pumping  work  of  the  balance  rib.  Balance  ribs  have  been  used  on  many 
successful  turbopumps;  however,  usually  more  development  work  is  required  to  obtain  a 
configuration  that  is  as  effective  as  wear  rings. 

The  gear-driven  Titan  pumps  utilized  open-face  impellers  with  balance  ribs  on  the  impeller 
hub  that  reduced  the  axial  force  to  a value  that  could  be  sustained  by  a split-inner-race  ball 
bearing.  The  F-1  turbopump  had  shrouded  impellers;  for  control  of  axial  thrust,  the  oxidizer 
pump  impeller  incorporated  an  inlet  wear  ring  and  balance  ribs,  while  the  fuel  pump 
impeller  incorporated  inlet  and  hub  wear  rings.  The  pump  forces  balanced  the  direct-drive 
turbine  forces  such  that  tandem  split-inner-race  ball  bearings  could  sustain  the  unbalanced 
axial  force. 


2.5.2.3  BALANCE  PISTONS  AND  HYDROSTATIC  BEARINGS 

When  pumps  operate  at  very  high  speeds,  ball  bearings  are  not  capable  of  sustaining  the 
no.rmal  operating  unbalanced  axial  forces.  For  these  applications,  balance  pistons  and 
hydrostatic  bearings  are  used.  The  two  types  that  have  been  used  for  rocket  engine 
centrifugal  pumps  are  the  series-flow  balance  piston  integral  with  the  impeller  (fig.  32(a)) 
and  the  separate  parallel-flow  hydrostatic  bearing  (ref.  45  and  fig.  32(b)).  Both  types  are 
self-compensating  bearings  that  seek  an  operating  clearance  such  that  the  bearings  that 
radially  locate  the  rotor  operate  with  an  acceptable  axial  force.  These  bearings  are  designed 
to  operate  with  a sufficient  effective  spring  rate  to  avoid  axial  resonances  of  the  rotating 
assembly.  The  design  of  balance  pistons  and  hydrostatic  bearings  usually  is  based  on 
procedures  like  those  presented  in  reference  8 1 . 

The  J-2S  fuel  pump  incorporated  a series-flow  balance  piston  integral  with  the  hub  of  the 
second-stage  impeller , his  piston  reduced  the  axial  load  to  values  that  could  be  sustained  by 
ball  bearings  that  were  axially  located  by  springs.  The  ball  bearings  positioned  the  rotating 
assembly  and  sustained  the  spring-limited  axial  forces  until  pump  pressures  increased  to 
values  allowing  the  balance  piston  to  sustain  the  axial  loads.  The  first  stage,  an 
integral-inducer  mixed-flow  impeller,  provided  the  axial  force  to  balance  the  turbine  force. 
The  balance  piston  used  a rub  ring  of  fiberglas-reinforced  Teflon  to  minimize  possible  galling 
of  the  orifices.  The  material  delaminated,  and  the  orifices  opened  up.  The  problem  was 
solved  by  using  lead-filled  porous  bronze  for  the  rub  rings.  The  J-2  axial  fuel  pump  initially 
used  carbon  rub  rings;  the  rings  cracked,  causing  the  orifices  to  open  up.  The  problem  also 
was  solved  by  use  of  lead-filled  porous  bronze  rub  rin;jb. 
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The  breadboard  liquid-hydrogen  pump  (ref.  45)  used  back-to-back  open-face  impellers  of 
different  diameters  to  react  the  turbine  thrust,  with  a pump-discharge-fed,  double-acting 
hydrostatic  bearing  for  axial  force  balance.  The  pump  roller  bearings  could  support  only 
radial  loads. 


2.S.2.4  BALL  BEARINGS 

When  the  density  of  the  pumped  fluid  exceeds  that  of  water,  ball  bearings  frequently  are  the 
preferred  method  for  sustaining  unbalanced  loads.  The  higher  fluid  density  results  in  lower 
required  pump  speeds  and  lower  impeller  disk  areas  for  a given  pressure  rise.  The  lower 
speed  allows  use  of  larger  bearings,  and  the  lower  impeller  disk  area  results  in  lower  forces. 
Both  factors  permit  ball  bearings  to  sustain  the  resulting  unbalanced  loads.  When  bearing 
DN  values  are  sufficiently  low,  single  or  multiple  ball  bearings  can  carry  substantial  loads 
v/hen  adequately  cooled.  Split-inner-race  and  angular-contact  bearings  are  capable  of 
sustaining  larger  axial  loads  tlian  are  deep-groove  bearings.  Bearing  applications  are  discussed 
in  reference  43. 


2.5.3  Materials 


Materials  for  thrust  balance  systems  (table  V)  are  selected  for  compatibility  with  the 
propellant,  adequate  strength  at  the  required  rotating  speed,  and  minimum  explosion  hazard 

Table  V.  - Materials  for  Thrust  Balance  Systems 


Component 

Material 

Balance  ribs 

Same  material  as  impeller 

Anti'Vortex  vanes 

Same  material  as  housing 

Impeller  seals 

KEL-F*,  stainless  steels*,  fiberglas-reinforced  Teflon,  silver* , leaded  bronze, 
impeller  materials,  housing  materials 

Balance  piston 

A1 2024 
anodized 

A1 7075-T73 

Incone!  718* 

"K"  Monel* 

Ti-5Al-2.SSn 

Balance-piston  orifice 

Flame- 

plated 

tungsten 

carbide 

on  310 

stainless 

304 

stainless 

Silver- 
plated 
310  stain- 
less; 
silver 

Leaded 

bronze 

Leaded 

bronze 

■Material  suitable  for  use  with  LOX. 
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in  the  event  of  an  inadvertent  rub.  Plastic  materials  such  as  Kel-F,  Teflon,  and  fluorinated 
polyvinyl  chloride  resist  burning  if  rubbed  on  the  impeller  in  liquid-oxygen  pumps  and 
therefore  are  safe  stationary  sealing  materials  when  the  seal  pressure  differential  is  not 
excessive.  The  same  materials  are  also  satisfactory  in  liquid-hydrogen  pump  service. 

Materials  for  the  balance-piston  orifice  are  selected  to  resist  galling  if  rubbed  against  balance 
piston  rotor  or  impeller  materials.  To  date,  balance  piston  experience  has  been  almost  solely 
limited  to  hydrogen  pumps.  Future  oxygen-pumps  with  balance  pistons  must  limit  orifice 
materials  to  those  that  can  be  LOX-cleaned,  resist  explosion  or  ignition  upon  impact,  and 
are  chemically  and  physically  stable  in  liquid  oxygen. 
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3.4  HOUSSNG 


3.4.1  Hydrodynamic  Design 

3.4.1 .1  CASieyiG 

The  casing  interior  wall  shall  not  adversely  affect  pump  efficiency  or  impeller 
axial  thrust. 

The  casing  interior  contour  should  follow  closely  the  exact  contour  of  the  impeller;  this 
relation  is  particularly  important  for  open-face  impellers,  since  the  casing  wall  establishes 
the  tip  clearance.  The  wall  surface  finish  should  be  about  63  p in./in.  and  free  from 
fasteners,  attachment  points,  and  any  surface  protuberances;  necessary  fasteners  should  be 
located  close  to  the  pump  centerline. 

If  recommended  conditions  of  contour  and  smoothness  cannot  be  met,  tests  should  be  made 
to  evaluate  the  influence  of  surface  roughness  on  tlie  radial  pressure  gradient  and  thereby  on 
axial  thrust. 


3.4.1 .2  DIFFUSION  SYSTEM 

3.4.1 .2.1  Vaneless  Diffuser 

The  length  of  a vaneless  diffuser  (the  impeller-to-stator  spacing)  shall  result  in  the 
highest  efficiency  attainable  without  producing  unacceptable  discharge-pressure 
oscillations. 

The  empirical  curve  in  figure  24  should  be  used  as  a guide  to  achieve  high  performance  with 
acceptable  oscillations  in  pump  discharge  pressure.  Reference  65  presents  the  influence  of 
impeller  diffusion  and  clearance.  Pressure  losses  in  the  vaneless  diffuser  can  be  calculated  by 
the  procedures  given  in  reference  66. 

3.4.1 .2.2  Vaned  Diffuser 

A vaned  diffuser  shall  minimize  impeller  radial  loads  over  wide  flow  ranges  and 
maximize  pump  efficiency  at  low  specific  speed. 

For  minimum  radial  loads,  the  vaned  diffuser  discharge  velocity  should  match  the  volute 
velocity  and  the  flow  angle  should  match  the  volute  tongue  angle. 
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For  maximum  flow  range,  design  the  vaned  diffuser  so  the  efficiency  at  maximum  flow  rate 
is  equivalent  to  that  with  the  impeller  discharging  directly  into  a volute.  Design  the  diffuser 
vane  width  equal  to  or  smaller  than  the  impeller  tip  width  (100  percent  to  90  percent)  and 
provide  well-rounded  or  faired  side  walls  to  permit  misalignment  without  flow  separation. 
Allow  for  wear-ring  leakage  flow  with  shrouded  impellers,  because  the  leakage  reduces  the 
width  of  the  flow  sheet  entering  the  diffuser. 

Good  proportions  for  the  diffuser  channel  should  be  established  by  an  iteration  between  a 
minimum  hydraulic  radius  for  the  required  area  and  the  number  of  diffuser  vanes  (usually, 
the  prime  number  nearest  to  the  number  of  impeller  blades).  The  diffuser  throat  dimensions 
for  the  pump  best-efficiency  operating  point  should  provide  an  area  adequate  for  the 
passage  flowrate  and  for  the  velocity  at  the  diffuser  throat  mean  radius,  calculated  by  the 
conservation-of-momentum  method  from  the  velocity  at  the  impeller  discharge  radius  (fig. 
25). 

If  a conical  diffuser  is  used  downstream,  the  vaned  ciiffuser  and  volute  tongue  should  be 
separated  by  a radius  ratio  greater  than  1.05  or  the  tongue  should  virtually  touch  the 
diffuser;  otherwise,  pump  discharge  pressures  may  become  unstable  and  degrade  engine 
performance  by  introducing  fluctuations  in  thrust. 

Use  vaned  diffusers  to  reduce  the  velocity  in  the  volute  when  the  pump  overall  head 
coefficient  is  greater  than  0.5,  when  Nj,  < 1000,  and  when  maximum  efficiency  or  low 
weight  is  important. 

Select  the  number  of  diffuser  vanes  to  diffuse  efficiently  when  the  requirements  for  inlet 
flow  angle,  radius  ratio,  and  velocity  ratio  are  satisfied;  the  number  should  be  compatible 
with  the  number  of  impeller  vanes.  The  diffuser  should  not  exceed  the  equivalent-cone-angle 
diffusion  rates  indicated  by  figure  26;  the  diffusion  factor  for  a single  stage  should  not 
exceed  0.6. 

A void  boundary-layer  growth,  which  limits  further  diffusion.  The  exit  radius  of  a ring  of 
diffuser  vanes  should  not  be  greater  than  1 .4  times  the  inlet  radius.  If  necessary,  use  more 
than  one  ring  to  achieve  the  required  velocity  ratio. 


3.4.1 .2.3  interstage  Flow  Passage 

The  inlet  of  an  interstage  flow  passage  shall  accept  the  impeller  discharge  flow, 
and  the  outlet  of  the  passage  shall  provide  the  flow  necessary  for  the  following 
impeller  — all  without  unacceptable  pressure  or  flow  oscillations. 

The  practices  discussed  in  references  66  and  72  should  be  observed  in  designing  interstage 
flow  passages.  When  a vaned  radial  diffuser  is  followed  by  a volute,  equation  (20)  or  (21) 
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should  be  used  to  establish  the  parameters  so  that  reinforcement  of  pressure  waves 
generated  by  the  impeller  blade  wakes  is  precluded. 

To  avoid  excessive  diffusion  in  any  one  stage,  use  staged  diffusion  (e.g.,  a vaned  diffuser 
followed  by  a multiple-outlet  volute  with  conical  exit  diffusers,  or  vaned  radial  diffusers 
followed  by  axial  diffusers  and  crossover  passages)  between  stages  of  a multiple-stage  pump. 
It  is  recommended  that  external  high-pressure  flange  joints  be  avoided. 


3.4.1. 3 VOLUTE 

The  volute  shall  enhance  maximum  downstream  conical  diffuser  efficiency  and 
prevent  bi-stable  pump  headfflow  characteristics. 

The  volute  cross  section  should  be  asymmetrical  so  that  it  produces  a single  vortex,  which 
improves  conical  diffuser  performance.  Use  the  asymmetrical  volute  to  provide  a stable 
pump  characteristic.  With  a vaned  diffuser,  provide  a stable  characteristic  by  fairing  one 
diffuser  vane  into  the  volute  tongue  or  by  leaving  a large  clearance  between  the  vane 
discharge  and  the  tongue.  Both  means  avoid  interaction  with  the  volute-exit  conical  diffuser. 

The  divergence  angle  of  volute-exit  conical  diffuserj,  expressed  as  included  angle,  should  be 
as  follows  (ref.  71);  for  circular  cross  sections,  7°  to  9°;  for  square  cross  sections,  6°;  and 
for  two  parallel  walls,  11°. 

3.4.1 .3.1  Cross-Sectional  Area 

The  volute  cross-sectional  area  shall  result  in  minimum  impeller  radial  load  at  the 
design  point. 

The  constant-moment-of-momentum  method  adjusted  for  friction  loss  will  produce 
minimum  design-point  impeller  radial  loads.  The  procedures  presented  in  reference  74  may 
be  followed  for  this  analysis. 

3.4. 1.3.2  Off-Design  Radial  Load 

In  variable-flow  pumps,  the  volute  shall  not  impose  additional  radial  loads  on  the 
impeller. 

Any  of  several  methods  of  radial-load  control  that  have  proven  effective  over  a wide  flow 
range  of  a pump  may  be  used:  multiple-tongue  volute,  vaned  diffuser,  double-outlet  volute, 
and  combinations  of  these  (figs.  28(b),  (c),  and  (d)). 
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To  minimize  radial  thrust  loads,  particularly  at  off-design  flow  conditions,  employ 
double-outlet  volutes  without  vaned  diffusers.  When  single  outlets  are  required,  use  vaned 
diffusers  to  minimize  the  radial  loads  caused  by  nonuniform  circumferential  static  pressures. 
It  is  recommended  that  the  design  of  the  pump  discharge  housing  be  similar  to  an  existing 
design  that  produces  minimum  radial  thrust  over  the  flow  range  desired  and  that 
potential-flow  analysis  be  used  to  estimate  the  radial  thrust. 


3.4.2  Structural  Design 


The  housing  shall  withstand  all  predicted  loads  and  stresses  without  rupture  or 
unacceptable  amounts  of  deflection. 

Housing  stresses  and  deflections  may  be  calculated  by  procedures  presented  in  references  6 1 
and  76.  Stress  levels  and  deflections  should  be  compatible  with  the  selected  materials.  The 
factors  of  safety  used  for  the  housing  design  should  be  consistent  with  the  material-control 
procedures  and  the  accuracy  of  the  calculated  or  measured  stress  levels. 

Critical-speed  effects,  in  terms  of  housing  stiffness,  should  be  evaluated  as  part  of  the 
housing  analysis  to  ensure  adequate  spring  rate  of  bearing  supports. 

It  is  recommended  that  machined  integi’al-diffuser  vanes  serve  as  main  structural  members  of 
high-pressure  volutes  and  that  the  volute  assembly  reduce  the  influence  of  pressure-  and 
line-load-induced  deflections  on  critical  clearances.  Housing  pressure  loads  should  not  pass 
through  the  leading  edges  of  a vaned  diffuser. 

The  volute  tongue  forms  a stiff,  highly  loaded  point  in  a flexible  system.  For  this  reason  the 
tongue  leading  edge  should  be  smoothly  finished  and  shot  peened  if  required  to  improve 
fatigue  life.  The  ratio  of  volute  fillet  radius  to  web  thickness  should  be  as  large  as  possible;  a 
ratio  greater  than  1 .0  will  result  in  a minimum  stress  concentration. 

It  is  recommended  that  volutes  be  sized  to  maintain  safety  factors  as  shown  in  table  III 
when  m.aterial  properties  are  compared  with  primary  effective  stresses. 

If  the  calculated  elastic  peak  stress  and  corresponding  peak  strain  is  greater  than  twice  the 
elastic  limit  strain,  then  cyclic  plastic  strain  will  occur.  The  volute  must  then  be  checked  to 
ensure  adequate  safety  factor  against  low-cycle  fatigue  failure.  The  low-cycle  fatigue  safety 
factor  should  be  based  on  cycles  to  failure  and  should  be  no  less  than  4,  i.e.,  the  number  of 
cycles  to  failure  should  be  4 times  the  number  of  predicted  operating  cycles. 

Mounting  loads  should  be  minimized  by  designing  the  structure  to  prevent  distortions  of  the 
mount  points  on  the  engine  from  inducing  pump  loads.  Use  hinged  mounts  and  flexible  duct 
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connections  as  required.  Provide  volute  and  housing  strength  to  accept  mounting  loads. 

Minimize  volute  and  housing  deflections  to  maintain  running  clearance  and  bearing  loads 
within  allowable  limts.  It  is  recommended  that  shear  webs  (box  structure)  be  employed  to 
reduce  housing  deflections,  and  that  the  pressure-induced  loads  be  balanced  to  reduce  the 
forces.  It  is  also  recommended  that  axial  ties,  across  the  volute,  be  incorporated  to  reduce 
these  deflections.  Diffuser  vanes,  through-bolts,  and  flow  splitters  can  be  used  for  this 
purpose. 

Provide  adequate  wall  thickness  and  space  for  instrumentation  bosses,  probes,  line  routing, 
terminals,  and  brackets,  along  with  a capability  for  replacing  such  hardware  during  testing. 


3.4.3  Mechanical  Design 

3.4.3.1  JOIWTS  AND  STATIC  SEALS 

Joints  and  static  seals  shall  be  free  from  unacceptable  leakage  during  storage  and 
operation,  including  repeated  operation. 

Minimize  the  number  of  external  joints.  Each  joint  should  be  evaluated  for  effect  upon 
assembly  sequence  and  reliability,  manufacturing  ease  and  cost,  material  availability,  and 
inspectability. 

Joints  and  static  seals  should  be  free  from  yielding  under  load  and  should  not  relax  to  a 
permanently  deformed  shape  under  prolonged  storage.  A static  seal  should  operate  in  its 
elastic  range  over  all  conditions.  Joint  deflections  should  not  exceed  the  conformance 
capability  of  the  mating  static  seals. 

Avoid  the  use  of  materials  or  designs  for  static  seals  that  lead  to  loss  of  ability  to  seal  after 
prolonged  periods  of  storage.  Use  metallic  seals  or  composite  seals  in  which  the  metal 
provides  the  spring  force.  Manufacturer’s  claims  of  static-seal  performance  should  be 
carefully  evaluated  against  the  specific  application.  Tests  in  the  correct  environment  prior  to 
design  commitment  are  recommended. 

Seal  surfaces  should  be  hard,  so  that  they  will  not  be  marred  by  mating  surfaces  under  load; 
hard  surface  coatings  or  hard  materials  may  be  used.  Design  so  that  external  seal  surfaces  are 
not  easily  damaged  in  handling;  use  protruding  rings,  studs,  or  other  devices  that  prevent 
accidental  contact  of  seal  surfaces  with  tables,  floors,  or  wrenches. 

Welded  joints  and  dual  seals  with  inert-buffer-fluid  pressurization  or  leakage  bleed-off 
should  be  considered  for  zero-leakage  joints.  All  high-pressure  dual  seals  should  be  vented  to 
internal  low-pressure  cavities. 
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For  a flanged  joint,  verify  that  under  thermal,  mechanical,  or  pressure  loads 

( 1 ) Flange  alignment  is  maintained  by  piloting. 

(2)  The  flange  does  not  rotate. 

(3)  The  joint  is  not  distorted  or  opened. 

(4)  There  is  no  unacceptable  change  in  radial  or  axial  fit. 

It  is  recommended  that  flange  deflection  or  rotation  analyses  be  based  on  maximum 
operating  pressures  and  the  most  severe  interface  thermal  gradients  established  by  a 
finite-element  heat-transfer  program.  Through-holes  and  nuts  or  oversize  high-strength 
inserts  are  recommended  if  stresses  in  the  flange  are  excessive.  The  elastic  deformation  of 
the  joint  elements  should  be  included  in  the  analysis. 

Thin  flange  joints  with  many  small,  closely-spaced  bolts  are  superior  to  thicker  flanges  with 
few  large  bolts.  Bolt-and-nut  flange  attachments  are  preferred  over  threaded-hole  flanges. 
Provide  adequate  space  for  wrenches  in  the  design  of  flanges  and  joints  to  avoid  the 
possibility  of  easy  stud-bolt  damage. 

Control  of  the  configuration  by  an  interface  control  drawing  with  a check  of  mating  faces  is 
recommended. 


3.4.3.2  FASTENERS  AND  ATTACHMENTS 

Fasteners  and  attachments  for  centrifugal  pump  assembly 

• Shall  maintain  critical  fits  and  clearances,  with  controlled  preload. 

• Shall  withstand  repeated  use. 

• Shall  have  positive  locking  devices. 

• Shall  not  contaminate  the  system  or  react  with  the  service  or  test  fluid. 

Conduct  a thermal  analysis  based  upon  predicted  duty  cycles  and  test  conditions.  Then, 
superimpose  these  therm.tl  conditions  on  a stress  analysis  that  includes  deflections  induced 
by  operating  dynamics.  Thus,  the  adequacy  of  fits  and  attachments  can  be  assessed  upon  the 
basis  of  combined  effects.  A special  configuration,  or  revised  duty  cycle,  or  test  procedures 
may  be  required.  Good  fasten  ?^r  design  practice  (e.g.,  control  of  load  and  preload,  avoidance 
of  stress  raisers,  smooth  transition,  and  proper  material  selection)  is  recommended. 
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A direct  determination  of  preload  is  recommended.  This  should  be  done  by  measuring  the 
increase  in  depth  of  a longitudinal  hole  in  the  bolt  and  comparing  it  with  the  desired  preload 
expressed  as  strain  or  by  measuring  the  force  required  to  obtain  the  preload. 

It  is  recommended  that  wrench  clearances  provide  space  for  accurate  determination  of 
torque  values;  therefore,  accessibility  and  non-awkward  positioning  for  standard  wrenches 
are  necessary. 

Materials  for  fasteners  and  attachments  should  be  those  that  resist  galling.  Sufficient 
material  should  be  present  in  the  housing  to  permit  repair  by  installation  of  thread  inserts  or 
oversize  studs. 

Tab  washers,  cup  washers,  and  lock-wire  are  preferred  locking  devices;  however,  lock-wire  is 
not  recommended  for  rotating  attachments.  When  lock-wire  is  used,  take  special  care  to 
avoid  failure  of  the  wire  or  contamination  by  the  ends  cut  off  during  assembly.  Tab-on-tong 
or  cup-on-slot  lockwashers  are  recommended  for  critical  attachments. 

Provide  a large  safety  margin  on  tab  stress  so  that  the  tabs  retaining  the  washer  to  the 
stationary  part  will  not  be  sheared.  It  is  recommended  that  the  face  of  the  bolt  or  nut  be 
relieved  to  prevent  axial  contact,  false  torque,  or  damage  of  the  bolt  or  nut  face  by  the 
sharp-edge  washer  tabs.  Ductile  washer  material  should  be  used. 

If  snap  rings  are  mandatory,  careful  evaluation  of  groove  detail,  installation  procedure, 
material  selection,  and  loading  is  necessary;  positive  locking  against  creepout  is  required. 

Fastener  and  attachments  should  be  designed  to  permit  thorough,  cleaning;  blind  holes 
should  be  avoided  wherever  possible.  Material  surfaces  should  resist  fretting,  which  can 
cause  contamination.  Propellant-compatible  coatings  may  be  used  to  eliminate  base-material 
fretting. 

Thread  lubricants  for  liquid-oxygen  service  should  be  tested  for  compatibility  with  the 
propellant  (ref.  84). 


3A3.3  ASSEMBLY  PROVISIONS 
3A3.3.1  Housing  Liners 

Housing  liners  shall  not  be  damaged  by  pressure  behind  the  liner. 

Pressure  relief  holes  should  be  used  to  vent  the  liner/housing  cavity  to  the  main  stream  to 
prevent  distortion  and  damage. 
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FOREWORD 


NASA  experience  has  indicated  a need  for  uniform  criteria  for  the  design  of  space 
vehicles.  Accordingly,  criteria  are  being  developed  in  the  following  areas  of  technology: 

Environment 

Structures 

Guidance  and  Control 
Chemical  Propulsion 

Individual  components  of  this  work  will  be  issued  as  separate  monographs  as  soon 
as  they  are  completed.  This  document,  part  of  the  series  on  Chemical  Propulsion,  is 
one  such  monograph.  A list  of  all  monographs  issued  prior  to  this  one  can  be  found 
on  the  last  page  of  this  document. 

These  monographs  are  to  be  regarded  as  guides  to  design  and  not  as  NASA  require- 
ments, except  as  may  be  specified  in  formal  project  specifications.  It  is  expected, 
however,  that  these  documents,  revised  as  experience  may  indicate  to  be  desirable, 
eventually  will  provide  uniform  design  practices  for  NASA  space  vehicles. 

This  monograph,  “Rocket  Engine  Turbopump  Inducers,”  was  prepared  under  the  di- 
rection of  Howard  W.  Douglass,  Chief,  Design  Criteria  Office,  Lewis  Research  Cen- 
ter; project  management  was  by  Harold  W.  Schmidt  and  Lionel  Levinson.  The  mono- 
graph was  written  by  Jakob  K.  Jakobsen  of  Rocketdyne  Division,  North  American 
Rockwell  Corporation,  and  was  edited  by  Russell  B.  Keller,  Jr.  of  Lewis.  To  assure 
technical  accuracy  of  this  document,  scientists  and  engineers  throughout  the  tech- 
nical community  participated  in  interviews,  consultations,  and  critical  review  of  the 
text.  In  particular,  J.  Farquhar  III  of  Aerojet-General  Corporation,  W.  E.  Young  of 
Pratt  Whitney  Aircraft  Division,  United  Aircraft  Corporation,  and  M.  J.  Hartmann 
and  C.  H.  Hauser  of  the  Lewis  Research  Center  individually  and  collectively  reviewed 
the  text  in  detail. 

Comments  concerning  the  technical  content  of  this  monograph  will  be  welcomed  by 
the  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center  (Design 
Criteria  Office),  Cleveland,  Ohio  44135. 


May  1971 
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GUIDE  TO  THE  USE  OF  THIS  MONOGRAPH 


The  purpose  of  this  monograph  is  to  organize  and  present,  for  effective  use  in  de- 
sign, the  significant  experience  and  knowledge  accumulated  in  development  and 
operational  programs  to  date.  It  reviews  and  assesses  current  design  practices,  and  from 
them  establishes  firm  guidance  for  achieving  greater  consistency  in  design,  increased 
reliability  in  the  end  product,  and  greater  efficiency  in  the  design  effort.  The  mono- 
graph is  organized  into  two  major  sections  that  are  preceded  by  a brief  introduc- 
tion and  complemented  by  a set  of  references. 

Tlie  State  of  the  Art,  section  2,  reviews  and  discusses  the  total  design  problem, 
and  identifies  which  design  elements  are  involved  in  successful  design.  It  describes 
succinctly  the  current  technology  pertaining  to  these  elements.  When  detailed  infor- 
mation is  required,  the  best  available  references  are  cited.  This  section  serves  as  a 
survey  of  the  subject  that  provides  background  material  and  prepares  a proper 
technological  base  for  the  Design  Criteria  and  Recommended  Practices. 

The  Design  Criteria,  shown  in  italic  in  section  3,  state  clearly  and  briefly  what 
rule,  guide,  limitation,  or  standard  must  be  imposed  on  each  essential  design  element 
to  assure  successful  design.  The  Design  Criteria  can  serve  effectively  as  a checklist  of 
rules  for  the  project  manager  to  use  in  guiding  a design  or  in  assessing  its  adequacy. 

The  Recommended  Practices,  also  in  section  3,  state  how  to  satisfy  each  of  the  criteria. 
Whenever  possible,  the  best  procedure  is  described;  when  this  cannot  be  done  con- 
cisely, appropriate  references  are  provided.  The  Recommended  Practices,  in  conjunc- 
tion with  the  Design  Criteria,  provide  positive  guidance  to  the  practicing  designer 
on  how  to  achieve  successful  design. 

Both  sections  have  been  organized  into  decimally  numbered  subsections  so  that  the 
subjects  within  similarly  numbered  subsections  correspond  from  section  to  section. 
The  format  for  the  Contents  displays  this  continuity  of  subject  in  such  a way  that  a 
particular  aspect  of  design  can  be  followed  through  both  sections  as  a discrete  subject. 

The  design  criteria  monograph  is  not  intended  to  be  a design  handbook,  a set  of 
specifications,  or  a design  manual.  It  is  a summary  and  a systematic  ordering  of 
the  large  and  loosely  organized  body  of  existing  successful  design  techniques  and 
practices.  Its  value  and  its  merit  should  be  judged  on  how  effectively  it  makes  that 
material  available  to  and  useful  to  the  designer. 
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LIQUID  ROCKET  ENGINE 
TURBOPUMP  INDUCERS 

1.  INTRODUCTION 


The  inducer  is  the  axial  inlet  portion  of  the  turbopump  rotor  whose  function  is  to 
raise  the  inlet  head  by  an  amount  sufficient  to  preclude  cavitation  in  the  following 
stage.  The  inducer  may  be  an  integral  part  of  the  pump  rotor  or  it  may  be  mounted 
separately  on  the  pump  shaft  upstream  of  the  impeller.  The  principal  objective  in 
the  design  of  an  inducer  is  the  attainment  of  high  suction  performance,  but  the 
achievement  of  maximum  performance  is  limited  by  structural  design  considerations. 
The  optimum  design,  therefore,  is  a compromise  that  provides  adequate  suction 
performance  while  maintaining  structural  integrity  under  all  operating  conditions. 
Such  a design  depends  on  simultaneous  satisfactory  solutions  of  hydrodynamic  and 
mechanical  problems. 

The  hydrodynamic  problems  involve  obtaining  the  required  suction  specific  speed 
and  head  rise  of  the  inducer  without  introducing  undesirable  cavitation.  Much  work 
has  been  done  on  the  theoretical  hydrodynamic  design  of  the  inducer  for  an  ideal 
fluid,  which  normally  is  assumed  to  resemble  cold  water  in  its  effect  on  suction  per- 
formance. However,  it  has  not  yet  been  possible  to  use  test  results  on  inducer  per- 
formance with  cold  water  to  predict  actual  performance  with  the  intended  pump 
fluid.  Other  major  unsolved  problems  involve  obtaining  satisfactory  theoretical  treat- 
ments for  (1)  three-dimensional  effects,  (2)  the  suction  performance  of  inducer 
cascades  with  curved  blades,  (3)  the  effects  of  blade  leading-edge  sweep,  and  (4) 
the  effects  of  tip  clearance.  In  the  absence  of  a satisfactory  analytical  basis  for 
design,  these  hydrodynamic  problems  are  solved  empirically  by  utilizing  experience 
with  previous  successful  designs. 

The  mechanical  problems  involve  maintaining  the  structural  integrity  of  the  blade 
leading  edge  and  providing  for  blade  and  hub  stresses  due  to  blade  leading,  flow 
instabilities,  and  centrifugal  forces.  They  include  also  proper  choice  of  material, 
which  must  be  compatible  with  both  the  pump  operating  fluid  and  the  pump  test 
fluid,  and  selection  of  the  best  way  to  assemble  the  inducer  in  the  pump  during  fab- 
rication. The  achievement  of  an  optimum  inducer  design  requires  a systematic 
survey  of  all  mechanical  design  factors.  This  survey  is  based  on  a combination  of 
fundamental  theory  and  practical  experience  related  to  previously  proven  inducer 
designs  and  enables  the  designer  to  identify  the  effect  of  design  variants  on  the 
overall  performance,  on  ease  of  manufacture,  on  simplicity  and  reliability  of  assem- 
bly, and  on  strength  and  reliability  of  the  chosen  design. 
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In  keeping  with  this  approach,  this  monograph  is  based  on  a critical  evaluation  of 
available  information  on  the  hydrodynamics,  mechanical  design,  development,  and 
testing  of  pump  inducers.  Its  purpose  is  to  furnish  well-established,  specific  design 
practices  for  pump  inducers  based  on  the  present  state-of-the-art  technology.  These 
practices  are  presented  in  a form  matched  to  the  needs  of  the  design  team,  along 
lines  following  the  natural  and  logical  progression  of  the  design  effort.  Tha  material 
is  arranged  to  reflect  both  the  natural  organization  of  work  and  the  corresponding 
division  of  the  design  team  to  deal  with  hydrodynamics,  mechanical  design,  material 
selection,  and  vibration  and  stress  problems. 

The  design  philosophy  in  the  monograph  is  to  seek  an  optimization  of  the  hydro- 
dynamic  parameters  to  obtain  the  highest  suction  specific  speed  possible  without 
violating  structural  and  mechanical  design  constraints.  The  approach  is  to  design 
for  the  maximum  acceptable  tip  cavitation  number  by  a mathematical  optimization 
process.  This  establishes  an  optimum  value  for  the  flow  coefficient  and  the  corre- 
sponding fluid  angle.  To  achieve  a certain  margin  of  operation,  the  blade  suction 
surface  is  kept  within  the  cavity  boundary  up  to  a flowrate  somewhat  higher  than 
design  requirements.  The  blade  thickness,  as  given  by  the  wedge  angle  between  the 
pressure  and  the  suction  sides  of  the  blade  at  the  leading  edge,  increases  with  the 
ratio  of  incidence  angle  to  blade  angle.  The  bending  stresses  in  the  leading  edge 
then  decrease,  even  though  the  increased  incidence  angle  raises  the  hydrodynamic 
load.  Root  bending  stresses  are  lowered  by  the  increase  in  wedge  angle  possible  at 
the  root  section.  Since  the  head  rise  obtained  with  flat-plate  inducers  is  low,  a simple 
radial-equilibrium  check  of  the  flow  distribution  is  sufficient  to  verify  that  there  is 
no  backflow  in  the  blade  channel  at  the  design  point.  By  this  approach,  inducer  design 
can  achieve  the  most  effective  combination  of  hydrodynamic  and  mechanical  factors. 
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2.  STATE  OF  THE  ART 


Inducers  are  classified  according  to  head-rise  capability  and  also  according  to  the 
shape  of  the  meridional  flow  path.  They  are  dh'ided  by  head-rise  capability  into 
low  head  (head  coefficent  f < 0.15)^  and  high  head  (f  > 0.15).  Hie  head-rise  capa- 
bility is  a function  of  blade  geometry  (i.e.,  flat-plate,  modified-helix,  or  vortex  type). 
The  low-head  inducer  blading  is  either  flat-plate  or  flat-plate  plus  modified-helix, 
depending  on  hub-tip  contours  and  value.  The  high-head  inducer  blading  is  a com- 
bination of  flat-plate,  modified-helix,  and  vortex-type  blading  with  splitter  vanes. 
The  high-head  inducer  may  be  divided  into  the  inducer  proper  and  the  discharge 
blade  section;  it  is  actually  an  axial-flow  impeller  with  an  integral  inducer  covering 
a solidity  between  2.0  and  2.50.  When  inducers  are  classified  according  to  meridional 
cross  section,  they  are  divided  into  four  basic  types:  (1)  cylindrical  tip  and  hub; 
(2)  cylindrical  tip,  tapered  hub;  (3)  tapered  tip  and  hub;  and  (4)  shrouded  with 
or  without  a hub. 

Figure  1 gives  six  characteristic  examples  of  the  basic  inducer  types  taken  from 
actual  practice.  Examples  (a)  to  (d)  are  low-head  inducers,  and  (e)  and  (f)  are 
high-head  inducers.  Notice  that  all  the  inducers  with  the  exception  of  (c)  maintain 
a constant  tip  diameter  at  the  inlet  for  an  axial  length  corresponding  to  a solidity 
of  1 or  higher.  This  design  practice  benefits  the  suction  performance  by  maintain- 
ing optimum  conditions  until  the  blade  cavity  has  collapsed  (type  (c)  was  designed 
before  this  practice  was  established).  Table  I summarizes  design  and  performance 
parameters  of  these  inducers. 

The  shrouded  inducer  with  a large  forward  sweep  of  the  blade  is  also  known  as 
the  hubless  inducer  because  of  its  appearance  (fig.  2).  The  blading  is  thus  sup- 
ported by  the  shroud,  which  in  turn  is  supported  and  driven  either  through  the 
rear  portion  of  the  inducer  blading  by  the  inducer  short  hub  or,  in  the  case  of  a 
truly  hubless  design,  by  attachment  to  the  impeller  shroud.  The  front  hubless  por- 
tion and  the  rear  hub  portion  of  the  inducer  are  machined  separately  and  joined  by 
welding. 

Thus,  the  hubless  inducer  differs  from  the  conventional  inducer  in  that  its  blading 
is  supported  by  the  shroud  instead  of  by  the  hub;  also,  if  the  conventional  inducer 
is  considered  a screw,  then  the  hubless  inducer  must  be  considered  a nut.  The  hub- 
less inducer  concept  is  associated  with  several  assumed  advantages:  (1)  it  elimi- 
nates tip  vertex  cavitation;  (2)  it  centrifuges  eventual  bubbles  toward  the  center, 
where  they  may  collapse  harmlessly;  and  (3)  it  offers  the  possibility  of  using  an 
extremely  large  forward  sweep  of  tJie  vanes  to  obtain  a sweptwing  effect  similar 
to  that  of  supersonic  plane  design. 

>Syml)ols,  subscripts,  and  abbreviations  are  defined  in  the  Glossary. 
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Table  I. — ^Basic  Inducer  Types:  Design  and  Performance  Summary 


Rocket  engine 

Thor 

J-2 

X-8 

X-8 

J-2 

J-2 

Pump  designation 

Mark  3 

Mark  15 

Mark  19 

Mark  19 

Mark  15 

Mark  15 

Example  in  fig.  1 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Pump  fluid 

Liquid  oxygen 

Liquid  oxygen 

Liquid  oxygen 

Liquid  oxygen 

Liquid  hydrogen 

Liquid  hydrogen 

Head  type 

Low 

Low 

Low 

Low 

High 

High 

Cross-sectional 
profile  or 
geometry 

Cylindrical 

tip 

and  hub 

Cylindrlca! 

tip, 

tapered  hub 

Tapered 

tip 

and  hub 

Shrouded 

Cylindrical 

tip, 

tapered  hub 

Tapered 

tip 

and  hub 

Design  flow 
coefficient 

0.116 

0.109 

0.106 

0.05 

0.0942 

0.0735 

Design  head 
coefficient 

0.075 

0.11 

0.10 

0.063 

0.21 

0.20 

Inlet  tip  blade 
angle  P 

14.15° 

9.75° 

9.8° 

5.0° 

7.9° 

7.35° 

Suction  specific 
speed  S,  in  water<2) 

28,500 

34,300 

31,200 

58,000 

43,200 

44,200 

Hub-tip  ratio 
V at  inlet 

0.31 

0.20 

0.23 

0.19 

0.42 

0.38 

Number  of  blades 

4 

3 

3 

2 

4 4-4 

4 -t-  4 

Leading-edge 

sweep 

Radial  with 
rounded  tips 

Sweptback 

Sweptback 

Sweptforward 

Sweptback 

Sweptback 

(1)  Based  on  inlet  tip  blade  speed. 

(2)  At  10%  bead  dropoff  from  noncavitating  head. 


(e)  Hig^-head  inducer  with 
cylindrical  tip,  tapered 
hub 


(f)  High-head  inducer  with 
tapered  tip  and  hub 


Figure  1. — Basic  inducer  types. 
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Figure  2. — Hubless  inducer. 


The  concept,  however,  also  has  serious  disadvantage.'  (1)  the  hubless  iducer  is 
difficult  to  manufacture,  and  the  vanes  cannot  be  properly  machined  to  obtain  the 
desired  accuracy  and  surface  finish:  and  (2)  structurally  the  free  floating  ring  of 
the  shroud  cannot  carry  high-speed  centrifugal  forces,  and  the  inducer  is  reduced 
to  a low-speed  device. 

Experimentally  the  hubless  inducer  has  shown  suction  performance  about  equal  to 
that  of  the  conventional  type,  but  somewhat  worse  efficiency  and  head  coefficient. 
As  a consequence  of  the  performance  liinitationj,  manufacturing  problems,  and  space 
requirements,  the  hubless  inducer  is  not  a serious  contender  to  tlie  conventional  hub- 
tjtw  inducer  and  cannot  be  considered  a state-of-the-art  item. 
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2.1  Inducer  Inlet -Eye  and  Leading-Edge  Geometry 

The  inducer  design  is  optimized  with  respect  to  system  considerations.  Suction  specific 
speed  and  suction  specific  diameter  D„  are  the  characteristic  parameters  that  describe 
the  inducer  suction  performance  in  terms  of  shaft  rotative  speed  n,  flowrate  Q,  inducer 
inlet  tip  diameter  D,  and  critical  or  required  net  positive  suction  head  NPSH: 


Sa  = n Q%  (NPSH)-% 

(la) 

Ds  = D Q-%  (NPSH)  % 

(lb) 

Details  involved  in  determining  the  values  of  n,  Q,  and  NPSH  are  provided  in  the 
design  criteria  monograph  “Turbopump  Systems  for  Liquid  Rocket  Engines.” 

In  general,  the  flowrate  is  fixed  by  the  engine  specific  impulse  and  thrust  level.  The 
available  NPSH  is  a function  of  structural  considerations  that  involve  tank  pressure 
and  the  minimum  needs  of  the  pump  suction  performance,  ""he  shaft  speed  is  limited 
by  various  system  considerations  concerning  the  turbopump  design.  To  minimize  the 
weight  of  the  turbopump,  the  shaft  speed  is  generally  chosen  as  high  as  is  permitted 
by  considerations  of  mechanical  design  of  the  turbopump  unit  and  the  swallowing  ca- 
pacity of  the  inducer.  This  swallowing  capacity  is  limited  by  the  vapor  cavitation  or 
by  combined  vapor-dissolved  gas  cavitation  that  takes  place  in  the  liquid  adjacent  to 
the  suction  side  of  the  inducer  blades  at  the  leading  edge.  The  cavitation  is  most 
severe  at  the  blade  tip,  where  blade  speed  is  highest.  As  blade  speed  increases,  the 
cavity  at  the  leading  edge  becomes  larger  and  increasingly  blocks  the  flow.  When  the 
blade  speed  exceeds  the  value  associated  with  the  maximum  obtainable  suction  specific 
speed,  head  rise  is  lost.  The  solution  to  this  cavitation  problem  lies  in  careful  attention 
to  the  design  of  the  inducer  inlet  configuration,  with  special  emphasis  on  the  hydro- 
dynamic  aspects  of  the  blade  leading-edge  geometry  that  determine  the  suction  per- 
formance of  the  inducer. 


2.1.1  Inlet  Casing 

The  configuration  of  the  inducer  inlet  casing  is  dictated  by  systems  considerations.  The 
preferred  shape  is  the  axial  inlet  in  line  with  the  inlet  duct  (fig.  1).  This  arrangement 
provides  unobstructed  flow  into  the  inducer:  it  requires  an  overhung  impeller  driven 
from  the  rear  through  the  pump  scroll. 

Space  and  systems  limitations  may  require  a 90°  bend  that  features  either  single  or 
dual  inlets  on  opposite  sides  of  the  casing;  this  requirement  also  exists  when  the  pump 
is  driven  from  the  front  end  (figs.  3 and  4). 
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The  arrangement  of  the  inlet  casings  for  a propellant  pump  with  fuel  and  oxidizer 
pumps  back-to-back,  driven  through  an  intermediate  reduction  gear  from  an  offset 
turbine,  is  shown  in  figure  5.  Notice  the  combination  of  a mitered  bend  and  a cascade 
of  turning  vanes  to  obtain  a compact  and  efficient  elbow. 


Figure  5. — ^Arrangement  of  inlet  casings. 


The  use  of  vanes  to  obtain  a uniform  circumferential  flow  distribution  for  a dual  inlet 
pump  is  shown  in  figure  6. 

Development  of  an  inlet  elbow  is  shown  in  figure  7,  which  compares  the  original, 
unsatisfactory  configuration  with  the  final,  improved  configuration.  The  original  con- 
figuration, without  vanes,  had  unstable  flow  and  backflow  at  the  inner  radius  of  the 
elbow.  Addition  of  two  turning  vanes  alone  did  not  stabilize  flow  because  of  the  abrupt 
turning  at  the  original  inner  radius.  The  elbow  was  redesigned  with  an  extended  turn- 
ing region  aided  by  three  turning  vanes.  The  final  design  shown  in  figure  7 was 
effective  in  producing  stable  flow.  This  inlet  elbow  is  used  with  the  dual  inlet  casing 
of  figure  6. 
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Figure  6. — Dual  inlet  casing. 
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“ Final  configuration 


2.1.2  Hub  Size  and  Shape 

The  inducer  hub  diameter  on  the  inlet  end  is  determined  primarily  by  the  structural 
requirement  that  the  hub  withstand  the  loads  from  torque  transmittal  and  the  loads 
from  the  combined  fluid  and  mass  forces  acting  on  the  blades  (and  possibly  on  the 
hub  itself  in  high-head  inducers).  In  addition,  the  final  size  selected  for  the  hub  must 
allow  for  the  installation  and  use  of  a spinner  nut  or  axial  bolt  large  enough  for  axial 
retention  of  the  inducer. 

When  the  pump  is  driven  from  the  rear,  the  inducer  hub  diameter  on  the  inlet  end 
can  be  kept  small;  normally  the  hub-to-tip  diameter  ratio  y is  in  the  range  p = 0.2  to 
0.4.  When  the  pump  is  driven  from  the  inlet  end,  the  full  pump  torque  must  be  trans- 
mitted through  the  inducer  hub.  In  this  case,  the  hub-to-tip  diameter  ratio  falls  nor- 
mally in  the  range  v = 0.5  to  0.6. 

The  contour  of  the  inducer  hub  depends  on  the  hub  inlet  and  outlet  diameters.  The 
inlet  diameter  normally  is  chosen  as  small  as  possible  consistent  with  structural  con- 
siderations discussed  in  section  2.7.3.  The  outlet  diameter  is  chosen  to  match  the 
component  following  the  inducer;  for  low-head  inducers  this  is  the  impeller  eye,  and 
for  high-head  inducers  it  is  an  axial  stage.  The  resulting  hub  contour  for  a low-head 
inducer  normally  is  a straight  taper  of  8°  to  12°.  High-head  inducers  combine  a 
low-head  inducer  section  with  a mixed-flow  integral  or  separate  section  that  generates 
additional  head  and  matches  the  axial  stage  following  it.  The  hub  contour  in  this  case 
consists  of  a straight  taper  for  the  inducer  section,  with  a curved,  smooth  transition 
between  this  taper  and  the  discharge  diameter  and  slope  of  the  mixed-flow  section. 
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2.L3  inlet  Tip  Diameter  and  Contour 

The  most  suitable  inlet  tip  diameter  D is  derived  from  the  relationsliip  between  suction 
specific  speed  S„  blade  tip  cavitation  number  K,  and  flow  coefficient  ^ by  mathemati- 
cal consideration  of  optimum  flow  conditions  for  maximum  suction  performance.  For 
an  inducer  with  zero  prewhi*"!,  these  relationships  are  given  by  the  following  equations: 


T — K + K02  ^2 

(2) 

S's  = 8147^6%  T-% 

(3) 

Sg  = S'«(l  -p2)% 

(4) 

where  S',  is  the  corrected  suction  specific  speed  obtainable  for  zero  hub-to-tip  radius 
ratio  V and  r = 2g(NPSH)/u2  is  the  cavitation  parameter.  For  an  inducer  with  zero 
prewhirl  and  a fixed  hub-to-tip  radius  ratio  the  consideration  of  optimum  flow  condi- 
tions leads  to  the  so-called  Brumfield  criterion  (refs.  2-5)  for  the  optimum  flow  coef- 
ficient 


2 

1 — 2 


(5) 


which  solved  for  terms  of  K gives 

_ 

2(1 -h  K) 

The  corresponding  eduction  specific  speed  then  is  a mathematical  maximum  given  by 


maxS'g 


5055 
(1  + K)  '-4 


(7) 


showing  that  theoretically  the  suction  specific  speed  is  limited  only  by  the  minimum 
cavitation  number  K*  at  which  the  blade  will  operate.  Values  of  K*  as  low  as  0.01  to 
0.006  have  been  obtained  experunentally  for  very  thin  blades  and  small  blade  and 
wedge  angles  (/?  s 5°,  s 2°). 


The  inducer  inlet  tip  diatneter  D follows  from  the  definition  of  the  flow  coefficient 
sfc  = c„/u,  where  c„  = Q/A  when  inleii.  flow  area  A and  blade  tip  speed  u are  expressed 
in  terms  of  D.  With  proper  consideration  of  units,  there  results 


D = 0.37843 


r Q Y" 

L (1  “ p2)n0  -j 


.ft 


(8) 
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where 

Q = flow,  gpm 
n = shaft  speed,  rpm 

The  optimum  value  for  D follows  from  equation  (8)  by  using  the  optimum  value  for 
<f>  from  equation  (6). 

To  obtain  the  maximum  suction  performance,  the  inlet  tip  diameter  must  be  held 
constant  and  equal  to  its  optimum  value  at  the  inlet  (as  determined  above)  for  an  axial 
distance  equal  to  one  axial  blade  spacing  downstream  of  the  leading  edge.  Tuls  design 
practice  leaves  the  partial  cavity  on  the  blade  undisturbed  until  the  channel  section 
is  reached. 

To  ensure  the  uniform  inlet  velocity  assumed  in  the  optimization,  the  diameter  of  the 
duct  or  housing  upstream  of  the  leading  edge  is  held  constant  for  a length  equal  to 
at  least  one  axial  spacing.  Thus,  the  housing  diameters  both  downstream  and  upstream 
of  the  blade  leading  edge  are  held  constant.  In  most  cases,  these  diameters  are  the 
same;  but  they  may  differ  because  of  special  considerations  such  as  the  effects  of 
leakage  flow  or  the  use  of  a shroud. 

The  design  approach  outlined  in  this  section  must  be  modified  for  the  hubless  inducer 
because  a nonuniform  velocity  distribution  is  induced  at  the  blade  k^ding  edge  by  the 
strong  forward  sweep  of  the  blading  featured  in  the  hubless  inducer.  No  state-of-the- 
art  design  approach  is  known  at  present.  A cross  section  of  an  actual  design  of  an 
experimental  hubless  inducer  is  shown  in  reference  1,  but  no  desig  i approach  is 
indicated. 


2.1.4  Fluid  Thermodynamic  Effects 

For  an  ideal  fluid,  which  is  as  approximated  by  cold  water,  hydrocarbon  and  amine 
fuels,  and  other  low-vapor-pressure  fluids,  the  limitation  on  suction  performance  is 
always  leading-edge  cavitation  in  the  inducer.  With  certain  fluids  there  is  observed 
a thermodynamic  suppression  head  (TSH)  that  acts  to  decrease  the  critical  NPSH 
requirements  of  the  inducer  (refs.  1,  6-25).  Among  the  fluids  known  to  exhibit  this 
effect  are  liquid  hydrogen,  liquid  oxygen,  storable  oxidizers  such  as  Ns04,  and  hot 
(over  200“  F)  water.  For  liquid  hydrogen  this  effect  may  be  so  strong  that  the 
swallowing  capacity  »s  limited  only  by  cavitation  in  the  inlet  duct;  i.e.,  by  c„,-/2g  = 
(NPSH)ij„fc,  where  j,„  is  the  meridional  velocity,  calculated  for  single-phase  flow  and 
(NPSH),„„k  is  the  minimum  available  net  positive  suction  head  in  the  tank  at  operating 
conditions. 

Thermodynamic  suppression  head  is  an  effect  brought  about  by  the  decrease  in  fluid 
vapor  pressure  and  additionally,  in  the  case  of  two-phase  flow,  by  the  decrease  in  fluid 
density.  The  phenomenon  of  TSH  is  best  defined  and  understood  in  the  following 
mathematical  formulations. 
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The  basic  condition  for  pump  suction  performance  is  that 


(NPSH)  required  = (NPSH)  available  (9) 

The  (NPSH) required  IS  determined  by  the  characteristic  pump  suction  specific  speed 
S',*,  which  is  obtained  from  pump  performance  with  an  ideal  fluid  (approximated  in 
practice  by  cold  water).  From  equations  (1)  and  (4),  with  Q'  as  defined  in  equation 
(24) 


(NPSH)required  = (n  Q'%/S'/)4/3  (10) 

assuming  that  the  pump  characteristic  suction  performance  is  independent  of  the  pump 
fluid. 

By  definition,  the  net  positive  suction  head  is  the  excess  of  fluid  total  pressure  Ptotti 
above  vapor  pressure  p„  divided  by  the  fluid  density  Pp  at  the  prevailing  local  condi- 
tions. It  follows  then  that  the  pump  sees  the  value 

(Ptotal  Pv  \ 

) (11) 

PP  ' at  inducer  leading  edge 

where  p,.,  and  p^  are  the  local  values  measured  at  the  inducer  inlet;  they  are  dif- 
ferent from  the  values  at  the  tank  and  depend  on  the  flow  conditions. 

For  the  hypothetical  ideal  fluid,  the  NPSH  value  is  of  constant  magnitude  (except  for 
line  friction  loss)  throughout  the  inlet  system  from  tank  to  inducer  inlet  under  all 
flow  conditions;  i.e.. 


(Ptotal  Pv  \ 

) -Hioss  (12) 

pP  ' tank 

where  p,„,„„  p,.,  and  Pp  are  the  values  in  the  tank  at  its  outlet,  and  where  is  the 
line  head  loss  due  to  friction. 

By  definition,  the  thermodynamic  suppression  head  is  determined  by  the  follov/lng 
equation: 

(NPSH) available  = (NPSH) ideal  fluid  + TSH,  or  TSH  = (NPSH)a  - (NPSH)if  (13) 

In  practice,  (NPSH)„vniinbio  has  never  been  measured  directly,  but  its  value  has  been 
inferred  from  the  measured  pump  suction  performance  with  various  liquids  by  assuming 
that  the  equal  sign  applies  in  equation  (9)  when  head  breakdown  occurs. 
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Various  semiempirical  correlations  of  TSH  with  fluid  properties  and  pump  parameiers 
have  been  attempted  (refs.  24  through  27).  These  correlations  are  based  o/i  a rela- 
tionship between  the  thermal  cavitation  parameter  a,  the  thermal  diffusivity  of  the 
liquid  Kjr,  and  the  size  and  speed  of  the  pump. 

The  thermal  cavitation  parameter  and  diffusivity  are  functions  of  the  fluid  properties 
onhf;  i.e., 


a 


JL2 


Pl 

Pv 


^ Pv  ' 


(14) 


and 

hi 

Ki  = (15) 

PL  Cl 

where 

J = energy  conversion  factor,  778.2  ft-lb/Btu 
L = latent  heat,  Btu/lb 
Cl  = specific  heat  of  liquid,  Btu/lb- °R 
T = fluid  bulk  temperature,  °R 
Pl  = liquid  density,  Ib/ft^ 
p„  = vapor  density,  Ib/ft-^ 

Ul  = thermal  conductivity  of  liquid,  Btu/  (sec-ft-°R) 

K/^  = thermal  diffusivity  of  liquid,  ft^/sec 
a = thermal  cavitation  parameter,  ft 

Holl  (ref.  22)  combined  the  parameters  a and  Kj  to  form  the  thermal  factor  /?: 


/J  = - ■ — , sec%  (16) 

V Kl 

By  hypothesis,  TSH  is  a function  of  the  fluid  thermodynamic  cavitation  properties,  the 
fluid  velocity  17,  on  the  cavity  boundary,  and  the  length  L,  of  the  cavity.  The  vari- 
ables TSH,  «,  Kt,  U„  and  L,  form  a set  of  three  independent,  physically  significant, 
dimensionless  groups  through  which  the  functional  relationship  is  expressible.  One  set 
of  three  basic  groups  includes  (TSH/«),  (L,/a),  and  (U,L,/Ki),  from  which  other  sets 
are  formed  by  combination,  e.g.,  (TSH/L,),  and  The  application  of 

dimensionless  groups  to  the  analysis  of  pump  performance  studies  requires  a relation 
between  a set  of  basic  groups,  e.g.. 


(TSH) 

Lc 


C (Lc/oi)  (a  Uo/Kl)  "*2  (Lc/S)  mS 


(17) 


# 
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where  the  constant  C and  the  exponents  ml,  m2,  and  m3  are  determined  by  tests  on 
similar  pumps,  S is  the  blade  spacing,  and  17<,  is  a function  of  the  blade  tip  speed  u. 
So  far,  no  such  relationship  with  well-established  values  for  the  constants  and  ex- 
ponents has  been  found. 

A cavitation  number  K^,  based  on  the  cavity  pressure  instead  of  the  liquid  bulk  vapor 
pressure,  has  been  defined  (refs.  24  through  27): 


Ke 


Ps  Pc 
pp  w2/2  g 


(18) 


where 

p,  = fluid  static  pressure,  lb/ft2 

Pc  = fluid  vapor  pressure  in  cavity  at  leading  edge,  Ib/ft^ 
pp  = fluid  density,  Ib/fts 
w = fluid  velocity  relative  to  blade  at  tip,  ft/sec 
g = gravitational  constant,  32.174  ft/sec2 

Venturi  cavitation  studies  show  that  is  approximately  constant  while  the  conven- 
tional cavitation  number  K varies  when  both  are  measured  over  a large  range  of  liquids, 
temperatures,  velocities,  and  venturi  sizes,  provided  the  geometric  similarity  of  the 
cavitated  region  is  maintained  (i.e.,  the  ratio  of  cavity  length  to  diameter,  L„/D„,  is 
constant).  The  studies  on  venturi  cavitation  have  produced  information  useful  in  under- 
standing the  problem  of  thermal  suppression  head  in  pumps.  On  the  basis  of  these 
studies,  attempts  have  been  made  to  predict  actual  values  for  TSH  for  various  fluids 
used  in  pumps  (ref.  25).  The  correlations  obtained,  however,  do  not  allow  successful 
prediction  of  pump  performance  without  the  availability  of  reference  data,  i.e.,  data 
on  the  actual  performance  of  the  pump  with  a liquid  having  TSH  effects. 

Fluid  thermodynamic  effects  on  suction  performance  are  considered  in  the  design  phase 
by  a correction  on  the  available  NPSH  value.  An  empirical  allowance  for  TSH  is 
added  to  the  tank  NPSH  value  (less  the  inlet  line  head  loss).  The  assumed  TSH  value 
is  based  on  previous  experience  with  the  fluid.  No  theoretical  prediction  is  attempted 
at  present.  Presently  established  empirical  values  for  the  Mark  10  (F-1  engine)  liquid- 
oxygen  pump  (inducer  tip  speed:  300  ft/sec)  and  the  Mark  15  (J-2  engine)  liquid- 
hydrogen  pump  (inducer  tip  speed:  900  ft/sec)  are  as  follows: 

Mark  10-0:  TSH  = 11  ft,  at  163“  R 
Mark  15-F:  TSH  = 250  ft,  at  38“  R 

These  values  are  used  with  considerable  reservation,  however,  when  applied  to  other 
pumps,  because  the  occurrence  of  thermodynamic  suppression  head  is  not  well  unde-- 
stood  and  the  effect  of  a change  in  the  characteristic  parameters  is  not  known.  .e 
TSH  value  of  a fluid  increases  with  temperature  almost  as  a linear  function  of  vapor 
pressure  (ref.  20).  Tests  also  indicate  the  existence  of  a speed  and  fluid  velocity  effect 
increasing  the  TSH  with  speed  (rpm)  at  fixed  flow  coefficients  (refs.  28  and  29). 
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Another  common  practice  to  allow  for  the  fluid  thermodynamic  effect  empirically  in  the 
design  phase  is  to  ■’ssume  a value  (based  on  experience)  for  an  NPSH  factor  Z,  de- 
fined by 


2g(NPSH)tank 

Cm^ 


(19) 


which  corresponds  to  a TSH  correction  of 


(TSH)  = 


(Zopt  Z)Ctu^ 

ii 


(20) 


giving  the  total  required  NPSH  value 


(NPSH)reau*red  = (NPSH)tank  + (TSH)  = 


‘^opt 

2i 


(21) 


where 


^opi  — 3 (1  2 95®opt)  — 3 


(22) 


for  small  0„pt. 

Present  liquid-hydrogen  pumps  are  able  to  pump  two-phase  hydrogen  at  pump-inlet 
vapor  volume  fractions  up  to  2P  percent  at  design  liquid  flow  coefficient.  The  basic 
limit  to  pumping  two-phase  hydrogen  occurs  when,  at  high  flow  coefficients,  the  flow 
area  within  the  inducer  blade  passages  becomes  less  than  upstream  flow  area.  When 
thts  occurs,  both  two-phase  flow  and  pure  saturated  liquid  flow  will  choke  (ref.  30). 
Further  experimental  investigations  aimed  at  establishmg  proper  criteria  for  two-phase 
flow  are  in  progress. 

2.1.5  Blade  Profile 

In  a well-designed  inducer  cascade,  the  blade  profile  does  not  interfere  with  the  free- 
streamline  boundary  of  the  cavitating  flow  at  the  blade  leading  edge. 

If  so-called  real  fluid  effects  due  to  viscosity  of  the  fluid  and  surface  roughness  of 
the  blade  are  neglected,  the  flow  in  cavitating  inducers  may  be  adequately  described 
by  potential  flow  models  with  a simplified  geometry.  These  models  all  are  based  on 
the  assumption  of  a two-dimensional,  irrotational,  steady  flow  of  an  incompressible, 
inviscid  fluid  through  a two-dimensional  cascade  of  blades.  The  cascade  and  flow 
conditions  represent  those  of  the  actual  inducer  at  some  fixed  radial  station. 
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A set  of  physically  significant,  characteristic  parameters  relating  to  the  state  of  the 
fluid,  the  entering  and  leaving  flows,  and  the  geometry  of  the  cascade  is  illustrated 
in  figure  8. 


w^u(=u) 


Figure  8. — Cascade  and  flow  parameters. 


The  cascade  geometry  parameters  are  blade  angle  /J,  blade  camber  A/3,  chord  length  C, 
and  cascade  spacing  S.  Subscripts  1 and  2 or,  occasionally  and  more  distinctly,  LE 
and  I'E  denote  the  leading  and  trailing  edges,  respectively.  The  entering  and  leaving 
flows  are  characterized  by  the  relative  velocities  wi  and  W2  and  the  angles  Vi  and  ?2 
of  these  flows  with  the  cascade  axis.  The  velocity  components  normal  and  parallel  to 
the  cascade  axis  are  w,„  (or  w„)  and  w„,  respectively.  These  two  components  commonly 
are  designated  meridional  and  tangential  components,  referring  to  the  equivalent  usage 
for  inducer  flow.  The  meridional  flow  may  or  may  not  be  axial  but,  by  common  usage, 
is  always  referred  to  as  meridional  because  the  cascade  represents  the  meridional  flow 
picture  of  the  inducer.  The  cascade  velocity  wi  is  the  vector  sum  of  the  two  com- 
ponents represented  by  the  blade  velocity  u and  the  fluid  meridional  velocity  c„  at  the 
inducer  inlet.  The  inlet  velocity  c„,  is  assumed  uniform  over  the  inlet  area;  hence 

4Q' 

c™  = <23) 
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where  Q'  is  a corrected  flowrate  expressed  by 


(1  - p2) 

giving  the  equivalent  swallowing  capacity  of  a hublesc  inducer. 


(24) 


Various  models  for  the  flow  in  flat-plate  cascades  with  cavitating  flow  have  been 
proposed  and  studied.  These  models  differ  essentially  in  the  manner  of  cavity  closure. 
There  is  no  unique  solutio»’  'or  a cc  istpot-pressure  cavity  of  finite  length,  because  the 
cavity  can  be  terminate  * v ^ a variety  ( l"  ways.  Among  these  cavity  models  are  a re- 
entrant jet,  an  image  plate  on  which  the  free  streamline  collapses,  and  the  free- 
streamline  wake  model  where  the  flow  gradually  recovers  pressure  on  a solid  boundary 
that  resembles  a wake.  Experimental  and  visual  observations  indicate  that,  of  all 
these  models,  the  free-streamline  wake  model  (wake  model,  for  short)  simulates  to 
some  extent  the  actual  wake  downstream  of  the  cavity  terminus,  where  intense  mixing 
ma^'  be  seen.  The  wake  model  of  the  flat-plate  cascade  with  semi-infinite  blades  yields 
the  simplest  possible  simulation  of  the  important  flow  features  of  a cavitating  inducer 
with  partial  cavitation.  The  theory  is  described  and  derived  in  detail  in  reference  31. 
For  supercavitating  flow  with  an  infinite  cavity,  existing  solutions  (refs.  32  and  33) 
treat  cascades  with  a finite  chord  length  and  arbitrary  camber. 

The  wake  model  gives  a good  approximation  to  the  cavitating  flow  in  the  inducer 
and  is  a useful  tool  for  the  inducer  designer  in  calculating  the  cavity  boundary.  The 
main  difficulty  lies  in  the  evaluation  of  the  free-streamline  theory  as  a function  of 
cavitation  number  and  angle  of  incidence  of  the  inducer  flow;  the  analysis  involves 
the  numerical  evaluation  of  some  complex  variable  relationships  for  the  cavity  shape. 
A computer  program  written  to  accomplish  these  objectives  for  any  given  inducer  blade 
is  available  (ref.  34). 

The  cavity  velocity  follows  from  Bernoulli’s  law  and  the  definition  of  the  cavitation 
number,  giving 


Wc  = wiV  1 + K 


(25) 


Similarly,  combining  this  with  the  stagnation  point  condition  for  the  velocity  ratios 
results  in 


W2  = 


F + 


We 

(F2  - 1)  % 


(26) 
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where  F stands  for  the  expression 

K = + (1  + K)-%  sin  (/J  - 2 a) 

2 sin  {/?  — a) 

The  wake  or  cavity  height  h,  is  found  from 


he 

sin  /J  - (Wi/W2)sin(i8  - a)  (28) 

which  determines  the  maximum  blade  thickness  that  may  be  contained  in  the  cavity 
with  proper  shaping  of  the  leading  edge  (fig.  9). 


Figure  9. — Blade  in  cavity. 


For  the  extreme  case  of  supercavitation,  the  free  streamline  approaches  a wedge  shape 
at  the  leading  edge  with  an  angle  equal  to  the  angle  of  incidence  «. 

The  cavitation  number  K attains  its  minimum  value  at  supercavitation: 


K„ 


2 sin  a sin  — a) 
1 + cos  p 


(29) 


When  a 0 or  a — /?,  then  K„,„  — 0;  but  these  values  are  not  realistic,  because  in 
the  first  case  there  is  no  deflection  of  the  flow  and  in  the  second  case  there  is  no 
throughflow  in  the  cascade.  The  equation  does  bring  out  clearly  that,  to  obtain  small 
cavitation  numbers,  the  blade  angle  should  be  small. 


At  a - fS/2  a maximum  value  of  K„,„  is  obtained: 
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max  K,nin  = tan2 


2 


(30) 


which  also  shows  the  need  for  small  blade  angles  ^ to  get  small  values  of  K.  Because 
of  blade  thickness  and  boundaiy-layer  blockage,  in  actual  operation  with  a real  fluid 
the  attained  values  of  K are  approximately  two  to  three  times  greater  than  the  maxi- 
mum values  of 

2,1.6  Blade  Leading-Edge  Sharpness 

The  radius  of  curvature  of  the  free  streamline  r^sh  at  the  leading  edge  constitutes  an 
upper  limit  for  the  permissible  nose  radius  of  the  blade  profile.  In  practice  this  radius 
is  very  small  and,  in  case  of  supercavitation,  rpsL  = 0-  This  means  that  the  blade 
should  be  knife-sharp  at  the  leading  edge,  in  agreement  with  experimental  evidence. 
When  ultimate  suction  performance  is  required,  the  leading  edge  is  made  knife-sharp. 
However,  a practical  limit  on-  the  radius  of  the  leading  edge  is  the  value  t/100,  where 
t is  the  maximum  thickness  of  the  blade  profile.  For  large  inducers  (e.g.,  those  used 
in  the  3-2  and  F-1  engines),  common  practice  is  to  leave  the  edge  0.005  to  0.010  in. 
thick. 


2.1.7  Blade  Sweep 

The  radial  shape  of  the  leading  edge  affects  both  the  suction  performance  and  the  biade 
load  and  bending  stress.  Sweeping  back  and  rounding  off  the  radial  contour  of  the 
leading  edge  has  resulted  in  increases  of  10  to  25  percent  in  suction  specific  speed 
(refs.  35  and  36).  Structurally,  the  sweepback  removes  the  corner  flap  and  redis- 
tributes the  blade  load,  thus  reducing  the  possibility  of  failure.  The  blade  wrap  is 
reduced,  but  the  reduction  can  be  allowed  for  in  the  design  by  a slight  increace  in 
axial  length.  On  shrouded  inducers,  the  leading  edge  is  usually  swept  forward  to 
avoid  sharp  comers  and  to  provide  fillets  where  the  blade  meets  the  shroud. 

2.1.8  Blade  Cant 

Canting  of  the  blade  is  done  for  mechanical  reasons  only.  At  high  blade  loadings,  the 
blade  is  canted  forward  to  partially  counterbalance  hydrodynamic  and  centrifugal  bend- 
ing forces;  also,  canting  produces  a double  curvature,  which  makes  the  blade  stiffer 
and  stronger.  The  backward  or  forward  sweep  of  the  leading  edge  is  obtained  by  a 
face  cut  on  the  inducer  blading  such  that  forward  canting  of  the  blade  results  in  a 
sweepback  of  the  leading  edge  and  a backward  cant  angle  results  in  a fcrward-swept 
leading  edge.  Machining  of  the  blade  space  Is  easier  when  the  blade  is  perpendicular 
to  the  hub  taper. 

2.1.9  Blade  Angle 

The  inducer  suction  performance  is  a function  of  the  blade  angle  /3  at  the  leading  edge. 
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The  flow  incidence  angle  a is  chosen  to  minimize  blade  blockage.  Experience  indicates 
that  for  design  purposes  the  ratio  «//?  is  a characteristic  parameter  that  varies  with 
blade  thickness  as  necessary  to  keep  the  blade  inside  the  cavity.  Values  for  this  ratio 
range  from  a low  of  0.35  for  thin  blades  to  a high  of  0.50  for  thick  blades;  the  mean 
of  0.425  is  a common  design  value. 

2.1.10  Blade  Lead 

For  an  inducer,  the  best  inlet  configuration  is  the  so-called  flat-plate  inducer,  which 
has  constant  lead  both  radially  and  axially.  The  lead  of  the  blade  is  given  by 

A = 2wrtan/?  (31) 

where  r is  the  radial  coordinate  on  the  blade. 

The  fluid  velocity  relative  to  the  blade  w varies  along  the  radius  according  to  the 
velocity  diagram  based  on  the  flow  coefficient  at  the  blade  tip  and  the  inlet  velocity 
c„,.  The  blade  angle  must  vary  correspondingly  along  the  radius  to  maintain  optimum 
values  of  «*//?.  For  a uniform  flow  with  zero  prewhirl  and  small  blade  angles,  this 
variation  agrees  well  with  the  commonly  used  flat-plate  inducer  blade-angle  variation 
with  radius  (i.e.,  r tan  P = constant),  v/hich  is  easy  to  manufacture. 

2.1.11  Blade  Thickiiesi. 

The  blade  thickness  t is  determined  from  a combination  of  hydrodynamic  and  struc- 
tural design  considerations. 

Hydrodynamically,  the  blade  thickness  is  designed  to  lie  inside  the  cavity  (ref.  4) 
and  wake  of  the  cavitating  flow  at  design  NPSH  and  at  10  to  20  percent  over  design 
flow.  Structurally,  the  blade  is  designed  to  resist  the  worst  combination  of  centrifu- 
gal and  pressure  forces.  To  reduce  stress  concentrations  at  the  root  section,  a gen- 
erous fillet  is  provided  at  the  hub  juncture. 

The  result  is  a blade  that  tapers  along  its  length  from  a maximum  thickness  at  the 
hub  to  a minimum  thickness  at  the  tip. 

2.1.12  Blade  Camber 

The  head-rise  capability  of  the  flat-plate  inducer  is  fixed  at  about  f ^ 0.075  by  the 
limited  fluid  turning  angle  of  a straight  cascade.  For  higher  head  coefficients,  a cam- 
blade  profile  is  required.  Experiments  have  shown  that  suction  performance 
may  be  maintained  ^/ith  a cambered  blade  when  the  blade  angle  at  the  leading  edge 
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^le  is  the  same  as  for  the;  flat-plate  cascade.  In  order  to  maintain  the  same  cavity 
development,  the  cambered  blade  starts  with  zero  curvature,  and  the  camber  gradu- 
ally increases  from  zero  at  the  inlet  to  the  required  amount  at  the  discharge.  The 
variation  of  the  curvature  follows  a smooth  monotone  curve  from  zero  at  the  lead- 
ing edge  to  a maximum  at  the  trailing  edge.  The  simplest  distribution  of  camber  is 
given  by  the  circular  arc  with  the  blade  angle  increasing  steadily  from  to  Pz  and 
constant  curvature  from  inlet  to  outlet.  A circular-arc  blade  has  been  used  for  small 
amounts  of  camber  (i.e.,  a few  degrees);  but  this  blade  does  not  satisfy  the  recom- 
mended variation  of  curvature  from  zero  at  the  inlet  to  a maximum  at  the  outlet, 
and  there  is  some  loss  of  suction  performance.  It  is  common  practice  to  assume  some 
distribution  of  camber  on  the  rms  (root-mean-square)  diameter  and  calculate  the 
corresponding  head-rise  distribution  as  a check. 

2.1.13  biade  Surface  Finish 

A considerable  amount  of  research  (refs.  37  and  38)  has  been  carried  ?>ut  on  the 
effect  of  surface  roughness  on  cavitation  inception  and  hydraulic  efficiency.  It  has 
been  found,  for  example,  that,  when  the  measured  efficiency  of  a hydraulically 
smooth  specimen  with  a 2 /t  in.  surface  finish  (ASA)  was  compared  with  the  meas- 
ured efficiency  of  specimens  that  had  160 /x  in.  finishes,  efficiency  was  reduced  5.9 
percent  with  chordwise  striations  and  7.2  percent  with  spanwise  striations  (ref.  ?7). 
Early  occurrence  of  incipient  cavitation  as  an  effect  of  surface  roughness  has  also 
been  observed. 

2.1.14  Blade  Number 

When  high-density  fluids  are  pumped,  the  hydraulic  loads  on  the  blades  require  large 
blade  chords  to  provide  adequate  bending  strength.  In  addition,  the  hydrodynamic 
requirement  for  a small  ratio  of  blade  thickness  to  blade  spacing  to  accommodate 
the  blade  thickness  inside  the  cavity  makes  a large  spacing  necessary.  These  re- 
quirements for  long  chord  length  and  large  blade  spacing  are  equivalent  to  a re- 
quirement for  low  blade  numbers. 

The  choice  of  blade  number  affects  the  axial  length  of  the  inducer,  which  is  pro- 
portional to  the  blade  chord  length.  The  possibility  of  alternate  blade  cavitation 
makes  an  odd  number  of  blades  desirable  (ref.  39).  Alternate  blade  cavitation  is 
one  of  several  possible  cavitation  patterns. 

One-bladed  inducer  designs  have  been  considered,  but  were  given  up  because  of 
balancing  problems.  The  best  suction  performance  is  obtained  with  a small  number 
of  blades,  normally  between  two  and  five.  A three-bladed  inducer  is  the  preferred 
design  if  design  considerations  such  as  solidity,  aspect  ratio,  and  axial  length  per- 
mit. The  blade  number  N is  chosen  with  matching  requirements  of  the  impeller  in 
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mind.  Preferably,  the  impeller  blade  number  is  made  a multiple  of  N to  promote 
symmetry  of  flow.  When  the  impeller  blade  number  is  a prime,  however,  no  such 
choice  is  possible. 

2.1.15  Cascade  Solidity 

The  solidity  of  the  inducer  cascade  a affects  the  suction  performance  through  its 
effect  on  blade  loading  and  deviation  angle  (refs.  40  and  41).  Solidity  is  given  by 


as  a function  of  chord  length  C and  blade  spacing  S and  also  as  a function  of 
blade  axial  length  and  blade  lead  A.  For  a flat-plate  inducer,  the  solidity  stays 
essentially  constant  over  radius  except  for  effects  of  blade  sweepback.  A high  so- 
lidity improves  the  suction  performance  and  tends  to  counteract  cavitation-induced 
oscillations.  For  best  suction  performance,  current  practice  requires  a > 2.0  to  2.5 
at  all  blade  sections  from  tip  to  hub,  and  low  values  for  blade  loading  and  devia- 
tion angle.  This  condition  gives  the  leading-edge  cavity  sufficient  time  to  collapse 
undisturbed  by  pressure  fields  from  channel  loading  of  the  blade.  By  experience,  any 
infringement  on  this  condition  has  resulted  in  unsatisfactory  performance.  For  in- 
stance, the  employment  of  splitter  vanes  or  increased  camber  to  gain  additional  head 
rise  in  this  inlet  region  has  been  unsuccessful. 

2.2  Snducer  Flow-Channel  and  Blade  Geometry 

The  head  rise  and  efficiency  of  the  inducer  depend  to  a great  extent  on  the  flow 
conditions  in  the  channel  region  of  the  blading,  i.e.,  the  region  where  the  blades 
overlap.  The  special  problems  of  pump  inducers  with  high  head  rise  require  careful 
design  of  the  channel  region  of  the  blade.  The  blade  geometry  and  the  contours  of 
the  meridional  flow  passage  constitute  special  problems  for  efficient  design. 

2.2.1  Channel  Flow 

The  flow  conditions  in  the  channel  region  may  bo  estimated  for  an  incompressible 
fluid  by  an  approximate  calculation  based  on  four  assumptions: 

(1)  Constant  radial  lead, 

X = r tan  = constant  (33) 
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(2)  Simple  radial  equilibrium. 


d/i  _ C„2 
dr  rg 


(34) 


where  h is  fluid  static  head. 

(3)  Perfect  guidance  (fluid  follows  blade). 


y = /3  (35) 

(4)  Zero  loss  (100-perc*  nt  efficiency), 

C2  UCu. 

H = h + — = Hi  + —^  (36) 

2g  g 

where  H is  the  total  head  and  Hi  is  the  total  head  at  station  I. 

The  blade  cant  angle  is  assumed  to  be  zero  or  small.  Under  these  assumptions,  the 
flow  at  an  arbitrary  axial  station  I is  given  by  the  equation  for  the  local  head 
coefficient. 


d 2r  dr 

-J-  + = 0 

vS-j  r2  + \2 

with  the  solution 


(37) 


C,  Q 

" T^  + X^  = 1^-  ^ ^ (38) 

where  Q denotes  a constant  of  integration  that  must  satisfy  the  continuity  condi- 
tion. The  local  velocities  are  given  by 


Ca  = (1  - ^j)Xm  (39) 

Ca  = fir  a (40) 

where  w is  the  angular  velocity  of  the  inducer  and  and  rw  are,  respectively,  lead 
velocity  and  blade  velocity  of  the  inducer. 

The  parameters  X and  C^!,  may  vary  with  the  axial  station.  The  local  total  head- 
rise  AH  is 


AH  = C(p«2 


COS2/J 

g 


= AHmB 


C0S2  P 
cos2  {3ns 


(41) 
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where  is  the  headrise  at  some  convenient  radial  reference  station,  preferably 

the  rms  radius.  The  constant  Q depends  on  the  blade  blockage  at  the  axial  station 
considered.  For  a tapered  blade,  the  integrations  can  be  performed  and  the  con- 
stant expressed  in  closed  form.  The  local  blade  thickness  is  given  by 

tx  = a — br  (42) 


where 


and 


in  — tj 
Tt  — Th 


(42a) 


a = tH  + brH 


(42b) 


Then,  for  an  inducer  with  blade  number  = j,  the  constant  is  given  by 

_ Iai~  i Jbi  ~ (Q/^«) 

^ 

Lvi  ~ j 1b2 


(43) 


where  /^i,  Iaz,  hu  and  Ihz  are  given  by 


Iai  = IT  (ry2  - rw2) 


(43a) 


Iaz  -■  2'7T  In 


sin 

sin  /3i> 


(43b) 


a\ 

r cos  ^ ; 

— - In  1 

r,anA 

)T 

2 

L sin2  /3 

^ 2 

= - r “ In  ( tan  ) + b — - 
L \ \ 2 / sin 


b\2 


The  subscripts  T and  H denote  tip  and  hub,  respectively,  and 


= f(i8r)  - f (i®H) 


(43c) 

(43d) 


(44) 


2.2.2  Discharge  Flow 

The  normal  low-head  inducer  design  is  used  as  the  inlet  portion  of  the  pump  im- 
peller, which  may  be  radial,  axial,  or  mixed-flow  type.  The  flow  passes  directly 
from  one  rotating  component  to  another  without  intervening  stators.  As  a result, 
no  matching  problems  are  encountered  except,  possibly,  that  of  finding  an  optimum 
relative  location  of  the  two  sets  of  blades  that  will  prevent  wakes  from  blades  in 


26 


the  upstream  rotor  from  hitting  blades  in  the  downstream  rotor.  However,  this  nor- 
mal low-head  inducer  design  may  be  combined  with  a high  head-rise  channel  region 
following  the  inducer  proper  to  form  a so-called  high-head  inducer.  The  matching 
of  this  combination  with  the  following  component,  a stator,  presents  a problem,  be- 
cause the  stator  needs  a radially  constant  head  across  the  passage  in  order  to 
operate  efficiently.  For  this  condition  to  exist,  the  inducer  discharge  must  be  a free 
vortex  flow  with  a rotation  that  is  given  by  the  expression 

rcu  = constant  (45) 

This  condition  is  difficult  to  obtain  physically  with  the  inducer  blades,  because  the 
rotation  of  a helical  inducer  is  given  by 

r + 

= constant  (=<oC^)  (46) 

rcu 

For  free-vortex-flow  blading,  the  hub  angle  becomes  greater  and  the  tip  angle  smaller 
than  for  a helix  with  a radially  constant  lead.  This  configuration  results  in  differ- 
ent wrap  angles  for  hub  and  tip  and  a corresponding  manufacturing  problem.  One 
solution  to  this  problem  is  to  divide  the  inducer  into  two  or  more  parts,  with  the 
front  part  consisting  of  the  actual  inducer  and  an  extended  channel  region  and  the 
other  parts  consisting  of  axially  interrupted  blading.  These  inducer  parts  may  either 
be  on  separate  hubs  or  be  machined  on  the  same  hub.  If  separate  pieces,  they  must 
be  fastened  together  or  fastened  separately  to  the  shaft.  The  head  is  calculated  for 
a number  of  streamlines,  assuming  simple  radial  equilibrium;  this  method  has  been 
shown  to  give  close  agreement  • (refs.  42  and  43)  with  measured  values  for  the 
axial  velocities.  The  axisymmetric  blade-to-blade  solutions  are  more  accurate  but 
are  seldom  used  for  axial  flow  because  of  their  complexity. 

2.2.3  Impeller-Inducer  Matching 

The  inducer  discharge  dimensions  must  match  those  of  the  impeller  eye.  The  re- 
quirements for  the  impeller  eye  diameter  and  the  inducer  discharge-  diameter  may 
be  conflicting  because  of  head-rise  limitations,  in  that  an  increase  in  the  impeller 
eye  diameter  will  decrease  the  impeller  head  but  an  increase  in  inducer  discharge 
diameter  will  increase  the  inducer  head,  and  vice  versa.  For  these  reasons,  the  exact 
matching  of  inducer  discharge  diameters  and  impeller  inlet  eye  diameters  may  be 
impractical.  With  sufficient  axial  clearance  between  the  two  components,  however, 
a reasonably  smooth  boundary  of  the  flow  passage  may  be  drawn. 

The  axial  clearance  distance  (inducer-impeller  or  inducer-stator)  is  dictated  mainly 
by  mech  lical  design  considerations  such  as  minimum  length  and  weight  of  pump 
and  rotor  and  assembly  requirements.  However,  for  inducer-stator  combinations  (as 
in  axial-flow  pumps),  the  minimum  permissible  clearance  for  safe  running  must  be 
maintained.  The  magnitude  of  the  permissible  axial  clearance  depends  on  the  stiff- 
ness of  the  rotor  and  the  casing,  on  the  rigidity  of  the  bearings,  on  the  differential 
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thermal  expansion  of  rotor  and  stator,  and  possibly  on  distortions  due  to  load  and 
temperature.  Hydrodynamic  matching  between  inducer  and  impeller  also  requires  a 
certain  minimum  clearance  of  the  magnitude  of  the  blade  gap,  which  equals 
For  good  suction  performance,  the  axial  spacing  between  inducer  and  impeller  blades 
is  kept  at  least  as  large  as  this  blade  gap. 

2.2.4  Trailing-Edge  Sharpness 

Sharpening  of  the  trailing  edges  is  not  critical.  Trailing-edge  sharpening  is  used  par- 
ticularly in  applications  v/here  it  is  important  that  the  blade  wake  and  drag  of  the 
inducer  be  minimized.  The  trailing-edge  sharpening  increases  the  head  rise  and  im- 
proves the  efficiency  of  the  inducer.  The  preferred  blade  snarpening  is  centerline  faired. 

2.2.5  Trailing-Edge  Contour 

The  trailing-edge  contour  normally  is  not  critical  and  often  is  left  straight  radial. 
The  major  consideration  in  contouring  the  trailing  edge  is  the  proximity  of  stators, 
coupled  with  the  possibility  of  blade  flutter.  The  structural  integrity  of  the  blade 
is  improved  by  cutting  off  the  outer  corner  of  the  blade  at  the  sacrifice  of  some 
solidity. 

2.2.6  Discharge  Angle 

The  fiuid  turning  angle  Ay  along  a streamline  follows  from  the  Euler  equation  for 
the  head  rise 


g AHnet  = A (u  Cu)m  (47) 

The  equation  is  solved  for  the  tangential  velocity  component  at  the  discharge  c„a,  to 
determine  the  velocity  triangle  and  the  fluid  discharge  angle  y„.  The  blade  efficiency 
Vbi  is  assumed  to  be  0.85. 

For  low-head  inducers  it  is  satisfactory  to  determine  the  lead  of  the  inducer  based 
on  the  rms  station  only.  For  high-head  inducers  with  free  vortex  flow,  the  lead  of 
the  inducer  is  determined  for  a minimum  of  two  radial  stats ?ns,  one  close  to  the 
hub  and  the  other  close  to  the  tip,  to  define  the  blade  co  mpletely. 

2.2.7  Deviation  Angle 

The  blade  angle  varies  along  radius  according  to  X = r tan  fS,  where  the  lead 
(A  = 25tX)  should  be  determined  for  the  mean  (i.e.,  rms)  diameter  D„„  from  the 
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required  headrise.  The  dischartie  blade  angle  Pras.iE  is  the  sum  of  the  fluid  angle 
yms.TB  and  the  deviation  angle  S at  this  station.  The  deviation  angle  S is  an  expres- 
sion of  how  well  the  blading  guides  the  fluid.  The  value  of  S may  be  estimated  from 
rules  developed  for  compressor  blades  by  Carter  (ref.  44)  and  by  other  investigators 
(refs.  45  and  46).  None  of  the  studies  on  deviation  angle  was  made  for  inducers, 
but  Carter’s  rule  has  given  reasonably  good  results  when  modified  to  allow  for  the 
different  flow  conditions  in  inducers  and  compressors.  Carter’s  rule  is 

8 = M(^te  ^le)/o'*'  (48) 


where 


ff  = solidity 

b = exponent,  a function  of  inlet  blade  angle  with  values  in  the  range  from  0.5  to 
1.0;  approximate  value  of  b for  inducers  is  0.5 
M = coefficient,  a function  of  stagger  angle  and  the  location  of  maximum  thickness; 
approximate  values  of  M for  inducers  are  0.25  to  0.35 

Carter’s  rule  is  derived  from  an  empirical  correlation  between  cascade  parameters 
and  experimental  deviation  angles  for  purely  two-dimensional  flow  with  constant 
blade  height  and  the  incidence  angle  of  impact-free  entry,  essentially  zero  for  thin 
blades.  Sometimes  a modified  form  of  the  rule,  based  on  fluid  turning  angle  Ay, 
is  used  for  flat-plate  inducers  with 

S = 0.10  to  0.20  Ay  (49) 

However,  because  the  flow  is  not  two-dimensional  and  because  the  flow  area  and 
blade  height  of  inducers  vary  from  inlet  to  discharge,  the  application  of  Carter’s 
rule  to  inducer  blades  involves  various  corrections.  The  blade  camber  usually  is  re- 
ferred to  a zero-action  blade  camber  A/?o,  such  that  the  active  blade  camber  is  given  by 

A^active  — A^  A;3o  — ^lE  i®TE,  0 (50) 

Also,  the  incidence  angle  « is  included  with  the  blade  camber,  so  that  the  deviation 
angle  is  found  from 


8 = 


Al(a  ~r  A ^active) 
V“ 


(51) 


where 


A^  — PtE  “ ^LB 


(52) 


and,  with  approximation, 


A^O  — ^TE, 


,0  “ PiM  “ 


[ ( 

— ) -‘1 

L A2  ' 

PhB 


(53) 
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which  follows  from  continuity  of  flow  for  a helical  inducer.  The  ratios  (A1/A2)  and 
(ri/n),  are,  respectively,  the  ratio  of  inducer  inlet  area  to  discharge  area  and  the 
ratio  of  the  radii  at  inlet  and  discharge  of  a stream  surface  s containing  the  blade 
section,  e.g.,  at  tip,  hub,  and  rms  stations. 

On  high-head  inducers.  Carter’s  rule  is  used  to  find  the  deviation  angle  of  the  vortex- 
type  blading  constituting  the  channel  region  of  the  inducer,  such  that  the  required 
camber  angle  of  this  part  of  the  inducer  blading  can  be  established. 

2.2.8  Clearance  Losses 

The  inducer  performance  is  strongly  dependent  on  the  effect  of  clearance  losses. 
The  leakage  flow  through  the  clearance  has  a disturbing  effect  on  the  main  flow 
entering  the  blading,  tending  to  cause  early  separation.  It  is  the  source  of  the  first 
visual  occurrence  of  cavitation  and  lowers  the  suction  performance  correspondingly 
at  partial  head  dropoff,  but  not  at  supercavitation. 

The  clearance  losses  are  a function  of  the  ratio  c/L  of  radial  clearance  to  blade 
length  or,  preferably  and  more  precisely,  of  the  ratio  of  clearance  to  passage  height 
(D  — d)/2.  This  latter  expression  is  particularly  appropriate  in  extreme  cases  where  the 
clearances  are  large.  A study  of  inducers  with  cylindrical  tip  contour  indicates  that  the 
loss  in  performance  may  be  estimated  from  the  foliowing  empirical  relationships: 

The  effect  on  S,  follows  from 


Sg  = S,,o(l -fes  V c/L  ) (54) 

and  the  effect  on  f follows  from 

V c/L  ) (55) 

where  (from  experiments)  ks  = 0.50  to  0.65  and  = 1.0.  The  subscript  0 refers  to 
zero  clearance. 

The  clearance  effect  is  compensated  for  in  design  by  additional  blade  length  and 
work  input. 

2.2.9  Shrouding 

Shrouding  of  inducers  serves  three  principal  functions:  control  of  clearance;  rein- 
forcement of  structure;  and  protection  of  blades,  liner,  and  housing  from  erosion 
or  cavitation  damage. 
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(1)  Clearance  control. — By  use  of  a shroud,  the  blading  may  be  run  with  zero 
clearance  losses  except  for  the  leakage  past  the  shroud;  this  leakage  is 
controlled  by  using  close-clearance  wearing  rings  of  a suitable  material  with 
good  rubbing  and  wearing  qualities,  e.g.,  polychlorotrifluoroethylene  (Kel-F). 

(2)  Structural  reinforcement. — ^By  proper  design,  the  shroud  can  be  made  to 
distribute  the  blade  forces  more  uniformly,  both  among  the  blades  and  over 
the  axial  extent  of  the  blading.  Also,  the  shroud  absorbs  some  of  the  bend- 
ing load  that  otherwise  would  have  to  be  carried  by  the  blade  root.  With 
cambered  blades,  the  stiffening  effect  of  a shroud  is  especially  strong;  blade 
vibrations  are  prevented  or  dampened,  and  the  stress  level  due  to  bending 
is  reduced. 

(3)  Erosion  or  cavitation  damage  protection. — In  certain  cases  the  flow  around 
the  end  of  the  blades,  in  the  clearance  space,  has  produced  cavitation  ero- 
sion of  a nonmetallic  lining  (e.g.,  Kel-F)  used  to  improve  rubbing  char- 
acteristics of  the  blading.  Cavitation  erosion  will  destroy  such  a soft  liner 
in  a very  short  time.  The  only  solution  then  is  to  use  a shrouded  rotor. 
Shrouding  of  inducers  occasionally  is  used  as  a fix  for  design  shortcomings 
discovered  in  the  development  period.  Tests  on  similar  inducers  with  and 
without  shrouds  have  shown  the  shrouded  inducer  to  have  slightly  worse 
performance  (refs.  47-49).  The  shroud  may  or  may  not  cover  the  full  axial 
length  of  the  blading  (see  sec.  2.4.7). 

2.2.10  Blade  Geometry  Description 

For  fabrication  of  an  inducer  with  the  desired  blade  geometry,  the  geometry  must 
be  expressed  in  terms  suitable  for  manufacturing  and  inspection  purposes,  i.e.,  the 
blade  shape  must  be  described  by  coordinates  that  can  be  obtained  by  direct  meas- 
urements on  the  inducer.  It  is  common  practice  to  convert  the  blade  description  in 
terms  of  blade  angles,  blade  thickness  variation,  and  leading-  ai'.d  trailing-edge  geome- 
try into  a set  of  coordinates  for  both  pressure  and  suction  sides  of  the  blade. 
This  conversion  ordinarily  is  done  by  a manufacturing  division  department  for  mas- 
ter dimensions;  a special  computer  program  is  used.  It  may  be  done  on  the  drafting 
board  by  making  an  accurate  layout  of  the  blading.  A tolerance  band  is  always 
specified  for  the  theoretical  coordinates  to  ensure  repeatable  performance  of  the 
inducers. 


23  Inducer  Inlet  Line 

Inducer  cavitation  performance  is  dependent  on  the  inlet  flow  conditions  that  in 
turn  are  dependent  on  the  inlet-line  configuration  and  the  inducer  operating  point. 
These  relationships  are  discussed  in  the  sections  below. 
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2.3.1  Inlet-Line  Configuration 

Any  configuration  that  causes  a loss  in  NPSH  or  creates  a nonuniform  flow  dis- 
tribution will  be  detrimental  to  the  inducer  suction  performance.  To  obtain  smooth 
flow  into  the  inducer  eye,  the  inlet-line  area  is  blended  smoothly  into  the  inducer 
inlet  area  without  any  sudden  diameter  changes  or  breaks  in  the  wall  contour.  Any 
projection  of  a rib  or  stud  into  the  inlet  flow  or  imperfect  matching  of  duct  and 
inducer  inlet-ca'-'ng  diameters  has  a detrimental  effect  on  the  suction  performance 
and  smooth  operation  of  the  inducer.  Sudden  expansion  and  contraction  sections 
of  the  inlet  line  are  avoided  because  of  the  high  loss  coefficients  involved  and  the 
strong  turbulence  created.  When  turbopump  installation  in  the  engine  system  re- 
quires a bend  in  the  line,  a vaned  elbow  or  a large-radius  elbow  with  a low  loss 
coefficient  and  a uniform  exit-flow  distribution  is  used,  depending  on  space  limita- 
tions (see  also  sec.  2.1. 1.1). 

2.3.2  Inlet-Line  Fluid  Velocity 

It  is  important  that  no  cavitation  occur  anywhere  in  the  inlet  line.  To  achieve  this 
objective,  the  velocity  of  the  fluid  at  a«y  point  in  the  line  is  kept  below  its  velocity 
at  the  inducer  inlet.  Even  fluids  with  large  fluid  therm  idynamic  effects,  such  as 
liquid  hydrogen,  are  kept  well  below  the  maximum  obtainable  cavitating  velocity  of 


Cm,  max  V 2 g (NPSH)  tank  (56) 

at  which  the  static  pressure  equals  the  vapor  pressure.  Fluids  that  do  not  exhibit 
fluid  thermodynamic  effects  do  not  exceed  the  value 


J (NPSH)  tank 

c„_  -y  _ 


(57) 


2.3.3  Inlet-Line  Heat  Transfer 

For  cryogenic  propellants,  heat  transfer  from  the  atmosphere  to  the  tank  and  the 
inlet  line  may  raise  the  temperature  of  the  fluid  by  an  amount  that  significantly 
lowers  the  NPSH  available  to  the  inducer.  An  uninsulated  liquid-oxygen  line  exposed 
to  the  atmosphere  builds  up  an  insulating  layer  of  ice  from  the  moisture  in  the  air. 
Apart  from  the  benefit  derived  from  this  effect,  liquid-oxygen  lines  often  carry 
thermal  insulation  to  protect  them  against  thermal  radiation  and  co::/ection  heating 
in  space.  An  uninsulated  liquid-hydrogen  line  exposed  to  the  atmosphere  does  not 
develop  an  ice  layer  but  acts  as  a condenser,  liquefying  the  air  around  it.  Thus,  it 
has  a high  rate  of  heat  transfer,  and  the  duct  fluid  experiences  a rise  in  tempera- 
ture of  several  degrees. 
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It  is  common  practice  to  reduce  such  heating  of  hydrogen  by  using  a vacuum- 
jacketed  inlet  line.  The  line,  including  bellows,  is  a double-wall  design. 

2.3.4  Bypass  Flow 

The  balance  piston  bypass  flow  of  axial-flow  liquid-hydrogen  pumps  can  create  un- 
desirable effects  if  not  reintroduced  in  a careful  manner.  Whenever  the  geometry 
of  the  inducer  and  the  relative  pressure  level  of  the  bypass  fluid  permit,  this  fluid 
is  discharged  behind  the  inducer.  Otherwise,  it  is  reintroduced  into  the  main  flow 
either  through  a hollow  inducer  shaft  and  spinner  into  the  center  of  the  inlet  duct 
or  through  a duct  back  to  the  inlet  duct  in  a manner  that  causes  a minimum  of 
disturbance  to  the  main  flow. 

2.3.5  Backflow  and  Prewhirl 

Backflow  occurs  at  low  flow  (about  90  percent  or  less  of  design  value)  as  a result 
of  local  head  breakdown  in  the  tip  region.  The  detailed  effects  of  backflow  on  in- 
ducer performarce  have  not  yet  been  established.  Since  backflow  is  a phenomenon 
of  uncontrolle  * w,  it  is  desirable  to  attempt  to  reduce  it  or  to  control  its  effects. 

Incorporating  a backflow  deflector  in  the  inlet  line  (fig.  10)  may  improve  the  suc- 
tion performance  at  low  flow  (refs.  50-52).  Below  nominal  flow  (i.e.,  between  20 
and  90  percent  of  design  flow)  where  backflow  becomes  significant,  the  deflector 
results  in  increased  head,  reduced  critical  NPSH,  and  lower  amplitudes  of  low 
frequency  oscillations.  Above  nominal  flow,  the  deflector  has  a detrimental  effect. 


Figure  10. — Backflow  deflector  configuration. 
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Data  using  the  backflow  deflector  are  limited,  however,  and  further  development 
work  is  needed  on  deflector  design  and  operation. 

Backflow  at  the  inducer  inlet  may  cause  erroneous  inlet  pressure  readings  if  the 
data  station  location  is  close  to  the  inducer  inlet.  In  this  event,  it  is  difficult  to  ob- 
tain reliable  NPSH  values  in  suction  performance  tests.  To  get  inlet  pressure  readings 
that  are  not  influenced  by  upstream  flow  disturbances  caused  by  the  inducer,  the 
data  station  is  located,  when  possible,  at  least  20  diameters  upstream  of  the  inducer. 
The  accuracy  of  the  NPSH  values  is  also  improved  by  the  use  of  an  inlet  section 
having  a locally  enlarged  area  that  muffles  the  backflow  generated  by  the  inducer 
at  low  flows  and  low  NPSH.  This  design  is  purely  a device  for  improving  pressure 
measurement.  It  does  not  improve  flow  conditions  in  general  and,  in  fact,  may  cause 
a slightly  increased  head  loss  of  the  flow.  The  design  is  incorporated  only  for  meas- 
urement purposes  and  is  removed  when  no  longer  required. 

Prewhirl  of  the  inlet  flow  may  be  generated  through  momentum  transfer  by  mixing 
the  inlet  flow  with  high-velocity  fluid  taken  from  the  pump  discharge  and  injected 
through  a ring  of  orifices  in  a tangential  direction  upstream  of  the  inducer.  Prewhirl 
introduced  in  this  manner  has  improved  flow  distribution  and  reduced  flow  insta- 
bilities that  occur  when  the  pump  is  throttled.  At  throttled  conditions,  the  suction 
performance  was  increased  a maximum  of  ‘iO  percent  with  the  use  of  about  10- 
percent  recirculation  (refs.  53-55).  The  use  of  prewhirl  by  mixing  is  still  an  ex- 
perimental feature  and  has  not  yet  become  an  established  design  practice.  When 
pumping  liquid  hydrogen,  heating  of  the  pump  fluid  due  to  recirculation  may  become 
a limiting  factor,  but  no  data  to  that  effect  are  available. 

2.4  Mechanical  Design  and  Assembly 

All  the  fundamental  considerations  for  performance,  structural  integrity,  and  manu- 
facturing must  be  coordinated  into  a complete  and  unified  layout  providing  all  the 
information  needed  for  the  manufacturing  process.  Mechanical  design  and  assembly 
constitute  the  backbone  of  inducer  design. 

2.4.1  Hub  Configuration 

Figures  11  and  12  show  the  typical  hub  configuration  for  low-head,  low-speed  ap- 
plications and  high-head,  high-speed  applications.  Hydrodynamically,  the  hub  diame- 
ter should  be  small  on  the  inlet  end  and  should  match  the  fluid  passage  of  the 
downstream  component  (impeller,  axial  flow  blade,  etc.)  on  the  discharge  end. 
Structurally,  however,  the  hub  must  be  sized  to  sustain  the  loads  imposed,  i.e.,  the 
hub  radial  thickness  must  provide  a foundation  capable  of  developing  the  necessary 
centrifugal  and  bending  strength  of  the  blades  along  the  blade-hub  junction.  The 
hub  normally  is  made  somewhat  longer  than  the  blade  plus  the  fillets  to  allow  room 
for  machining  and  tool  runout. 
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Figure  11. — Conventional  low-head  inducer  hub.  Figure  12. — High-head  inducer  hub. 

2.4.2  Blade  Root  Juncture 

The  fillet  at  the  blade  root  is  a purely  structural  means  to  avoid  or  reduce  stress 
concentrations  (ref.  56),  improving  fatigue  life  correspondingly.  Hydrodynamically 
the  fillet  represents  a deviation  from  the  true  blade  profile  desired;  it  protrudes 
through  the  cavity  and  disturbs  the  flow.  ¥/here  stress  concentrations  cannot  be 
avoided,  their  effect  may  be  minimized  by  polishing  or  shot  peening  (ref.  57)  the 
blade  surface. 

2.4.3  Shaft  Dimensions 

The  pump  shaft  is  part  of  the  general  pump  design,  but  the  inducer  end  of  the  shaft 
is  determined  by  the  inducer  designer  to  fit  the  requirements  of  the  inducer  drive  and 
attachment.  These  requirements  include  adequate  splines  or  keyways  to  drive  the 
inducer,  means  for  axial  retention  (spinner  nut  or  bolt),  possibly  a hollow  shaft  to 
provide  for  return  flow,  and  any  special  provisions  for  assembly  and  retention  of 
rotating  parts. 

The  impeller  torque  normally  is  much  greater  than  that  of  the  inducer,  which  means 
that  the  shaft  and  hub  under  the  impeller  must  be  larger  than  those  under  the  in- 
ducer. The  torque  load  is  strongly  dependent  on  pump  speed  and  flowrate,  and  may 
have  cyclic  variations  during  periods  of  flow  instabiluies.  The  inducer  power  torque 
load  can  be  transmitted  to  the  hub  from  the  driving  shaft  by  several  methods.  Shear 
pins  or  keys  are  normally  used  for  low-torque  applications,  and  splines  are  used  for 
high-torque  applications. 

2.4.4  Piloting 

Radial  piloting  is  a major  concern  in  high-speed  rotating  hardware  where  rotor  bal- 
ancing and  critical  speeds  are  of  importance.  Positive  piloting  even  under  maximum 
operating  conditions  constitutes  an  established  practice. 
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2.4.5  Axial  Retention 


Studs  and  bolts  used  for  axial  retention  of  inducer  rotating  parts  are  highly  loaded 
to  provide  the  clamping  force  necessary  to  withstand  the  maximum  inducer  axial 
forces  that  occur  during  operation.  Great  care  is  taken  not  to  overstress  fasteners 
during  assembly;  precalculated  amounts  of  stretch  are  used  as  a measure  of  the 
actual  preload. 


The  axial  retention  of  the  inducer  is  the  major  factor  in  preventing  any  relative  mo- 
tion between  two  parts  that  can  cause  fretting  corrosion  at  the  interface.  Relative 
motion  is  particularly  critical  for  oxidizer  pumps,  where  the  heat  generated  might 
initiate  an  explosion.  To  prevent  any  relative  motion,  the  axial  preload  is  kept  I.igh 
enough  to  provide  positive  axial  piloting  at  all  times,  and  the  method  of  applying 
the  preload  is  controlled  accurately.  When  this  procedure  is  not  possible,  fretting  is 
minimized  by  the  use  of  various  types  of  surface  treatments  such  as  plating  or  the 
use  of  a dry-film  lubricant  with  the  oxidizer. 

An  example  of  an  arrangement  for  axial  retention  is  shown  in  figure  13. 


Volute  Support 


Rotor 

assembly 


Figure  13. — Axial  rete  ition  arrangement. 


2.4.6  Clearance  Effects 

The  blade  tip  clearance,  the  gap  between  the  inducer  blade  tip  and  the  pump  inlet- 
tunnel  inner  surface,  is  a critical  parameter  (sec.  2.2.8).  When  the  clearance  is  in- 
adequate. shaft  loads  may  cause  inducer  deflections  such  that  interference  with 
the  housing  will  occur.  The  resultant  interference  may  induce  loads  of  such  a mag- 
nitude that  blade  failures  occur  or  sufficie.it  heat  is  generated  to  cause  chemical 
reactions  or  explosions  in  the  case  of  oxidizor  pumps.  The  effect  of  blade  rubbing 
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is  strongly  dependent  on  the  blade  and  housing  material  and  the  fluid  environment. 
For  instance,  high-speed  rubbing  of  titanium  blade  tips  against  the  steel  housing  in 
fuel  inducers  has  not  produced  unusual  wear  or  galling. 

The  dimensions  of  the  matching  components,  rotor  and  housing,  where  rubbing  might 
occur  are  of  critical  importance  in  the  estimation  of  the  effect  of  stress  and  strain 
and  of  thermal  expansions  and  distortions  on  the  running  clearances.  A detailed  study 
of  these  effects  precedes  the  final  determination  of  the  blueprint  dimensions  of  rotor 
and  housing. 

Cryogenic  pumps  often  are  tested  initially  in  water.  In  this  test  condition,  the  rotor 
assembly  runs  at  a temperature  much  different  from  that  of  the  pump  operating  con- 
ditions, with  a large  effect  on  running  clearance.  Therefore,  great  care  is  taken  to 
identify,  calculate,  and  account  for  all  possible  deflections,  displacements,  and  thermal 
expansions  and  distortions  so  that  the  effective  clearances  are  at  ail  times  within 
the  operational  design  allowables. 

2.4.7  Shroud 

As  discussed  in  section  2.2.9,  a shroud  is  often  used  to  obtain  clearance  control. 
However,  in  high-speed  inducers,  a shroud  cannot  support  itself  as  a free-floating 
ring  but  must  be  carried  by  the  blades.  This  limitation  restricts  the  use  of  a hub- 
less inducer  to  low-speed  applications.  Present  manufacturing  practices  allow  the 
shroud  to  be  welded  or  brazed  onto  the  blade  tips  or  allow  the  inducer  to  be  cast 
as  one  piece.  Inducers  can  be  cast  with  very  little  machining  or  cleanup  required 
except  for  the  leading-edge  and  trailing-edge  fairing,  which  should  be  kept  smooth. 
The  leading  edge  is  usually  swept  forward  on  shrouded  inducers  to  avoid  sharp 
corners  and  to  provide  fillets  at  the  shroud-to-blade  junctures.  The  shroud  may  or 
may  not  cover  the  full  axial  length  of  the  blading. 

2.4.8  Misassembly 

In  the  assembly  of  built-up  rotors,  the  possibility  of  misassembly  exists  whenever  a 
part  can  be  mounted  in  more  than  one  position.  Various  practices  are  used  to  pre- 
clude the  possibility  of  misassembly.  These  usually  take  the  form  of  minor  modifi- 
cations to  the  hardware  that  prevent  mating  the  parts  when  they  are  not  in  the 
correct  position. 

2.4.9  Rotation  Direction 

All  the  various  components  of  a rotating  assembly  obviously  must  be  designed  for 
the  same  direction  of  rotation.  It  is  an  established  practice  to  coordinate  design  ef- 
forts and  avoid  proble  .is  of  mismatched  direction  of  rotation  by  making  a preliminary 
axonometric  projection  of  the  assembly  that  shows  clearly  the  direction  of  rotation 
(fig.  14).  Copies  are  furnished  to  all  designers  on  the  job. 
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2.4.10  Inducer  Balancing 

Because  the  inducer  is  part  of  a high-speed  rotor  system,  it  must  be  weli  balanced 
to  obtain  stable  running.  Inducer  components  are  balanced  separately  to  specified 
limits,  depending  on  pump  size  and  speed,  mainly  by  removal  of  material.  Material 
is  removed  either  by  drilling  holes  in  the  hub  parallel  to  the  axis  or  by  thinning  and 
fairing  the  blade  tip.  The  conventional  way  of  balancing  is  to  remove  material  from 
the  heavy  side  of  the  part.  In  aerospace  designs,  however,  space  and  weight  limita- 
tions often  do  not  provide  sufficient  material  to  allow  removal  for  balancing.  Some- 
times weighting  must  be  used  instead.  For  instance,  for  aluminum  parts,  the  addi- 
tion of  lead  plugs  can  increase  the  possible  amount  of  correction  by  s factor  of  3 to  4. 

For  oxidizer  pumps  the  danger  of  entrapping  contamination  always  exists.  For  that 
reason,  holes  or  crevices  in  the  inducer  (such  as  tapped  holes  for  the  addition  of 
screws)  are  undesirable  because  contaminants  may  collect  there.  Only  metal  removal 
is  used  as  the  method  for  balancing  these  pumps.  Although  with  hydrocarbon  fuels 
and  hydrogen  there  is  little  or  no  concern  with  respect  to  chemical  compatibility  of 
the  propellant  with  contaminants,  there  is  a potential  for  the  reaction  of  hydrazine 
base  fuels  with  contaminants  such  as  iron  or  rust  (ref.  58)  These  materials  can 
catalyze  the  decomposition  of  monomethylhydrazine,  and  the  resultant  gases  can 
cause  cavitation  in  turbomachinery. 

2.4.11  Cavitation-Induced  Oscillations 

In  most  inducers,  pressure  and  flow  oscillations  occur  over  some  region  of  the  op- 
erating NPSH  and  flow  range.  The  oscillations  of  concern  are  in  the  low-frequency 
range,  5 to  40  Hz,  and  are  the  direct  result  of  the  hydrodynamic  couplin'^  of  the 
inducer  with  the  flow  system  of  which  it  is  a part.  These  oscillations  can  of  suf- 
ficient magnitude  to  impair  the  inducer  performance  in  a pumping  system.  Nu  specific 
criteria  for  absolute  stability  are  known.  Although  there  have  been  observations  on 
trends  or  effects  that  are  considered  beneficial  (refs.  59-67),  the  understanding  and 
successful  prediction  of  these  cavitation-induced  oscillations  require  further  research. 

Three  methods,  none  of  them  a proven  and  consistent  success,  have  been  tried  (refs. 
59-67)  to  eliminate  or  reduce  the  inducer-generated  pressure  oscillations: 

(1)  Drilling  holes  in  the  blades. — ^The  holes  tend  to  stabilize  the  cavity  and  thus 
eliminate  oscillation.  Hole  drilling  is  still  very  much  an  art  in  that  there  is 
little  knowledge  of  how  cavity  behavior  is  affected  by  holes.  Inducers  of 
different  designs  do  not  act  alike,  and  the  required  hole  pattern  is  unpre- 
dictable from  one  inducer  design  to  another.  Rebalancing  of  the  inducer  is 
required  if  holes  are  drilled. 

(2)  Physically  attaching  wedges  to  the  inducer  blade. — ^These  wedges  are  attached 
to  the  suction  side  of  each  blade  near  the  tip.  The  purpose  of  the  wedge 
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is  to  provide  a solid  surface  upon  which  the  blade  cavity  can  close,  thus 
stabilizing  its  position.  This  practice  may  be  harmful  to  the  suction  perform- 
ance. Rebalancing  of  the  inducer  is  required  if  wedges  are  attached. 

(3)  Increasing  the  tip  clearance. — ^This  practice  is  the  most  ineffective  and  most 
harmful.  It  degrades  the  suction  performance  (NPSH)  and.  in  most  cases, 
does  not  change  the  pressure  oscillation  pattern. 

2.5  Material  Selection 

The  material  selected  for  pump  inducers  must  possess  a combination  of  strength, 
chemical  reactivity,  and  special  properties  suitable  for  the  intended  use. 

The  use  of  given  values  for  the  strength  properties  of  the  inducer  material  must  take 
into  account  the  effect  of  random  variations  in  materials  composition,  the  effect  of 
variations  in  treatment  from  batch  to  batch,  and  the  spread  of  test  results.  To  put 
the  design  procedure  on  a firm  basis  in  this  respect,  it  has  become  an  established 
practice  to  base  the  design  stress  level  on  the  minimum  guaranteed  properties  in 
accordance  with  principles  stated  in  reference  68  (par.  1.4. 1.1,  Basis  A). 

2.5.1  Strength 

Inducer  materials  normally  are  selected  from  the  alloys  of  stainless  steel,  titanium, 
and  aluminum.  The  respective  specific  densities  of  these  preferred  alloys  are  approxi- 
mately 8.0,  4.5,  and  2.7;  they  therefore  represent  a wide  spectrum  of  mate'ial  den- 
sities. The  strengths  of  these  materials  vary  somewhat  in  the  same  order  as  the 
densities.  For  applications  involving  inertia  loading,  the  strength-to-density  ratio  (often 
somewhat  misleadingly  called  strength-to-weight  ratio)  is  an  important  parameter 
for  material  selection;  for  other  types  of  loading  (e.g.,  hydrodynamic,  static  preload 
in  assembly,  thrust  forces),  the  strength  itself  is  the  important  parameter.  In  par- 
ticular cases  where  minimum  blade  thickness  is  of  overriding  concern  for  high  suc- 
tion performance  and  where  the  hydrodynamic  loading  causes  large  bending  mo- 
ments, the  material  with  the  highest  strength  is  preferred. 

The  selection  of  a specific  material  from  those  listed  above  is  further  limited  by  con- 
siderations of  chemical  reactivity,  cavitation  erosion,  and  the  need  for  special  prop- 
erties such  as  ductility,  notch  toughness,  etc. 

2.5.2  Chemical  Reactivity 

Material  selection  for  pump  inducers  is  governed  by  considerations  of  compatibility 
with  the  pump  fluid  and  operation.  Of  specaal  concern  are  the  explosion  hazard  for 
oxidizer  pumps,  hydrogen  embrittlement  for  liquid-hydrogen  pumps,  and  general 
corrosion  effects. 


4C 


Titanium  alloys  are  preferred  for  fuel  inducers  because  of  their  high  strength-to- 
density  ratio  and  superb  resistance  to  cavitation  erosion.  They  are  not  used  for  oxi- 
dizer pump  applications  because  of  chemical  reactivity;  they  propagate  fire  violently 
or  show  rapid  reacti  m when  ignited  by  high-ter  ,>erature  friction  conditions. 

Titanium  alloys  offer  no  problem  with  hydrazine,  UDMH,  and  water  (refs.  69  through 
73),  but  they  are  not  compatible  with  liquid  fluorine  or  liquid  oxygen  or  with  a 
mixture  of  these  fluids  (FLOX).  Ignition  has  been  observed  at  different  impact  levels 
on  titanium  alloys  tested  in  liquid  fluorine;  similar  tests  on  titanium  samples  in 

oxygen  have  shown  that  ignition  in  liquid  oxygen  is  even  mere  severe  than  in  liquid 
fluorine.  In  all  tests  with  fluorine,  even  though  the  reaction  was  initiated,  it  failed 
to  propagate  itself;  whereas  in  oxygen  (in  I tert  out  of  26)  the  ignition  became 
general  and  the  sample  was  burned  completely  (ref.  74). 

IRFNA  causes  rapid  intergranular  corrosion  of  titanium  alloys.  The  corrosion  prod- 
ucts are  pyrophoric  and  present  an  extremely  dangerous  explosive  hazard.  Titanium 
alloys  used  with  uninhibited  nitrogen  tetroxide  (brown  NoOi)  undergo  stress  cor- 
rosion cracking.  In  addition,  titanium  alloys  are  not  compatible  with  N204  when 

used  in  rotating  components  where  rubbing  or  fretting  can  occur.  High-speed  rub- 
bing in  N2O4  has  caused  ignition  of  the  titanium  alloy;  however,  unlike  the  pyro- 
phoric reaction  with  oxygen,  the  fire  does  not  propagate  once  the  rubbing  ceases. 

Aluminum  alloys  are  compatible  with  the  cryogenic  liquids:  hydrogen,  oxygen,  nitro- 
gen, FLOX,  and  fluorine.  At  room  temperature  they  are  satisfactory  with  water, 

IRFNA,  UDMH,  and  N2OJ.  One  aluminum  alloy  (7075-T73)  is  free  of  stress  corro- 
sion cracking  and  is  selected  where  residual  stresses  have  been  imposed  on  the  part. 
However,  aluminum  alloys  are  susceptible  to  cavitation  erosion. 

K-Monel  and  Inconel  718  are  often  used  in  inducers  for  low-speed,  cavitating  oxi- 
dizer pumps.  The  blades  can  be  thinner  than  those  of  aluminum,  and  the  resistance 
to  cavitation  erosion  is  much  higher. 

Steel  inducers  used  for  development  testing  in  the  water  test  facility  tend  to  de- 
teriorate quite  rapidly  because  of  rusting.  To  protect  the  shiny  surface  that  facili- 
tates the  visual  observation  of  the  cavitating  flow  in  the  inducer,  some  form  of  rust 
protection  may  be  used.  This  pro*-3ction  also  helps  maintain  the  shape  and  sharp- 
ness of  the  leading  edge. 

Titanium  and  aluminum  alloys  may  be  quite  sensitive  to  exposure  to  certain  chemi- 
cal cleaning  fluids  or  solvents  that  can  cause  stress  corrosion,  with  correspondingly 
irrpaired  fatigue  strength  for  later  application.  Use  of  such  fluids  and  solvents 
is  avoided. 


2.5.3  Special  Properties 

'J: 

The  thermal  environment  in  cryogenic  pumps  creates  problems  of  brittleness  and 
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loss  of  elongation  in  materials  otherwise  acceptable  for  use  in  inducers.  The  content 
of  interstitial  elements  such  as  oxygen,  hydrogen,  and  nitrogen  adversely  affects  the 
ductility  and  notch  and  fracture  toughness  of  titanium  alloys  at  cryogenic  tempera- 
tures. Therefore,  there  has  been  established  an  extra-low-interstitial  (ELI)  grade  of 
the  Ti-5Al-2.5Sn  alloy  (and  also  the  Ti-6A1-4V  alloy)  in  which  the  interstitial  ele- 
ments oxygen,  nitrogen,  and  hydrogen  and  the  substitutional  element  iron  are  con- 
trolled at  lower-than-normal  contents.  Ti-5Al-2.5Sn  ELI  alloy  forgings  are  employed 
for  pumping  liquid  hydrogen  in  several  experimental  fuel  pumps.  The  Ti-5Al-2.5Sn 
ELI  alloy  was  selected  because  of  its  high  strength-to-density  ratio  at  the  tempera- 
ture of  liquid  hydrogen  (—423°  F);  notch  toughness  and  ductility  remain  at  accept- 
able levels  down  to  —423°  F. 

The  resistance  to  cavitation  damage  is  an  important  consideration  in  material  selec- 
tion for  high-suction-specific-speed  inducers.  However,  because  of  the  short  operat- 
ing time  of  rocket  engine  turbopumps,  it  is  more  of  a problem  in  the  development 
stage  than  in  the  actual  mission. 

Inducers  made  from  annealed  Ti-6A1-4V  forgings  are  used  to  pump  RP-1.  The  Ti- 
6A1-4V  alloy  replaced  an  aluminum  alloy  inducer  of  the  same  design  because  of  its 
greater  strength  and  significantly  greater  resistance  to  cavitation  erosion.  Because 
the  inducer  operates  at  ambient  temperatures,  Ti-6A1-4V  of  normal  interstitial  con- 
tent is  used  in  this  application. 

The  finished  surface  of  aluminum  inducers  is  no  harder  than  Rockwell  B88  and 
requires  some  surface  protection  to  reduce  handling  damage  and  cavitation  erosion. 
Aluminum  inducers  normally  are  protected  with  an  anodic  coating.  When  the  inducer 
is  operated  in  fluorine  or  in  any  of  the  storable  propellants  IRFNA,  N2O4,  and 
UDMH,  the  coating  will  dissolve  slowly.  This  dissolution  does  not  present  a prob- 
lem in  normal  operational  use,  but  when  the  inducer  is  used  repeatedly,  as  in  de- 
velopment programs,  the  coating  is  renev/ed  after  use  to  maintain  surface  protection. 

After  the  critical  requirements  of  strength,  ductility,  and  erosion  resistance  have 
been  satisfied,  there  remain  the  manufacturing  considerations.  Here,  ease  of  machin- 
ing, forging  and  casting  characteristics,  and  weldability  dictate  the  choice  of  material. 
Titanium  alloy  machining  is  similar  to  that  of  stainless  steel.  However,  relatively 
high  tool  pressures  are  required  for  cutting  titanium  and,  as  a result,  cutting  tool 
must  have  quite  rigid  supports.  Furthermore,  the  elastic  modulus  of  titanium  alloys 
(16.5  X 10®  psi)  is  nearly  one-half  that  of  iron-  and  nickel-base  alloys.  Titanium 
alloy  workpieces  thus  are  more  likely  to  flex  under  high  tool  pressures.  On  this 
account,  tooling  fixtures  must  hold  the  workpiece  rigidly  and  the  cutting  tools  must 
have  rigid  support.  The  combination  of  high  tool  pressures  and  high  flexibility  of  » 
the  workpiece  can  make  the  machining  of  complex  passageways  and  of  cantilevered 
blades  extremely  difficult.  Machining  costs  for  parts  made  from  titanium  alloys  are 
much  greater  than  for  comparable  parts  made  from  aluminum  alloys.  However,  ti- 
tanium alloys  are  considered  much  easier  to  machine  tlian  such  alloys  as  Inconel 
718  or  Rene'  41.  Titanium  alloys  have  a much  smaller  degree  of  work  hardening 
than  do  austenitic  stainless  ^els  and  a much  lower  surface  hardness  (e.g.,  Rc  36 
vs.  50)  than  do  high-strength  steels  (e.g.,  4340)  of  comparable  strength-to-density 
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ratios.  Forging  titanium  alloys  is  more  difficult  than  forging  aluminum  alloys  and 
most  steels.  Titanium  alloys  are  readily  weldable  by  gas,  tungsten  arc,  or  electron 
beam  processes.  Titanium  casting  is  not  yet  an  established,  state-of-the-art  practice. 

2.6  Vibration  Considerations 

The  typical  inducer  is  exposed  to  oscillatory  pressure  loading  during  operation.  The 
oscillating  pressures  are  induced  by  flutter,  cavitation,  upstream  obsiructions,  or  other 
pressure-wave  generators  that  exist  in  the  pumping  system.  Because  inducer  blade 
failures  are  typically  fatigue-oriented,  effort  to  prevent  resonant  vibration  of  the 
blade  is  warranted.  Designs  relying  on  built-in  damping  due  to  shrouds  have  not 
been  too  successful.  The  typical  high-head  inducer  blades,  which  are  designed  for 
high-speed  operation,  normally  are  rigid  enough  to  place  their  natural  frequencies 
well  above  the  cavitation-induced,  high-amplitude,  low -frequency  pressure  oscilla- 
tions (1  to  100  Hz). 

A vibration  analysis  of  an  inducer  design  is  difficult  because  of  the  uncertain  knowl- 
edge of  the  amplitude  and  frequency  of  the  exciting  forces  and  the  complexity  of 
the  mathematical  analysis  required  to  determine  the  response  of  the  elastic  struc- 
ture in  terms  of  resonant  frequencies  and  damping  properties.  Despite  the  difficul- 
ties, a vibration  analysis  is  essential  to  achieving  a design  that  minimizes  the  proba- 
bility of  inducer  blade  failures  due  to  high-frequency  fatigue. 


2.6.1  High-Frequency  Fatigue 

The  most  common  cause  of  blade  failure  in  turbomachinery  is  fatigue  fracture  in- 
duced by  high-frequency  alternating  stresses  which  are  proportional  to  the  vibration 
amplitude  of  the  blade.  To  prevent  fatigue  failure,  the  oscillatory  stresses  are  kept 
below  the  endurance  limit  (level  of  stress  at  which  the  material  can  endure  an 
unlimited  number  of  cycles).  Ideally,  the  blade  frequency  and  response  to  a ferc- 
ing  function  should  be  predicted  by  analytical  means,  and  the  stress  level  and  fatigue 
1*3  calculated  on  this  basis.  As  noted,  this  analysis  usually  is  not  possible  for  in- 
ducer blades  because  of  the  complexity  of  the  analysis  and  the  unknown  nature 
of  the  forcing  function  (refs.  75  and  76).  However,  inducer  fatigue  or  vibration 
failures  have  been  few;  in  general,  the  main  part  of  canted  inducer  blades  has 
proven  much  too  rigid  to  be  prone  to  vibration  failure  (ref.  77).  The  critical  parts 
of  the  blade  in  this  respect  are  the  leading-edge  and  trailing-edge  regions  (ref.  78). 

2.6.2  Resonance 

Because  of  the  uncertainties  involved  in  determining  the  oscillatory  stress  levels  in 
inducer  blades,  it  is  common  practice  to  avoid  operation  at  resonant  frequencies. 
This  is  done  by  modifying  either  the  forcing  frequencies  or  the  blade  natural  fre- 
quencies by  various  means  such  as  changing  the  number  of  wake  generators  (ribs. 
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vanes,  etc.),  changing  the  shaft  speed,  or  making  the  blade  stiffen  By  experience, 
only  first-  and  second-order  harmonics  have  proven  critical  in  inducer  operation. 

2.6.3  Self-Induced  Vibration 

Another  source  of  vibration  failure  is  self-induced  vibration  that  causes  blade  flutter 
at  the  inlet  corner  of  the  blade.  This  flutter  has  not  been  a serious  problem,  but  it 
is  best  avoided  or  minimized  by  trimming  back  the  blade  to  remove  the  corner  por- 
tion that  is  susceptible  to  flap.  Blade  flutter  at  the  trailing  edge  has  not  been  a 
problem  in  inducer-impeller  combinations,  but  it  is  a consideration  in  inducer-stator 
combinations. 


2.6.4  Determination  of  Blade  Natural  Frequencies 

Theoretically,  the  blade  natural  frequencies  are  determined  by  the  blade  geometry 
and  material.  In  practice,  however,  certain  corrections  and  modifications  are  applied 
to  the  theoretical  or  nominal  values  to  account  for  the  effect  of  blade  dimensional 
tolerances,  the  stiffening  effect  of  the  centrifugal  force,  variations  in  material  elastic 
properties  with  temperature,  and  virtual-mass  effects  caused  by  the  surrounding 
medium. 

Variations  in  blade  geometry  due  to  dimensional  tolerances  affect  the  blade  natural 
frequencies  and  produce  frequency  bands.  The  frequency  increases  when  the  root 
has  maximum  thickness  and  the  tip  minimum  thickness,  and  decreases  when  the 
converse  is  the  case.  Therefore,  the  blade  frequency  may  have  any  value  inside 
the  band  of  frequencies  corresponding  to  the  blade  tolerance  band. 

The  centrifugal  force  on  the  blade  has  a restoring  component  that  adds  to  the  elastic 
force,  resulting  in  a stiffer  blade.  As  a consequence,  natural  frequencies  tend  to  in- 
crease as  speed  is  increased. 

The  material  elastic  properties  vary  with  temperature,  and  at  operating  temperatures 
these  properties  may  be  quite  different  from  those  at  ambient  conditions.  The  effect 
of  the  change  on  the  blade  natural  frequency  is  considered  when  the  results  of  vi- 
bration tests  in  air  are  reduced  to  inducer  operating  conditions. 

The  blade  resonant  frequency  is  directly  proportional  to  the  square  root  of  the 
blade  stiffness  and  inversely  proportional  to  the  square  root  of  the  mass  in  motion. 
When  the  blade  vibrates,  the  mass  in  motion  consists  of  the  mass  of  the  blade  aird 
the  mass  of  some  fluid  in  a space  near  the  blade  (i.e.,  the  virtual  mass).  Because 
of  the  effect  of  the  virtual  mass  vibrating  with  the  blade,  the  blade  frequency  changes 
when  the  temperature  (and  therefore  the  material  modulus  of  elasticity  E)  changes 
as  well  as  when  the  fluid  density  (and  therefore  the  mass  in  motion)  changes.  Cal- 
culating the  mass  of  the  blade  is  trivial,  but  no  method  exists  for  calculating  the 
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virtual  mass.  The  virtual-mass  effect  is  estimated  from  the  results  of  vibration  ex- 
periments normally  conducted  in  a convenient  test  fluid  (for  instance,  water,  if 
cryogenic  applications  are  involved).  The  data  are  interpreted  for  the  actual  pump 
fluid  by  scaling  the  experimental  results  to  account  for  the  differences  in  fluid  den- 
sities relative  to  the  density  of  the  blade  material. 

Analytical  methods  for  calculating  inducer  blade  frequency  are  complex.  The  exact 
solution  of  the  partial  differential  equations  governing  the  displacements  and  stresses 
due  to  time-dependent  excitation  forces  usualiy  cannot  be  obtained.  Results  obtained 
from  numerical  methods  are  limited  and  at  best  approximate.  Iherefore,  the  natural 
frequencies  are  always  determined  or  verified  by  experimental  methods. 

2.7  Structural  Considarations 

The  design  of  an  inducer  for  maximum  hydrodynamic  performance  must  be  tem- 
pered by  structural  design  considerations.  This  section  summarizes  the  critical  con- 
siderations and  methods  involved  in  the  structural  analysis  of  the  inducer  design. 

2.7.1  Blade  Loading 

The  inducer  blade  loading  analysis  involves  two  distinct  areas:  leading-edge  loading 
and  channel  loading.  In  low-head  inducers,  most  of  the  head  is  developed  in  the 
leading-edge  region;  the  remaining  part  of  the  blade  is  lightly  loaded,  and  only  the 
leading'«dge  loading  need  be  considered.  For  high-head  requirements,  a large  part 
of  the  head  is  developed  in  the  channel  region;  the  blade  loading  in  that  part  of  the  in- 
ducer becomes  large,  and  the  channel  loading  must  be  included  in  the  structural  analysis. 
The  leading-edge  loading  is  calculated  by  a computer  program  such  as  that  pu’O- 
vided  in  reference  79.  The  channel  loading  is  calculated  by  computer  programs  based 
on  an  axisymmetric  r»r  blade-to-blade  solution  of  the  noncavitating  inducer  flow. 
Another  approach  for  determining  the  channel  loading  is  to  use  the  theory  of  simple 
radial  equilibrium  to  calculate  the  pressure  distribution  on  the  blades  (sec.  2.2.1). 

The  blade  loading  co.^sists  of  both  steady-state  and  alternating  loads.  Both  kinds 
of  loads  arise  from  the  same  sources:  inertia  and  fluid  effects.  High-performance 
inducers  are  designed  to  operate  under  partial  cavitation.  During  part  of  component 
testing,  the  inducer  is  operated  in  deep  cavitation  with  pressure  forces  approaching 
zero.  To  allow  for  this  condition,  the  blade  is  also  analyzed  for  centrifugal  loads 
alone.  Alternating  (periodic  and  random)  blade  loads  are  induced  by  flow  oscilla- 
tions and  instabilities.  In  addition,  wakes  and  reflected  pressure  pulses  from  an  ob- 
struction (a  bearing  support  or  stator)  can  cause  cyclic  blade  loading. 

Because  analytical  values  of  the  dynamic  pressure  loads  are  not  available,  a percentage 
of  steady-state  load  normally  is  assumed  to  provide  a ma.gin  of  safety  dgam^>t  high- 
fr";quency  fatigue  failure;  the  assumed  value  of  20  percent  has  given  satisfaf...i)ry  resrUs. 
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The  inducer  thrust,  of  concern  for  shaft  and  bearing  design,  is  calculated  from  the 
flow  conditions  and  the  inducer  layout.  Unsymmetric  flow  in  inducers  has  produced 
radial  forces  equal  in  magnitude  to  30  percent  of  the  axial  thrust.  The  hydrodynamic 
blade  loading  depends  on  the  density  and  the  cavitation  properties  of  the  fluid.  The 
temperature  of  the  fluid  is  an  important  parameter  in  respect  to  material  properties. 
Development  tests  of  an  inducer  often  are  performed  in  a test  fluid  different  from  the 
pump  design  fluid.  The  effect  on  structural  design  may  change  stress  levels  and  operat- 
ing temperatures  enough  to  make  it  desirable  to  use  a different  material  for  the  de- 
velopment test  model. 


2.7.2  Blade  Stress 

Three  methods  to  calculate  the  critical  stresses  in  the  inducer  blade  are  available. 

One  method  simplifies  the  analysis  by  dividing  the  blade  into  a series  of  independent 
pie-shaped  beams,  cantilevered  from  the  inducer  hub.  Shell  continuity  is  taken  into 
account  by  an  averaging  technique  and  a plate  correction  factor.  The  beam  loading 
is  determined  from  thr  pressure  profile  for  each  segment.  To  correct  for  angular  dif- 
ference. at  hub  and  tip  caused  by  blade  twist,  the  effective  center  of  curvature  based 
on  the  hub  and  tip  length  for  the  blade  is  found  for  each  segment.  The  pressure  load- 
ing and  bending  moments  are  then  calculated  for  an  effective  pie  shape  with  center 
at  the  center  of  curvature.  This  analysis  ignores  tangential  stress  and  circumferential 
beam  action  and  tends  to  overestimate  the  bending  moment  at  the  hub. 

The  second  method  models  the  inducer  as  an  axisymmetric  shell  of  revolution  (a  canted 
blade  being  modeled  by  one  or  more  conical  shells  for  the  critical  sections)  from  which 
moments  and  stresses  are  obtained. 

The  third  method  is  the  most  accurate,  but  also  the  most  time-consuming.  In  this 
method  the  blade  is  divided  into  a number  of  finite  triangular  plate  elements,  for  which 
a slkffness  matrix  is  set  up  and  solved  for  the  displacement  (refs.  80-82).  The  basic 
steps  in  the  finite-element  technique  a'e  as  follows:  The  structure  is  divided  into  many 
elastic  elements,  which  are  connected  to  each  other  at  their  corners  (called  nodes). 
In  general  there  are  three  displacements  and  three  rotations  and  corresponding  forces 
at  each  node.  A square  symmetric  element  stiffness  matrix  fe,  is  then  determined. 
This  matrix  relates  the  column  matrix  of  nodal  forces  /,  to  a column  matrix  of  nodal 
deflections  S,  by  the  matrix  equation 


fi  = ki  Si  (58) 

which  expresses  the  equilibrium  conditions  for  the  ith  element. 

The  particular  method  selected  depends  on  cost  and  availability  of  computer  facilities. 
To  save  cost  and  time,  a simple  beam  or  axisymmetric-type  analysis  is  used  to  rough- 
size  the  blade.  When  the  final  design  has  been  established,  the  stress  analysis  is 
refined  by  the  finite-element  method. 
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Regardless  of  the  analytical  technique  used,  the  calculated  stresses  at  the  blade  ends, 
where  it  joins  hub  or  shroud,  are  amplified  with  a stress-concentration  factor.  This 
practice  allows  for  stress  concentrations  at  the  bkde  root  that  have  caused  fatigue 
failures. 


2.7.3  Hub  Strength 

Critical  stress  regions  exist  in  the  inducer  hub  at  various  locations.  One  critical  area 
is  in  the  vicinity  of  the  blade  root,  where  failures  have  occurred  because  of  insufficient 
strength  of  the  hub  wall.  Another  critical  area  is  the  undercut  or  hollowed-out  hub 
profile  at  the  discharge  end  of  high-head  inducers.  Stress  concentrations  here  have 
caused  fatigue  failures  in  the  hub  as  a result  of  discontinuities  at  the  blade  juncture 
or  at  holes  and  splines  in  the  hub. 

In  general,  little  information  on  inducer  burst  speed  is  available.  Thus,  the  only 
approach  is  to  utilize  data  from  disc  testing  together  with  parameters  for  material 
ductilii.  and  ultimate  strength.  The  present  state  of  the  art  of  disc  design  is  based  on 
the  experimental  observation  that  the  average  tangential  disc  stress  is  more  char- 
acteristic of  disc  failure  than  the  maximum  calculated  disc  stresses.  Essentially,  failure 
occurs  when  the  average  tangential  stress  exceeds  a certain  fraction  of  the  ultimate 
tensile  strength  F,„  of  the  material.  The  value  of  which  i?  called  the  burst  factor, 
is  determined  experimentally  as  a function  of  the  elongation  of  the  material  and  a 
design  factor  fa  equal  to  the  average  tangential  stress  divided  by  the  maximum  tan- 
gential stress.  Various  configurations  of  discs  classified  by  the  design  fact../  fa  have 
been  tested  and  the  experimental  data  plotted  (ref.  83);  the  results  are  given  in  figure 
21  (presented  in  sec.  3.7.3). 

The  average  tangential  stress  is  defined  as  the  centrifugal  force  on  one-half  the  disc 
divided  by  the  cross-sectional  area  carrying  this  force.  It  may  be  obtained  from  the 
calculated  elastic  stress  distribution  by 


o'AT j <^t  ^*A//  (59) 

A/f  ■J 

where  A„  is  the  area  of  the  inducer-hub  meridional  cross  section  over  which  the  integral 
is  taken  and  v,  is  the  local  tangential  stress.  The  speed  at  which  the  inducer  hub 
would  rupture  or  yield  excessively  because  of  centrifugal  stresses  is  called  the  burst 
speed  or  yield  speed,  respectively. 

2.7.4  Shaft  Shear  Section  Strength 

The  inducer  shaft  shear  section  transmits  the  inducer  torque.  It  is  sized  with  consid- 
eration to  the  steady-state  power  torque,  the  alternating  power  torque,  and  the  axial 
stress  at  the  shear  section  (refs.  56,  68,  and  84).  Because  the  rotor  alternating  torque 
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is  unlinown,  a rotor  alternating  shear  stress  equal  to  5 percent  of  the  steady-state 
shear  stress  was  assumed  for  the  Phoebus  engine  (Mark  9)  and  J-2  engine  (Mark 
15-F)  axial-flow  hydrogen  pumps.  This  approximation  has  provided  adequate  reliability 
for  these  pumps. 

2.7.5  Safety  Factors 

The  structural  integrity  of  a part  customarily  is  ensured  by  establishment  of  a value 
greater  than  unity  for  the  ratio  of  the  stress  capability  of  the  part  material  to  the 
calculated  stress  on  the  part.  In  specifying  this  ratio,  or  safety  factor,  it  is  the  practice 
to  consider  only  the  minimum  guaranteed  values  for  material  properties;  these  values 
are  established  by  military  standards  or  by  equivalent  statistical  tests. 

Some  uncertainty  exists  concerning  fatigue  data.  Before  construction  of  the  Goodman 
diagram  (ref.  56),  fatigue  data  obtained  from  polished  laboratory  specimens  are  modi- 
fied to  account  for  the  effects  of  surface  finish,  temperature,  erosive  or  corrosive  en- 
vironment, material  grain  size,  surface  residual  stress  from  machining,  and  type  of  load- 
ing (tension-tension  vs.  bending). 

Safety  factors  obtained  for  a particular  design  are  dependent  on  the  technique  used 
in  the  stress  analysis.  Care  must  be  exercised  in  comparing  safety-factor  values  ob- 
tained from  different  sources. 


2.7.6  Hub  Stress  Verification 

Because  the  analytical  methods  for  stress  analysis  and  failure  prediction  are  approxi- 
mate in  nature,  an  experimental  verification  is  performed  for  highly  stressed,  complex 
components  such  as  the  inducer  hub.  The  burst  speed  is  determined  by  spin  testing 
to  failure  an  inducer  provided  with  suitable  instrumentation. 

2.7.7  Inducer  Proof  Test 

High-speed  inducers  are  proof-tested  by  prespinning  each  part  during  the  fabrication 
process  to  provide  partial  quality  assurance.  Prespinning  each  inducer  has  additional 
benefits  in  that  local  yielding  occurs  at  areas  of  high  strain  concentration  such  as  bolt 
holes,  splines,  and  kejways.  This  yielding  produces  favorable  residUiHl  stresses  that 
effectively  prestress  the  part  and  prevent  the  occurrence  of  yielding  during  operation. 
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3,  DESIGN  CRITERIA  and 
Recommended  Practices 

3.0  Head-Rise  Capability 

The  inducer  shall  generate  sufficient  head  to  prevent  cavitation  from  impairing 
the  suction  performance  of  the  impeller  or  stator  following  it 


For  design  purposes,  an  estimate  of  the  NPSH  requirement  should  be  made  by  using 
either  of  two  essentially  different  approaches:  (1)  the  NPSH  may  be  calculated  from 
values  of  the  suction  specific  speed  previously  measured  for  impellers  of  similar  design, 
or  (2)  the  NPSH  may  be  based  on  an  estimate  of  the  cavitation  number  requirements 
for  hydrofoils  similar  in  form  and  profile  nose  radius  to  the  actual  impeller  blades. 
A good  way  to  make  this  latter  estimate  is  to  let 

l+K  = Cp  (60) 

where  Cp  is  the  pressure  coefficient  of  a similarly  shaped  airfoil,  which  may  be  obtained 
from  any  collection  of  airfoil  data  (e.g.,  ref.  85).  Then,  use  the  energy  equation  to  get 

1+  T = (1+  K)  (1  + 02)  = Cp  (H  02)  (61) 

An  approximate  value  of  Cp  for  an  uncambered  airfoil  is  between  1.3  and  1.5.  To 
estimate  K,  the  single  airfoil  Cp  should  be  corrected  for  blockage  effects  by  increasing 
it  in  the  ratio  of  the  blockage  factor  squared. 

The  head  generated  by  the  inducer  at  a given  speed  is  a function  of  the  flow-channel 
and  blade  geometry.  These  subjects  are  treated  in  detail  in  sections  2.2  and  3.2. 

3.1  Inducer  Inlet-Eye  and  Leading-Edge  Geometry 

3.1.1  Inlet  Casing 

The  inducer  inlet  casing  shall  provide  free,  uniform,  and  undisturbed  axial 
flow  into  the  inducer. 

It  is  recommended  that  an  axial  inlet  be  provided  by  mounting  the  inducer  on  the  end 
of  the  pump  shaft,  the  inducer  being  driven  from  the  rear  through  the  scroll  of  the 
pump.  If  engine  arrangement  or  space  limitations  prohibit  the  use  of  a straight  axial 
inlet  from  the  tank  or  at  least  several  diameters  of  straight  ducting  to  reduce  flow 
distortions,  the  alternate  solution  is  to  use  a dual  inlet  casing  or  a vaned  elbow.  The 
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casing  should  be  carefully  tailored,  with  smoothly  contoured  flow  passages  that  match 
flow  areas  to  local  flow  requirements  so  that  velocity  changes  are  reduced  while  the 
flow  is  gradually  turned  into  the  axial  direction. 

3.1.2  Hub  Size  and  Shape 

The  inducer  hub  shall  be  as  small  as  possible  consistent  with  structural  re- 
quirements, and  its  outlet  end  shah  match  the  hub  of  the  following  stage. 

To  reduce  blockage  area  for  the  flow  and  provide  for  best  suction  performance,  it  is 
recommended  that  the  hub-to-tip  diameter  ratio  be  kept  between  0.2  and  0.4  for  rear 
drive  and  between  0.5  and  0.6  for  front  drive.  Structural  and  mechanical  suitability 
must  be  verified  by  analysis.  The  hub  should  be  contoured  from  inlet  to  outlet  so 
that  the  hub  taper  joins  smoothly  with  the  impeller  hub  taper  and  the  hub  diameters 
match.  High-head  inducers  featuring  an  additional  mixed-flow  section  should  provide 
smooth  transition  between  the  taper  of  the  inducer  section  and  the  taper  of  the  stator 
section.  Subsequent  calculations  of  hydrodynamic  blade  loading  may  show  a need  for 
minor  modifications  of  the  hub  contour. 


3.1.3  Inlet  Tip  Diameter  and  Contour 

3.1.3.1  Tip  Diameter 

The  inlet  tip  diameter  shall  be  derived  from  mathematical  consideration  of 
optimum  flow  conditicns  for  maximum  suction  performance. 

The  inlet  tip  diameter  should  be  obtained  mathematically  from  the  relationship  between 
suction  specific  speed  S„  blade  tip  cavitation  number  K,  and  flow  coefficient  <f>  as 
follows: 

(A)  When  the  suction  performance  is  specified  in  terms  of  Q,  n,  and  NPSH, 
the  blades  must  operate  at  the  highest  possible  value  (iC^)  of  the  cavitation 
number  K. 

For  an  inducer  with  a fixed  hub-to-tip  radius  ratio  and  no  prewhirl,  this  condition 
leads  to  Brumfield’s  criterion  (ref.  2)  for  the  optimum  flow  coefficient,  which,  ex- 
pressed in  terms  of  the  corrected  suction  speed  of  the  inducer,  gives  the  (cubic) 
equation  in  (2 


2 0^opt  / 5055 

(1  -2^2opt)"'^  ^ S’s 

With  good  approximation,  the  solution  may  be  expressed  by  S',  as 
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0opt  — 


3574/S' 


(63) 


(1  + VI  + 6(3574/S's)!2)/2 

For  the  small  values  of  (about  0.10  or  less)  encountered  in  inducer  design,  the 
divisor  approaches  unity. 

From  equation  (5), 


2^^opt 

1 


(64) 


From  equation  (8), 


/ Q 

Dopt  = 0.37843  ( — ) . ft  (65) 

\ (1  — p2)n0opt  ^ 

This  procedure  solves  the  problem  of  finding  optimum  operating  conditions  and  the 
corresponding  maximum  operating  cavitation  number  K<,  for  an  inducer  with  a design 
point  specified  by  Q,  n,  and  NPSH. 

(B)  When  only  two  of  the  three  performance  parameters — Q,  n,  and  NPSH — 
are  given,  maximize  the  suction  specific  speed  while  assuming  a certain  blade 
cavitation  number  K*. 

This  practice  leads  again  to  Brumfield’s  criterion,  from  which 


I 

V 2(1 +K*) 

which  determines  the  inlet  diameter,  and 
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S',  max  = (67) 

’ K*%(l+K*)^ 

showing  that  the  suction  specific  speed  is  limited  only  by  the  K*  value,  which  should 
be  as  small  as  possible.  The  actual  K*  value  used  is  an  empirical  number  and  must 
be  based  on  previous  experience  with  similar  designs. 

The  relationship  between  the  important  parameters  K,  Z (secs.  2.1.4  and  3.1.4),  and 
S',  characteristic  for  suction  performance  may  be  presented  in  a very  convenient  man- 
ner by  an  chart,  where  D',  is  the  corrected  suction  specific  diameter.  Figures 

15  and  16  show  diagrams  covering  the  whole  range  of  practical  pump  operation. 

The  values  satisfying  the  Brumfield  criterion  are  plotted  in  the  curve  for  optimum  D',. 
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Corrected  suction  specific  diameter,  D'g=  D (NPSH)  (Q*) 


0 10  000  20  000  30  000  40  000  50  000  60  000  70000  80  000  30  000  100  000  110  000 

Corrected  suction  specific  speed,  Sg=  n (QVi/(NPSH)*?^ 


Figure  15. — S'g-D'g  chart  (zero  pre-rotation),  high-speed  range. 


Corrected  suction  specific  diameter,  d' = D (NPSH)H  (Q*)**'^ 


Corrected  suction  specific  speed,  Sg=  n (Q')*/^  (NPSH)"?^ 


Figure  16. — S'e-D'*  chart  (zero  pre-rotation) , low-speed  range. 


The  S\-D'^  diagram  may  be  used  in  the  following  ways: 

(1)  To  check  the  suitability  of  an  existing  design  for  suction  performance  at  vari- 
ous operating  points. 

(2)  To  determine  the  effect  on  suction  specific  speed  of  changing  the  pump  fluid 
for  different  values  of  Z. 

(3)  To  determine  optimum  flow  coefficient  and  inlet  diameter  required  to  meet 
suction  performance  specified  in  terms  of  the  parameters  n,  Q,  and  NPSH. 

3. 1.3.2  Tip  Contour 

The  inducer  tip  contour  shall  maintain  the  optimum  flow  conditions  on  the 
blade  until  the  channel  section  is  reached. 

The  tip  contour  should  be  held  cylindrical  at  its  optimum  value  at  the  inlet  for  an 
axial  length  at  least  equal  to  an  axial  blade  spacing  (=  ^D/N  sin /3)  and  the  inlet  duct 
should  be  constant  diameter  on  this  length,  both  downstream  and  upstream  of  the  lead- 
ing edge  for  an  inducer  with  a straight  inlet.  For  an  inducer  with  an  elbow  in  the 
inlet,  the  upstream  cylindrical  length  should  at  least  be  doubled  for  optimum  suction 
performance. 


3.1.4  Fluid  Thermodynamic  Effects 

Fluids  with  high  vapor  head  shall  not  produce  unexpected  fluid  thermodynamic 
effects  on  suction  performance. 

Fluid  thermodsmamic  effects,  important  for  cryogenic  fluids,  should  be  accounted  for 
by  applying  a TSH  correction  to  the  tank  NPSH,  then  subtracting  friction  loss  in  inlet 
line  to  obtain  the  available  NPSH  at  the  inducer  inlet: 

(NPSH)  available  = (NPSH)  tank  + TSH  - Hjoss  (68) 

The  value  of  TSH  cannot  be  predicted  for  an  arbitrary  inducer  design  and  condition 
of  operation;  however,  semiempirical  correlations  of  TSH  with  fluid  properties  and 
pump  parameters  have  been  made.  Tests  of  experimental  inducers  have  shown  that 
the  fluid  thermodynamic  effects  vary  appreciably  with  the  liquid,  liquid  temperature, 
rotative  speed,  flowrate,  and  inducer  design.  It  is  recommended  that  reference  be 
made  to  recent  technical  literature  to  obtain  experimental  values  of  TSH  for  an  inducer 
similar  in  design  to  the  one  being  considered. 
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3.1.5  Blade  Profile 


The  blade  profile  shall  not  interfere  with  the  free-streamline  boundary  of  the 
cavitation  flow;  that  is,  the  blade  must  stay  inside  the  cavity  and  wake  at  op- 
erating conditions. 

It  is  recommended  that  the  blade  wedge  angle  (fig.  17)  be  determined  from 

= ^ —^W  (69) 


where  j8  is  the  blade  angle  and 


^u,  = arc  tan  (1.10  (70) 

being  the  design  flow  coefficient.  The  numerical  factor  1.10  in  the  equation  means 
that  the  inducer  blade  will  be  inside  the  cavity  for  up  to  110  percent  of  design  flow 
and  will  present  no  additional  blockage  near  the  leading  edge  beyond  that  of  the  cavity. 


Figure  17. — ^Wedge  angle. 

If  this  factor  is  chosen  larger  than  1.10,  the  operating  range  becomes  wider  but  the 
blade  becomes  very  tl.in  and  may  present  a stress  problem.  The  blade  sharpening 
described  is  the  so-called  suction-side  fairing  of  the  blade  (ref.  86).  When  stress 
conditions  are  severe  and  some  suction  performance  may  be  sacrificed,  the  blade  fair- 
ing may  be  modified  by  combining  the  suction-side  fairing  with  a similar  amount  of 
sharpening  on  the  pressure  side  to  obtain  centerline  fairing.  All  sharpening  should 
blend  smoothly  into  the  blade  thickness.  This  simplified  approach  to  leading-edge  de- 
sign has  given  good  results.  However,  when  very  high  suction  performance  and  blade 
loading  are  required  (over  40,000  SJ,  the  blade  should  be  designed  to  match  exactly 
the  free-streamline  boundary  of  the  cavity  at  the  highest  flow  (110  percent)  so  that 
the  best  guidance  for  the  flow  and  the  strongest  leading  edge  may  be  obtained. 
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3.1.6  Blade  Leading-Edge  Sharpness 

The  blade  leading  edge  shall  be  as  sharp  as  consistent  with  practical  limitations 
of  strength  and  manufacturing  considerations. 

A practical  measure  for  the  sharpness  of  the  blade  is  the  maximum  permissible  leading- 
edge  radius  of  the  blade  profile.  It  is  recommended  that  the  practical  limit  on 
leading-edge  radius  be 


Rle  ^ 0-01 1 


(71) 


where  t is  the  thickness  of  the  blade  profile  at  the  particular  radial  station. 


3.1.7  Blade  Sweep 

The  leading-edge  radial  shape  or  contour  shall  improve  suction  performance 

and  increase  the  mechanical  strength  of  the  blade. 

The  leading-edge  radial  shape  or  contour  should  be  swept  back  foi  an  unshrouded 
inducer  and  swept  forward  for  a shrouded  inducer.  For  structural  reasons,  the  cutback 
in  wrap  angle  at  the  tip  for  a sweptback  leading  edge  should  be  equal  to  or  greater 
than  the  wrap  angle  of  the  blade  fairing  at  the  hub.  Then  the  blade  will  have  reached 
its  full  thickness  at  the  root  when  the  leading-edge  contour  reaches  the  tip  diameter 
and  the  blade  forces  attain  their  full  value.  The  loss  in  solidity  due  to  the  cutback  at 
the  tip  should  be  compensated  for  with  a corresponding  increase  in  axial  length  such 
that  the  solidity  is  maintained  at  its  full  value. 

It  is  recommended  that  the  leading-edge  sweepback  be  an  arc  with  a radius  not  less 
than  the  length  of  the  blade  fairing  l„.  The  outer  part  of  the  arc  may  be  tangent  to 
the  inducer  circumference  for  a minimum  size  sweepback  (of  radius  1„).  The  inner 
part  of  the  arc  should  be  radial,  i.e.,  the  leading  edge  should  be  radial  next  to  the  hub 
to  provide  room  for  the  blade  fairing. 


3.1.8  Blade  Cant 

The  cant  angle  shall  be  a compromise  of  its  effects  on  blade  bending  stress, 
machining  of  the  blade,  and  the  leading-  and  trailing-edge  geometry. 

The  inducer-blade  cant  angle  should  counterbalance  pressure  load  and  centrifugal  force 
on  the  blade.  For  ease  of  machining,  the  blade  should  be  perpendicular  to  the  hub 
taper.  The  leading-edge  sweepback  at  the  blade  tip, 

0 = r 2 , radians  (72) 
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due  to  the  canting  of  the  blade,  should  be  modified  by  the  use  of  a conical  face  cut, 
according  to  the  relationship 

(1  — y)  (tan  acone  + tan  acant) 

2 = (73) 

\ 

to  obtain  the  desired  amount  of  sweepback  with  the  chosen  cant  angle  acant*  The  cone 
angle  ac„„c  is  measured  in  the  opposite  direction  of 

3.1.9  Blade  Angle 

The  leading-edge  blade  angle  P shall  minimize  blade  blockage  at  optimum  flow 
coefficient  by  meeting  criterion  3.1.5. 

Use  the  ratio  of  incidence  angle  to  blade  angle  as  a characteristic  parameter  a/p  for 
design  purposes.  The  ratio  should  be  chosen  in  the  range  from  a low  value  of  0.35  for 
thin  blades  to  a high  of  0.50  for  thick  blades.  A mean  value,  0.425,  has  gained  prefer- 
ence. However,  if  a wide  range  of  flow  is  required,  th'S  design  value  of  a/p  should 
be  greater  than  the  (optimum)  0.425  valu'  to  avoid  blade  blockage. 

3.1.10  Blade  Lead 

The  radial  variation  of  the  inducer  leading-edge  blade  angle  shall  match  the 
radial  variation  of  the  inlet  velocity  diagrams. 

It  is  recommended  that  the  inducer  be  designed  as  a flat-plate  cascade  at  the  blade 
inlet;  i.e.,  at  the  leading  edge,  the  blade  pressure  side  should  be  part  of  the  surface 
of  a constant-lead  helix  \ = r tan  p,  where  A = 27t\  is  the  lead  of  the  helix  and  P is 
the  local  blade  angle.  This  design  produces  optimum  cavitation  performance,  essential- 
ly uniform  over  radius,  and  provides  ease  of  manufacture.  Its  main  disadvantages  are 
high  leading-edge  loading  and  a low  head  rise  (maximum  = 0.075). 

3.1.11  Blade  Thickness 

The  blade  thickness  variation  shall  be  consistent  with  the  radial  variation  of  the 
cavity  wake  height  so  that  the  blade  is  entirely  within  the  cavity  at  design 
conditions  of  speed,  flow,  and  NPSH. 

The  blade  thickness  is  determined  almost  entirely  by  mechanical  considerations  in 
regard  to  stress  and  vibration.  The  blade  should  be  made  thicker  at  the  hub  than  at 
the  tip.  Usually  the  blade  radial  sections  are  formed  by  straight  lines  from  the  hub 
to  the  tip  on  both  pressure  and  suction  sides.  They  need  not  be  straight  lines,  but 
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these  are  usually  easier  to  define  and  to  manufacture.  However,  for  best  hydrodynamic 
performance  the  blade  thickness  variation  should  match  the  variation  of  the  cavity 
wake  height  at  the  critical  NPSH  design  condition  and  110  percent  flow,  calculated 
from  the  free-streamline  wake  theory.  The  blade  root  fillet  (sec.  3.4.2)  must  also  be 
taken  into  account  as  a factor  in  the  thickness  variation  with  an  effect  on  flow. 

3.1.12  Blade  Camber 

The  blade  camber  shall  produce  the  turning  angle  needed  for  the  head-rise  re- 
quirement while  maintaining  the  suction  performance  of  the  flat-plate  inducer. 

For  head  coefficients  beyond  the  capability  of  the  flat-plate  inducer  x 0.075),  a 
certain  amount  of  blade  camber  {Pz  — Pi)  is  needed.  The  result  is  a modified,  vari- 
able lead  helical  inducer,  which  starts  out  as  a flat-plate  inducer  but  whose  camber 
gradually  increases  from  zero  at  the  leading  edge  to  the  required  camber  at  the  trailing 
edge.  The  variation  of  the-,  blade  curvature  should  follow  a smooth,  monotone  curve 
from  zero  at  the  leading  edge  to  a maximum  at  the  trailing  edge.  Then  the  suction 
performance  will  be  unaffected  by  the  blade  camber.  The  simplest  distribution  satis- 
fying this  condition  is  given  by  a linear  variation  of  the  curvature  from  inlet  to  outlet. 
The  corresponding  blade-angle  variation  is  given  approximately  by  a parabolic  relation- 
ship: 


P = Pl+  ip2-  Pi)  (Z/Lax)2  (74) 

where  z is  the  axial  coordinate  ai.J  the  axial  length  of  the  blade.  It  is  common 
practice  to  specify  the  blade-angle  distributions  for  the  rms  radius.  The  distribution 
of  the  blade  angle  along  some  meridional  curve,  contour,  or  streamline  is  related  to 
the  blade  wrap  angle  0 through  the  slope  equation 

A 

dz  = tan  p d(rS)  = d(re)  (75) 

2-Trr 

where  A is  the  local  lead  and  dz  the  change  in  axial  coordinate  for  the  infinitesimal 
change  in  blade  wrap  d(rtf).  The  corresponding  wrap  angle  0 may  be  found  by  numeri- 
cal methods  from  this  first-order  nonlinear  differential  equation  between  0,  z,  p,  and  r 
such  that  the  blade  layout  can  be  completed. 

3,1.13  Blade  Surface  Finish 

The  blade  surface  finish  shall  be  hydraulically  smooth. 

The  required  degree  of  surface  finish  cannot  be  attained  by  machining  only.  It  is 
recommended  that  the  blade  be  polished  after  machining  to  a finish  of  at  least  25  /i-in. 
rms. 
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3.1.14  Blade  Number 


The  number  of  inducer  blades  shall  be  as  small  as  considerations  of  solidity 
and  axial  space  permit. 

The  number  of  blades  should  be  not  less  than  two  nor  more  than  five,  with  three  or 
four  being  preferred.  An  odd  number  of  blades  prevents  alternate  cavitation  from 
occurring;  three  is  therefore  a preferred  choice  if  other,  more  critical  considerations 
permit.  It  is  recommended  that  whenever  possible  the  blade  number  N be  selected  so 
that  the  impeller  blade  number  is  a multiple  of  N.  This  relationship  promotes  symmetry 
of  flow  into  the  impeller. 

3.1.15  Cascade  Solidity 

The  solidity  of  the  inducer  shall  be  large  enough  to  satisfy  high  suction  per- 
formance arid  fluid  turning  requirements,  without  exceeding  a suitable  angle  of 
deviation  or  introducing  manufacturing  problems  due  to  small  blade  spacing. 

For  a low-head  inducer,  the  solidity  v should  be  2.5  for  the  inducer  proper.  For  a 
high-head  inducer,  consisting  of  an  inlet  region  featuring  a flat-plate  inducer  of  solidity 
2.0  to  2.5  and  an  outlet  region  with  increased  camber  featuring  vortex-type  blading 
with  splitter  vanes,  the  solidity  of  the  outlet  region  or  transition  stage  should  be 
treated  separately  and  may  require  consideration  of  the  effects  of  deviation  angle 
(sec.  3.2.7). 

3.2  Inducer  Flow>Channel  and  Blade  Geometry 
3.2.1  Channel  Flow 

The  inducer  shall  provide  a monotone  increase  in  head  along  any  streamline 
through  the  inducer  without  backflow  at  any  station. 

The  head  distribution  should  be  calculated  assuming  simple  radial  equilibrium  and 
perfect  guidance  of  the  fluid  by  the  blades  (eqs.  (34)  and  (35)).  In  the  application 
of  this  analysis  to  the  actual  inducer  blade,  a few  modifications  should  be  made  to 
account  for  the  effect  of  these  assumptions.  To  account  for  the  assumption  of  perfect 
guidance,  one  may  assume  that  the  deviation  angle  is  distributed  along  the  arc  length 
of  the  blade,  and  then  apply  a correction  factor  to  the  axial  distribution  of  the  lead  of 
the  inducer  helix.  The  calculated  head  distributed  may  be  corrected  by  multiplication 
with  an  assumed  value  of  the  blade  efficiency.  The  head  distribution  in  the  cavitating 
region  of  the  blade  should  be  calculated  from  the  cavity  theory,  wake  model  (ref.  31). 
The  transition  between  the  two  regions  is  not  well  understood,  and  there  is  a lack  of 
experimental  and  analytical  evidence  of  the  flow  conditions  in  the  transition  region. 
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It  may  be  postulated  without  evidence  that  the  blading  should  reach  a solidity  of 
or  = 2 or  higher  before  any  essential  amount  of  blade  camber  is  introduced,  so  that  the 
cavity-collapse  process  behind  the  leading  edge  may  progress  undisturbed. 

In  interpreting  the  results  obtained  in  calculating  the  flow  distribution,  it  should  be 
noted  that  Co  = 0 for  = 1;  i.e.,  to  avoid  backflow,  the  local  head  coefficient  f should 
be  less  than  1 at  all  stations.  To  alleviate  any  backflow  problem  discovered  in  the 
calculation,  the  blade  camber  should  be  modified  and  a new  check  performed.  A sim- 
plified approach  is  permissible  for  low-head  inducers,  which  are  essentially  flat-plate 
inducers  with  zero  or  very  small  channel  loading.  In  this  case,  a one-dimensional  check 
should  be  made  of  the  flow  at  the  rms  diameter,  checking  the  blade  angle  against  the 
fiuid  angle  at  axial  intervals  through  the  inducer  to  correct  for  blockage  effects  due 
to  tip  and  hub  contour  variations  as  well  as  blade  blockage.  The  corresponding  c„ 
values  should  also  be  calculated  to  ensure  a monotone  head  rise  throughout  the  length 
of  the  inducer. 

3.2.2  Discharge  Flow 

The  inducer  discharge  head  and  flow  distribution  shall  satisfy  the  requirements 
of  the  impeller  or  high-head  inducer  following  it. 

In  general,  this  requirement  is  no  problem  for  low-head  inducers  used  in  conjunction 
with  centrifugal  impellers.  However,  there  is  a requirement  for  a uniform  head-rise 
distribution  at  the  discharge  from  the  inducer  that  must  be  met  when  the  inducer  is 
used  in  a multistage  axial  pump  with  repeating  stages. 

The  requirement  of  uniform  head  rise  for  high-head  inducers  results  in  the  so-called 
free-vortex-r  >w  type  of  rotation  (eq.  (45)).  A deviation  from  the  free  vortex  flow  of 
about  ±5  percent  is  acceptable.  To  match  the  free-vortex-flow  requirement,  the  in- 
ducer blade  should  be  twisted  at  the  discharge;  i.e.,  it  should  be  a double-definition 
blade  with  different  ieads  at  root  and  tip  sections.  Excessive  twist,  however,  intro- 
duces stresses  that  must  be  analyzed  and  provided  for.  To  avoid  excessive  twist  of  the 
long  inducer  blades,  the  blading  should  be  divided  into  axial  sections,  thus  simplifying 
both  stress  and  manufacturing  problems.  The  solidity  should  be  increased  by  the  addi- 
tion of  partial  blades  between  the  main  blades. 

3.2.3  Impeller-Inducer  Matching 

3.2.3.1  Basic  Requirements 

The  inducer-impeller  combination  shall  present  a smooth  meridional  flow 
passage  with  an  axial  spacing  consistent  with  hydrodynamic  and  mechanical 
requirements. 

The  inducer  discharge  hub  and  tip  diameters  should  match  the  impeller  inlet-eye  di- 
mensions closely  enough  that  a smooth  contour  may  be  drawn.  For  easy  clearance 
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control  on  unshrouded  blading,  the  tip  contour  should  be  cylindrical  if  head-rise  re^ 
quirements  of  inducer  and  impeller  permit. 


3.2.S.2  Axial  Clearance 

Hydrodynamic  matching  between  inducer  and  impeller  shall  include  a minimum 
axial  clearance  of  the  same  magnitude  as  the  blade  gap. 

The  minimum  clearance  should  be  of  the  maginitude  of 

2vr 

= sin  Ate  (76) 

N 

which  for  a flat-plate  inducer  reduces  to 

jt<ax  ^ lead  A 

Az  = = = (77) 

a blade  number  N 

3.2.4  Trailing-Edge  Sharpness 

The  blade  trailing  edge  shall  be  as  thin  as  possible  consistent  with  structural 
and  manufacturing  considerations. 

A thin  trailing  edge  is  desirable  for  optimum  performance,  but  not  critical.  A recom- 
mended value  giving  low  drag  for  the  trailing-edge  radius  Rxe  is 

Rte  = 0.02 1 (78) 

where  t is  thickness  of  the  blade  profile  at  the  particular  radial  station. 

The  trailing  edge  normally  is  sharpened  to  Rxb  — 0.025  to  0.050  in.  The  trailing  edge 
should  be  centerline  faired  as  designed  but  should  be  modified  as  necessary  during  the 
development  stage  to  correct  for  an  insufficient  head  rise.  The  length  of  the  trailing- 
edge  fairing  is  not  critical,  but  the  transition  from  the  blade  must  be  smooth  with 
a gradual  change  in  thickness. 


3.2.5  Trailing-Edge  Contour 

The  contour  of  the  trailing  edge  shall  be  free  of  corners  that  are  structurally 
inadequate  and  prone  to  blade  flutter  or  oscillation. 

Minimize  the  tendency  of  the  trailing  edge  to  flutter  by  using  forward-swept  fairings 
of  20°  to  40°  wrap  angle.  It  is  good  practice  to  have  the  blade  reach  its  full  thickness 
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at  the  hub  before  the  full  radial  blade  height  is  reached.  When  the  blade  edges  are 
contoured  and  faired,  the  inducer  axial  length  should  be  increased  to  maintain  the 
required  solidity. 

3.2.6  Discharge  Angle 

The  fluid  turning  angle  shall  be  based  on  the-  head-rise  requirements  of  the 
inducer,  allowing  for  blade  losses. 

For  low-head  inducers  the  turning  angle  Ay  should  be  determined  for  the  rms  station 
such  that  the  Euler  head  multiplied  by  an  assumed  blade  efficiency  of  about  85  percent 
equals  the  required  head  rise. 

For  high-head  inducers  with  free  vortex  flow,  the  turning  angle  should  also  be  determined 
at  both  the  root  and  the  tip  section  so  that  a double-definition  blade  may  be  specified. 

3.2.7  Deviation  Angle 

The  trailing-edge  angle  i8„.s,TE  shall  minimize  deficiencies  in  head  rise. 

The  discharge  blade  angle  should  include  a correction  for  the  effect  of  an  imperfect 
guidance  in  the  form  of  a deviation  angle  S,  which  may  be  estimated  from  Carter’s 
rule  (sec.  2.2.7)  or  from  other  sources  (refs.  45  and  46)  by  a trial-and-error  method. 
A normal  target  tolerance  is  5 percent  of  design  values.  In  regard  to  the  discharge 
blade  angle,  this  correction  means  that  Pmn.TE  should  be  given  by 

^ms,TE  — 7ms, TE  "f"  Sms  -I- 0.05  Arms  (79) 

where  Ay^^  = y„,  tb  = yms.r.B  is  the  turning  angle  of  the  fluid  at  the  rms  station,  ms. 
The  customary  tolerance  on  the  blade  angle  is  1/2°.  In  some  cases,  limiting  the  de- 
viation angle  to  2°  may  produce  more  stable  flow. 

3.2.8  Clearance  Losses 

The  effect  of  blade  tip  clearance  on  inducer  performance  shall  be  as  small  as 
possible. 

For  good  suction  performance,  the  blade  tip  clearance  at  the  inlet  should  be  as  small 
as  possible  for  a distance  of  at  least  one  axial  blade  spacing.  The  clearance  area 
should  never  exceed  3 percent  of  the  flow  area.  For  comparison  purposes,  clearance 
areas  of  1 to  1.5  percent  of  the  flow  area  are  common  practice. 
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The  gain  in  performance  from  close  clearances  should  be  weighed  against  the  diffi- 
culties encountered  in  maintaining  such  clearances.  Recommended  values  of  the  ratio 
of  radial  clearance  to  blade  length  depend  on  the  application  and  the  actual  design 
and  materials  used.  Minimum  practical  values  reached  for  fuel  and  oxidizer  pumps 
are  0.005  and  0.020,  respectively.  Frequently,  nonmetallic  liners  are  used  in  the  hous- 
ings of  inducers  running  in  liquid  oxygen  so  that  close  running  clearances  may  be 
maintained  without  dang.  * of  sparking. 


3.2.9  Shrouding 

A shroud  on  the  inducer,  used  when  mechanical  reasons  so  dictate,  shall 
provide  clearance  control,  structural  reinforcement,  or  erosion  damage  pro- 
tection. 

When  possible,  a shroud  should  be  made  integral  with  the  blading.  When  it  can- 
not be  made  integral,  it  should  be  welded  or  brazed  to  the  blading,  and  care  should 
be  taken  to  obtain  a strong  joint.  Brazing  is  not  recommended  for  high-operating- 
stress  regions  or  for  cryogenic  applications. 

When  a shroud  is  used,  the  wearing-ring  seal  should  maintain  close  clearances  to 
preserve  efficiency  and  suction  performance.  The  inner  diameter  of  the  shroud  should 
be  flush  with  the  inlet  line  outer  diameter  to  minimize  flow  disturbances. 


3.2.10  Blade  Geometry  Description 

3.2.10.1  Specification  Form 

Final  specification  of  the  bloii'  shape  shall  be  suitable  for  fabrication  and  in- 
spection purposes. 

Give  blade  descriptions  by  coordinates  to  both  blade  surfaces  rather  than  by  blade 
angle  and  thickness  distribution.  Specify  these  coordinates  at  two  parallel  positions 
or  cuts:  one  next  to  the  hub  but  above  the  fillet,  and  the  other  near  the  tip. 

Blade  thicknesses  are  established  at  the  two  positions;  all  other  thicknesses  are  a 
function  of  a straight-line  tool  cut  between  the  two  blade  definitions.  The  inducer 
blade  angles  JS  should  be  defined  initially  at  intervals  along  either  one  or  two  cylin- 
drical or  conical  sections,  according  to  the  hydrodynamic  design.  A blade  angle  dis- 
tribution called  out  at  two  stations  implicitly  defines  a variable  blade  cant  angle. 
From  these  definitions  and  from  the  blade  fairing  and  the  hub  and  tip  geometry, 
the  blade  surface  coordinates  and  the  tool  positions  for  both  sides  of  the  blade 
should  be  derived  by  computing  and  layout  procedures.  The  coordinates  and  tool 
positions  may  be  defined  along  either  conical  or  cylindrical  cuts  as  preferred  by 
the  manufacturer. 
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3.3.3  Inlet-Line  Heat  Transfer 


Heat  transfer  to  the  fluid  in  the  inlet  line  shall  not  reduce  the  available 
NPSH  for  the  inducer  below  acceptable  levels. 

It  is  recommended  that  heat  transfer  to  both  the  tank  and  the  inlet  line  be  investi- 
gated carefully.  The  amount  of  line  insulation  required  to  reduce  the  fluid  tempera- 
ture rise  to  allowable  levels  should  be  determined  before  final  design  specifications 
for  the  pump  and  inducer  are  made. 

3.3.4  Bypass  Flow 

The  reintroduction  of  leakage  or  bypass  flows  from  bearings  or  balance-piston 
operation  shall  cause  a minimum  of  disturbance  to  the  main  flow. 

If  possible,  all  bypass  flows  should  be  reintroduced  after  the  inducer.  Otherwise  they 
may  be  fed  through  a hollow  shaft  and  spinner  into  the  center  of  the  inlet  line, 
where  they  cause  the  least  disturbance. 

3.4  Mechanical  Design  and  Assembly 

3.4.1  Hub  Configuration 

3.4. 1.1  Wall  Thickness 

The  hub  wall  shall  be  adequate  to  absorb  the  blade  bending  moments  and 
the  blade  centrifugal  pull,  and  shall  have  adequate  hoop  capability  to  carry 
the  centrifugal  force  induced  by  its  own  mass. 


The  hub  radial  thickness  should  be  at  least  V 1/2  times  the  blade  thickness  to 
carry  the  blade  bending  moments.  If  the  hub  has  a center  hole  with  a diameter 
approaching  the  hub  diameter,  it  is  recommended  that  the  hub  radial  thickness  be 
equal  to  or  greater  than  the  blade  thickness  to  accommodate  both  the  bending 
moments  and  the  centrifugal  forces. 

3.4. 1.2  Diameter 

The  hub  shall  be  of  sufficient  diameter  and  thickness  to  hold  the  shaft  and 
transmit  the  shear  load  from  the  keys  or  splines. 

The  hoop  discontinuity  and  stress  concentration  effects  caused  by  the  key  way  or 
spline  teeth  on  the  hub  inner  diameter  must  be  considered  when  the  hub  is  sized 
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in  accordance  with  procedures  set  forth  in  the  design  criteria  monograph  “Liquid 
Rocket  Engine  Turbopump  Shafts  and  Couplings.” 

3.4. 1.3  Wall  Contour 

If  the  discharge  diameter  is  greater  than  required  by  structural  considera- 
tions, the  hub  configuration  shall  minimize  the  weight. 

If  the  hub  discharge  diameter  is  large  (with  or  without  the  center  hole),  the  hub 
should  be  profiled  and  hollowed  out  as  shown  in  figure  18  to  minimize  weight  while 
maintaining  an  adequate  margin  on  the  burst  speed. 


Figure  18. — ^Hub  profile. 


3.4. 1.4  Axial  Length 

The  inducer  hub  axial  length  shall  be  sufficient  to  permit  full  runout  of 
the  blade-to-hub  fillet  radius  at  leading  and  trailing  edges  during  machining. 

It  is  recommended  that  at  each  end  of  the  hub  an  axial  length  equal  to  at’  least 
twice  the  fillet  radius  be  added  to  the  axial  length  of  the  blading. 

3.4.2  Blade  Root  Juncture 

The  fillet  at  the  blade  root-to-hub  juncture  shall  satisfy  structural  require- 
ments but  have  minimum  effect  on  the  hydrodynamic  performance  of  the  blade. 

The  blade  fillet  should  be  a compromise  among  structural,  hydrodynamic,  and  manu- 
facturing considerations.  A practical  compromise  is  a circular  fillet  of  radius  equal 
to  the  blade  thickness  t.  Better  still  in  both  structural  and  hydrodynamic  respects, 
but  more  complicated  to  make,  is  an  elliptical  fillet  with  the  radius  joining  the  blade 
equal  to  t and  the  radius  joining  the  hub  equal  to  t/2. 
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When  hydrodynamic  requirements  limit  the  fillet  size,  the  fillet  should  be  shot  peened 
to  improve  fatigue  resistance.  Shot  peening  should  also  be  used  as  a development 
tool  to  improve  the  fatigue  resistance  of  inducers  that  experimentally  have  shown 
a tendency  to  fail  by  fatigue  of  the  blade  junctions. 


3.4.3  Shaft  Dimensions 

3.4.3. 1 Size 

The  inducer  shaft  size  shall  be  adequate  to  carry  the  torque,  preload,  shear, 
and  bending  loads  imposed  on  it  at  the  worst  operating  condition. 

Shaft  size  should  be  established  in  accordance  with  procedures  set  forth  in  the 
design  criteria  monograph  “Liquid  Rocket  Engine  Turbopump  Shafts  and  Couplings.” 
When  sizing  the  shaft,  allow  for  possible  later  modifications  of  the  inducer  design  by 
adding  10  to  15  percent  to  the  diameter  required  by  structural  analysis. 


3.4.3.2  Torque  Transmission 

The  torque  transmission  device  shall  be  sized  for  the  maximum  torque  load, 
considering  potential  cyclic  variations. 

Shear  pins  or  keys  normally  are  limited  to  low-torque  applications.  Splines  are 
recommended  for  high-torque  applications.  Preferably,  the  arrangement  of  keys  or 
splines  should  allow  assembly  in  only  one  position  so  that  proper  balancing  is  main- 
tained after  reassembly. 

3.4.4  Piloting 

The  inducer  shall  be  piloted  radially  in  the  pump  rotor  assembly  at  all  op- 
erating conditions. 

When  the  design  involves  centrifugal  stresses  large  enough  to  cause  the  inducer 
to  come  loose  on  the  shaft,  an  inverted  or  external  type  of  piloting  is  recommended. 
In  this  design,  the  inducer  is  piloted  inside  a groove  or  in  a hole  in  the  center  of 
the  shaft  (fig.  19). 


Inducer 


Figure  19. — External  piloting. 


3.4.5  Axial  Retention 

3.4.5. 1 Axial  Preload 

The  axial  preload  at  assembly  shall  be  adequate  to  withstand  maximum 
hydrodynamic  forces  including  dynamic  forces,  thermal  contraction,  cen- 
trifugal contractions  including  “Poisson’s"  contractions,  and  unbalance. 

Dynamic  forces  cannot  be  known  in  advance;  they  may  be  estimated  to  be  30  per- 
cent of  the  steady  hydrodynamic  forces.  Thermal  contractions  should  be  calculated 
on  the  basis  of  a slow  chilldown  period  and  should  include  the  effects  of  differen- 
tial expansion  or  contraction  due  to  differences  in  thermal  expansion  coefficients. 
In  the  event  of  a fast  chilldown,  thermal  effects  due  to  different  rates  of  cooling 
should  be  considered  and  evaluated. 

Radial  stresses  due  to  centrifugal  loads  produce  a radial  elongation  of  the  material 
with  an  accompanying  contraction  in  the  axial  direction  (the  Poisson  effect).  These 
dimensional  changes  should  be  determined  from  the  general  stress  condition  by 
using  the  Poisson  ratio  of  the  material  (this  ratio  has  the  approximate  value  of  0.3 
for  most  materials  of  construction).  The  Poisson  effect  may  produce  loose  fits  that 
otherwise  would  not  be  expected,  and  it  therefore  must  be  carefully  evaluated  for 
the  materials  and  stresses  involved  (ref.  87). 

Unbalance  should  be  identified  by  dynamic  balancing,  and  then  compensated. 
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3A5.2  Fastener  Unloading 


Bolts  and  studs  in  rotating  assemblies  shall  not  yield  or  unload  under  op- 
erating conditions. 

Avoid  any  permanent  deformation  that  would  cause  the  assembly  to  come  loose. 
Bolts  and  studs  should  be  installed  by  measured  amounts  of  .stretch  wherever  prac- 
tical. Three  general  methods  may  be  employed: 

(1)  If  both  ends  of  a bolt  are  accessible,  it  may  be  measured  with  large  out- 
side micrometers.  Usually  the  rotor  parts  being  clamped  undergo  measur- 
able compression,  and  therefore  individual  bolts  in  bolt  circles  must  be 
progressively  stretched. 

(2)  Stud  stretch  is  generally  measured  by  determining  the  change  in  length  of 
a concentric  center  hole.  This  hole  must  pass  through  the  entire  working 
length  of  the  stud. 

(3)  If  measurement  along  a center  hole  is  not  practical,  the  increased  protru- 
sion of  the  nut  end  may  be  measured.  Compression  of  the  clamped  parts 
must  then  be  accounted  for,  or  determined  to  b@  laegligible. 

The  effect  of  chilling  of  parts  by  cryogenic  propellants  must  be  analyzed,  and  the 
combined  effect  of  the  axial  shortening  of  rotating  parts  due  to  Poisson’s  effect 
coupled  with  radial  growth  due  to  centrifugal  force  must  be  accounted  for.  Such 
effects  are  particularly  important  when  assemblies  are  composed  of  various  mate- 
rials with  different  coefficients  of  thermal  contraction  and  different  moduli  of  elasticity. 


S.4.5.3  Preload  Control 

The  inducer  axial  retention  preloads  at  assembly  shall  be  sufficient  to  pre- 
clude separation  and  fretting  during  operation  and  shall  be  accurately 
controlled. 

To  achieve  uniform  axial  preloading  of  through-bolts,  measure  the  bolt  elongation 
or  the  nut  rotation.  The  use  of  bolt  torque  measurements  in  critical  load  applica- 
tions is  not  recommended  because  the  variation  in  friction  coefficient  makes  this 
method  an  unreliable  index  to  preloading. 


3.4.S.4  Galling,  Fretting,  and  Seizing 

Parts  in  rotating  assemblies  shall  not  experience  galling,  fretting,  or  seizing. 

It  is  recommended  that  threaded  joints  and  mating  surfaces  be  coated  with  a suit- 
able lubricant  (ref.  88)  or  that  they  be  silver  plated.  The  tendency  of  titanium  to 
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gall  and  seize  has  not  yet  proved  to  be  a problem  in  inducer  applications;  however, 
whenever  possible,  a dry-film  lubricant  that  is  chemically  compatible  with  the  pro- 
pellant should  be  used. 

To  eliminate  or  reduce  fretting  of  the  shaft  and  hub  splines,  a spline  drive  should 
have  interference-fit  pilot  diameters  at  each  end  of  the  spline,  or  the  spline  teeth 
should  have  an  interference  fit  under  all  operating  conditions.  For  oxidizer  applica- 
tions, it  is  recommended  that  the  radial  pilot  surfaces  be  coated  with  an  acceptable 
lubricant  (ref.  88)  or  that  they  be  silver  plated.  When  the  radial  stack  interference 
fit  requirements  are  evaluated,  the  relative  thermal  contractions,  the  centrifugal  de- 
flections, and  the  steady-state  and  oscillatory  hydrodynamic  loading  extremes  should 
be  identified  and  included  in  the  calculations. 


3.4.6  Clearance  Effects 

The  blade  tip  or  shroud  radial  and  axial  clearances  shall  be  as  small  as 
possible,  but  always  sufficient  to  preclude  detrimental  rubbing  between  in- 
ducer and  housing  under  any  operating  condition. 

Pump  rotating  parts  must  not  be  allowed  to  rub  metal-to-metal  in  oxidizer  pumps. 

Practically  attained  minimum  values  of  the  inducer  clearance-to-blade  length  ratio 
are  0.5  percent  for  fuel  and  2.0  percent  for  oxidizer ' applications.  When  closer  clear- 
ances are  required  for  oxidizer  applications,  a Kel-F  liner  or  its  equivalent  should 
be  used  for  the  inducer  casing.  Since  Kel-F  has  poor  wearing  properties  at  room 
temperature,  it  should  not  be  used  for  water  tests.  The  use  of  a Kel-F  coating  is 
shown  in  figure  20. 

For  pumps  in  which  efficiency  is  not  important,  a large  clearance  can  be  used  to 
prevent  rubbing.  For  most  rocket  pumps,  however,  efficiency  and  suction  perform- 
ance are  important  enough  to  justify  a more  sophisticated  design.  The  preferred 
practice  is  to  house  open  impellers  or  inducers  in  a nonmetallic  “tunnel”;  with  this 
arrangement,  slight  rubbing  can  be  allowed.  For  shrouded  impellers  or  inducers  where 
nonmetallic  wearing  rings  are  used,  multiple  lands  should  be  provided  in  the  wear- 
ing rings  to  sustain  rubbing  with  the  lowest  resisting  torque. 

The  calculation  of  minimum  required  clearances  must  consider  (1)  manufacturing 
tolerances;  (2)  differential  thermal  expansion  of  inducer  and  housing  including  pos- 
sible distortions  occurring  during  chilldown  and  operation;  (3)  change  in  dimensions 
produced  by  operating  conditions  (e.g.,  centrifugal  strain  of  blade  and  hub  and 
deflections  due  to  bending  of  the  blade);  (4)  potential  radial  shaft  and  bearing  de- 
flections resulting  from  unbalanced  inertia  forces  and  radial  hydrodynamic  loads; 
and  (5)  potential  axial  displacements  resulting  from  thermal  and  mechanical  causes, 
if  the  inducer  tip  contour  is  not  cylindrical. 


70 


Figure  20. — Liquid-oxygen  inducer,  reduced  tip  clearance. 


The  maximum  hydrodynamic  loads  should  be  considered  in  selecting  the  inducer 
tip  clearances.  The  radial  load  should  be  considered  equal  to  30  percent  of  the  in- 
ducer axial  thrust  unless  better  values  are  available.  The  following  practices  are 
recommended  to  minimize  the  possibility  of  interference  rubbing: 

(1)  Provide  adequate  running  clearances  for  steady-state  operation. 

(2)  Design  to  minimize  housing  deflections. 

(3)  Account  for  all  extremes  of  thermal  deflections. 

(4)  Account  for  loads  induced  by  engine  malfunction,  such  as  discharge  valves 
not  opening  or  closing  in  programmed  sequence. 

If  models  of  cryogenic  pumps  are  to  be  tested  in  other  fluids,  make  proper  allow- 
ance for  different  stackups,  fits,  and  clearances.  To  get  comparable  test  results,  the 
design  should  be  modified  to  maintain  the  clearance-to-blade  length  ratio  c/L  while 
running  in  the  test  fluid. 
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3.4.7  Shroud 


The  thickness  of  the  shroud  and  its  attachment  to  the  blades  shall  be  ade- 
quate for  centrifugal  loading  effects  from  the  shroud’s  mass  and  for  the 
effect  of  the  blades. 

The  inducer  shroud  thickness  should  be  the  minimum  consistent  with  the  centrifugal 
forces  and  the  loads  at  the  shroud-blade  junction,  as  determined  by  a detailed  stress 
analysis  of  the  compound  stress  conditions  in  the  shroud-blade  structure  combined  with 
a knowledge  of  material  properties. 

The  method  of  attachment  of  the  shroud  to  the  blading  must  be  such  that  all  junc- 
tion loading  can  be  adequately  transferred  to  the  blade.  Integrally  machined  or  cast 
shrouds  are  recommended.  Attaching  the  shroud  by  welding  is  acceptable  when  the 
weld  is  inspected  carefully  by  X-ray  or  other  means.  Brazing  is  not  recommended  for 
high-operating-stress  regions  or  for  cryogenic  applications. 


3.4.8  Misassembly 

The  design  of  rotating  assemblies  (rotors,  turbine  discs,  blading,  spacers 
and  other  symmetrical  or  near-symmetrical  parts)  shall  preclude  backward 
installation. 

When  only  one  orientation  for  a part  is  permissible,  preclude  misassembly  in  one 
of  the  following  ways: 

(1)  Stepped  land  sizes  on  studs. 

(2)  Missing  tooth  (and  mating  space)  on  splines. 

(3)  Nonsymmetrical  hole  patterns  for  multiple  bolt  or  stud  fastening. 

(4)  Fixed  dowel  pins  or  keys  (used  mostly  for  stationary  parts  or  lightly 
loaded  rotary  parts). 


3.4.9  Rotation  Direction 

The  direction  of  inducer  rotation  shall  be  consistent  with  the  direction  of 
rotation  of  the  pump  rotor  assembly. 

To  avoid  any  inadvertent  mismatch  of  the  direction  of  rotation  for  the  various 
components  of  a turbopump,  -^reparation  of  an  axonometric  schematic  of  the  com- 
plete rotor  assembly,  showing  direction  of  rotation,  should  be  the  first  order  of 
business  for  the  layout  designer.  Provide  ©opies  to  all  those  involved  with  design 
and  assembly. 
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3.4.10  Inducer  Balancin'^ 

Inducer  dynamic  balance  shall  satisfy  requirements  imposed  by  the  pump- 
ing system. 

A two-plane  dynamic  balancing  should  be  performed  on  a balancing  machine  of  suit- 
able size.  Further  balancing  of  the  entire  pump  or  turbopump  assembly  should  be 
done  as  required. 

Typical  turbopump  practice  for  speeds  of  around  30,000  rpm  is  to  balance  to  within 
0.01  oz-in.  per  balance  plane  for  a two-plane  balance  on  a part  weighing  10  to  15  lb. 

For  oxidizer  pumps,  balancing  should  be  accomplished  through  metal  removal  only; 
holes  or  grooves  for  weight  addition  should  not  be  used. 

Metal  removal  on  hydrodynamic  surfaces  should  be  within  the  tolerance  band  of 
the  surface.  The  cut  must  be  faired  smoothly  into  the  blade  surface. 

3.5  Material  Selection 

Material  strength  properties  used  in  material  selection  shall  be  the  minimum 
guaranteed  properties. 

The  minimum  guaranteed  material  properties  are  established  as  military  standards. 
Because  of  the  statistical  nature  of  the  distribution  of  test  results  for  material  prop- 
erties, a one-sided  tolerance  factor  for  evaluating  compliance  of  test  data  with  speci- 
fications should  be  used.  Values  of  99  percent  for  conformance  or  probability  and 
95  percent  for  confidence  level  are  recommended  (ref.  68,  par.  1.4.1.1,  Basis  A). 
All  materials  should  be  compared  on  the  basis  of  the  minimum  guaranteed  proper- 
ties in  accordance  with  these  recommended  values  for  statistical  significance. 

3.5.1  strength 

The  inducer  material  shall  possess  the  best  strength-to-density  ratio  for  the 
particular  inducer  needs,  provided  it  meets  all  the  criteria  in  sections  3.5.2 
and  3.5.3. 

The  strength  properties  should  include  the  ultimate,  yield,  elongation,  and  endur- 
ance limits  of  the  material.  In  the  choice  of  material,  the  relative  importance  of  these 
limits  for  the  application  in  question  should  be  considered.  Aluminum  and  titanium 
forgings  are  the  preferred  inducer  material  choices  for  minimum  weight  but  are 
subject  to  limitations  noted  in  sections  3.5.2  and  3.5.3. 
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S.5.2.2  Stress  Corrosion 


The  inducer  material  shall  possess  acceptable  msisiance  to  stress  corrosion. 

When  residual  stresses  are  imposed  by  the  manufacturing  method  ;r  by  assembly, 
the  7075-T73  aluminum  alloy  should  be  preferred  to  the  2014-T6  aluminum  alloy, 
which  has  a low  stress-corrosion  threshold.  Similarly,  titanium  alloys  should  not 
be  used  in  brown  N2O4  (i.e.,  uninhibited  nitrogen  tetroxide  containing  over  1.00 
percent  nitric  oxide). 


3.5.2.S  Degradation  by  Fluids 

Inducer  materials  such  as  titanium  and  aluminum  alloys  shall  not  experience 
degradation  from  fluids  or  solvents  used  during  cleaning,  processing,  or 
operation. 

Cleanlinr  ss  of  the  parts  is  of  the  utmost  importance  prior  to  any  welding  or  ther- 
mal treatment  of  titanium;  however,  halogenated  solvents  should  never  be  used 

prior  to  any  welding  or  thermal  treatment.  Methanol  causes  stress  corrosion  in 
titanium  alloys  at  room  temperature;  it  should  never  be  employed  for  any  proc- 
essing, testing,  or  operational  service  in  contact  with  titanium  alloys. 

3.5.3  Special  Properties 

3.5.3. 1 Cavitation 

The  resistance  of  the  inducer  material  to  cavitation  damage  shall  be  ade- 
quate for  the  intended  use. 

A steel  alloy  such  as  K-Monel  or  Inconel  718  is  recommended  'or  low-speed,  cavi- 
tating  oxidizer  inducers.  A titanium  alloy  is  recommended  for  cavitating  fuel  in- 
ducers. Aluminum  alloys  should  be  avoided  wherever  cavitation  erosion  may  affect 
the  useful  life  and  performance.  When  aluminum  alloys  are  used,  they  should  be 
protected  with  anodic  coatings  as  described  in  section  3.5.2. 1. 

3.5.3.2  Thermal  Environment 

The  mcterial  shall  withstand  the  thermal  environment  at  operating  conditions 
without  excessive  degradation. 

Excessive  brittleness  at  low  temperatures  must  be  avoided  for  cryogenic  applica- 
tions. The  titanium  alloy  Ti-5Al-2.5Sn  ELI  is  recommended  for  liquid-hydrogen  tem- 
perature (-423°  F).  Both  Ti-5Al-2.5Sn  ELI  and  Ti-6A1-4V  ELI  are  recommended 


at  liquid-nitrogen  temperature  (—320'’  F).  All  the  recommended  aluminum  alloys 
are  satisfactory  for  operation  from  room  temperature  down  to  liquid-hydrogen  tem- 
perature. If  they  are  made  of  the  recommended  alloys,  parts  that  are  of  suitable 
strength  at  ambient  temperatures  are  still  stronger  at  cryogenic  temperatures. 


3.5.3.S  Fabrication 

The  material  shall  be  suitable  for  the  intended  manufacturing  and  fabrication 
method. 

A cast-aluminum  inducer  would  be  the  proper  choice  for  low-stress  applications  when 
low  cost  is  important.  Aluminum  is  easy  to  forge  and  machine,  but  welding  or  braz- 
ing this  material  is  not  practicable. 

Titanium  alloy  parts  are  more  expensive  to  machine  than  comparable  parts  of 
aluminum  alloys  but  are  less  expensive  than  alloys  such  as  Inconel  718  or  Rene'  41. 
The  recommended  titanium  alloys  can  be  welded  readily  by  either  gas-tungsten 
arc  or  electron-beam  processes.  Proper  welding  procedures  should  be  observed  for 
titanium  alloys. 

3.6  Vibration  Considerations 

3.6.1  High-Frequency  Fatigue 

The  inducer  blades  shall  not  experience  vibration  amplitudes  above  the 
fatigue  limit. 

Design  the  inducer  initially  from  strength  considerations  alone  and  then  analyze 
(ref.  69)  the  vibration  behavior  of  known  problem  areas  of  the  blade,  such  es  Jeading- 
and  trailing-edge  corner  flap  and  flutter.  To  prevent  fatigue  failure,  the  blade  should 
be  sized  so  that  oscillatory  stresses  are  kept  below  the  endurance  limit. 

3.6.2  Resonance 

The  blades  shall  not  experience  resonant  vibration  produced  by  fixed-wake 
forcing  frequencies. 

It  is  recommended  that  at  least  a 15-percent  margin  between  blade  frequency  and 
wake  frequency  be  maintained  in  the  operating  speed  range.  It  is,  however,  some- 
times difficult  to  achieve  this  margin.  It  is  established  practice  to  consider  only 
first-  and  second-order  harmonic  vibration  for  inducer  blades.  Both  upstream  and 
downstream  wakes  should  be  considered  as  the  source  of  forcing  frequencies.  The 
blade  natural  frequencies  and  fixed-wake-  forcing  frequencies  should  be  compared  on 
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a Campbell  diagram  (ref.  89)  to  determine  the  critical  speeds  at  which  resonant 
vibration  will  occur.  Where  possible,  obtain  the  recommended  margin  by  chang- 
ing the  obstacle  producing  the  wake.  Otherwise,  modify  the  blade  to  change  its 
natural  frequency. 


3.6.3  Self-Induced  Vibration 

The  blades  shall  not  experience  flutter  resulting  from  self-induced  oscillations. 

Blade  flutter  should  be  alleviated  by  trimming  back  the  leading  or  trailing  edges 
or  by  adding  a shroud  to  the  inducer.  The  recommended  trimming  angles  are  60° 
to  140°  wrap  for  the  leading  edge  and  20°  to  40°  for  the  trailing  edge.  If  the  blades 
are  trimmed  back,  the  axial  length  of  the  inducer  should  be  increased  to  maintain 
adequate  solidity  of  the  blading. 


3.6.4  Determination  of  Blade  Natural  Frequencies 

The  blade  natural  frequencies  shall  be  determined  by  vibration  analysis  and 
by  testing. 

The  initial  vibration  analysis  should  establish  nominal  values  for  blade  frequencies 
based  on  blade  geometry  and  material  and  nominal  operating  conditions.  The  effects 
of  blade  manufacture  and  actual  conditions  of  use  on  the  nominal  values  should 
be  accounted  for  by  following  the  practices  set  forth  in  sections  3.6.4.1  through 
3.6.4.4.  Because  present  analytical  techniques  give  only  approximate  results,  the 
values  for  blade  frequencies  must  be  verified  by  testing  a prototype  inducer  as  re- 
quired in  section  3.6.4.S. 


3.6.4, 1 Tolerance  Bands 

In  the  determination  of  the  natural  frequency  bands,  the  vibration  analysis 
of  the  blade  shall  take  into  account  the  blade  dimensional  tolerance  bands. 

The  blade  should  be  analyzed  for  the  maximum  root-minimum  tip  thickness  and 
minimum  root-maximum  tip  thickness  to  determine  the  natural  frequency  bands. 


3.6.4.2  Centrifugal  Stiffening 

The  vibration  analysis  shall  consider  the  effect  of  centrifugal  stiffening  on 
the  blade  natural  frequencies. 

The  restoring  component  of  the  centrifugal  force  should  be  added  to  the  restoring 
force  due  to  the  blade  elastic  bending  properties. 
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S.6.4.3  Temperature  Effects 


The  vibration  analysis  shall  account  for  the  effect  of  the  operating  tempera- 
tures on  the  elastic  properties  of  the  material. 

The  effect  of  cryogenic  temperatures  on  the  elastic  modulus  of  the  material  is  to 
raise  the  natural  frequency.  If  operation  with  a test  fluid  different  from  the  design 
fluid  is  contemplated,  the  resulting  frequency  bands  should  be  corrected  by  use  of 
the  relationship 


^op  / Eqp 

= W — (80) 

ntest  ' “test 

where  and  are  frequencies  under  operating  and  test  conditions,  respectively, 
and  E„p  and  Et^st  are  the  corresponding  values  for  the  material  elastic  modulus. 


3.6.4.4  Virtual  Mass  Effect 

The  vibration  analysis  shall  include  the  effects  of  the  virtual  mass  of  fluid 
moving  with  the  blade  under  operating  conditions. 

The  reduction  in  blade  natural  frequencies  should  be  determined  or  verified  by  pro- 
totype testing.  The  following  reductions  (ref.  90)  should  be  taken  as  order-of-mag- 
nitude  values  giving  estimates  of  the  effect:  a 4-percent  reduction  of  the  fundamental 
frequency  in  liquid  hydrogen,  and  a 24-  to  31-percent  reduction  (two  different  de- 
signs) in  liquid  oxygen.  The  effect  of  the  virtual  mass  may  be  estimated  by  the  ap- 
proximate relationship 


np  = — (81) 

V 1 + K(pp/Pbi) 

where  np  and  no  are  frequency  with  and  without  fluid,  respectively,  K is  a constant 
factor  characteristic  of  the  blading  considered,  and  pp  and  p^t  ^.re  densities  of  fluid 
and  blade  material,  respectively.  The  value  of  K should  be  determined  in  each  case 
from  test  results.  No  analytical  approach  is  recommended  at  present.  The  effect 
should  be  allowed  for  when  the  results  of  blade  vibration  tests  in  air  are  reduced 
to  inducer  operating  conditions. 


3.6.4.5  Natural  Frequencies 

Vibration  tests  on  each  prototype  inducer  design  shall  verify  and  accurately 
determine  the  blade  natural  frequencies. 
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The  vibration  tests  should  include  excitation  in  air  and  in  the  pumping  fluid  medium 
if  possible.  The  modes  of  vibration  can  be  determined  by  fuller’s  earth,  stroboscopic 
films,  strain  gages,  or  accelerometers  during  the  shake  test. 


3.7  Structural  Considerations 
3.7.1  Blade  Loading 

The  load  analysis  shall  determine  critical  loads  on  blades  for  both  steady-state 
and  alternating  conditions,  encompassing  all  anticipated  hydrodynamic  and 
inertia  loads  in  the  operating  and  test  range. 


It  is  recommended  that  aU  loads  and  forces  be  calculated  on  the  basis  of  a mechanical 
design  speed  that  is  110  percent  of  the  maximum  speed  or  120  percent  of  nominal  speed, 
whichever  is  higher.  The  critical  blade  loadings  should  be  based  on  the  worst  flow/ 
NPSH/speed  conditions  that  can  occur  during  operation  or  tescing.  Particular  attention 
should  be  paid  to  situations  where  test  conditions  differ  from  the  design  conditions. 


The  minimum  flow-maximum  NPSH  condition  should  be  used  to  define  the  leading  edge 
loading  of  the  blades,  and  the  minimum  flow-minimum  NPSH  condition  should  be 
used  to  define  blade  loadings  in  the  channel  section  of  the  blade.  Use  a computer 
program  like  that  provided  in  reference  79  to  calculate  the  leading-edge  loading.  The 
channel  loading  may  be  calculated  by  a computer  program  based  on  an  axisymmetric 
or  blade-to-blade  solution  of  the  noncavitating  inducer  flow,  or  it  may  be  determined 
by  using  the  theory  of  simple  radial  equilibrium  to  calculate  the  pressure  distribution 
on  the  blades. 


The  study  of  oscillatory  blade  loads  should  include  the  effects  of  periodic  flow  fluctua- 
tions, circumferential  nonuniformities  of  flow  and  pressure  wakes  from  ribs  or  stator 
blades,  and  random  vibrations.  Since  these  effects  are  not  predictable  at  the  design 
phase,  assume  an  alternating  load  equal  to  20  to  30  percent  of  the  steady-state  hydro- 
dynamic  loads.  Use  accurate  values  for  the  important  fluid  properties  that  affect  the 
structural  analysis:  density,  temperature,  pressure,  and  vapor  pressure.  These  determine 
hydrodynamic  forces  and  affect  material  properties  and  NPSH  values. 


If  models  of  cryogenic  pumps  are  to  be  tested  in  other  fluids,  attention  should  be  di- 
rected to  the  change  in  stress  level  that  results  from  the  change  in  fluid  density  and 
pump  speed.  A stronger  material  may  have  to  be  used,  or  one  of  lower  stress  capabil- 
ity may  be  satisfactory  for  the  model,  depending  on  strength  and  cost  considerations. 
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3.7.2  Blade  Stress 


The  stress  analysis  shall  determine  critical  values  of  stress  and  strain  for  both 
steady-state  and  alternating  conditions,  based  on  the  established  critical  loads 
and  inducer  geometry  with  proper  allowance  for  manufacturing  tolerances. 

It  is  recommended  that  the  critical  stress  regions  corresponding  to  potential  failure 
lines  be  found  by  plotting  the  stress  level  at  various  locations  on  the  blade.  These 
stresses  may  be  found  by  the  methods  described  in  section  2.7.2.  Critical  sections  are 
normally  at  the  root  junction  or  close  to  it,  or  on  bending  lines  for  a blade  corner. 
Blade  corners  may  be  rounded  off  to  reduce  bending  stresses.  The  effect  of  manufac- 
turing tolerances  on  blade  dimensions  should  be  evaluated  by  using  minimum  root 
thickness  and  maximum  tip  thickness. 


3.7.2. 1 Discontinuities 

The  stress  analysis  shall  include  the  effect  of  stress  concentrations  due  to  dis- 
continuities at  bolt  holes  and  keyways  or  splines  in  the  inducer  hub  and  at  the 
blade-hub  and  blade-shroud  junctions. 

It  is  recommended  that  the  stre/is-concentration  factor  for  blade  root  fillets  or  other 
discontinuities  be  applied  to  the  blade  alternating  stress  before  the  Goodman  diagram 
is  used  to  determine  the  blade  structural  adequacy.  The  endurance  limit  is  reduced 
by  stress-concentration  effects  on  the  alternating  stress  but  not  by  its  effects  on  the 
mean  stress  for  ductile  materials.  The  full  theoretical  stress-concentration  factor  Kt 
should  be  used  if  actual  stress-concentration  factors  Ktf  are  not  available. 


S.7.2.2  Load  Concentrations 

The  stress  analysis  shall  identify  and  analyze  peak  stress  regions  associated 
with  hub-profile  load  concentrations. 

The  blade  centrifugal  pullout  of  the  hub  and  reversals  in  the  hub  profile,  together  with 
discontinuities  due  to  splines,  keyways,  and  eccentric  bolt  holes,  should  be  considered 
potential  failure  areas  (refs.  83,  91-96).  A special  study  of  these-  local  problem  areas 
is  recommended. 


3.7.3  Hub  Strength 

Stress  analysis  shall  verify  that  the  disc  burst  speed  for  the  inducer  hub  is  at 
the  level  required. 

The  disc  burst  speed  for  the  inducer  hub  should  be  determined  from  the  relationship 
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V OAT,  burst 

(82) 

Oat 

where  o^^  u,  t«-.e  average  tangential  stress  in  the  disc  at  the  speed  n and  o^^  is  the 
average  tangential  stress  at  the  burst  speed  itburst*  The  average  tangential  stress  must 
be  calculated  for  the  weakest  cross  section  of  the  disc  according  to  equation  (59); 


Oat 


where  A'u  is  the  meridional  cross-sectional  area  of  the  disc  (or  hub)  at  its  weakest 
section  (i.e.,  allowing  for  bolt  holes,  splines,  etc.)>  and  the  integral  represents  the  total 
centrifugal  force  acting  on  one-half  the  disc  (or  hub);  o,  is  the  tangential  stress  at  the 
speed  considered  acting  on  the  area  element  dA„. 


Tiie  average  tangential  stress  at  burst  Oj^.barst  is  obtained  from  the  empirical  rela- 
tionship 


Oat,  burst  — fb^tu  (83) 

where  is  the  material  ultimate  tensile  strength  from  the  guaranteed  minimum  prop- 
erties and  fb  is  a so-called  burst  factor.  The  factor  has  been  established  experi- 
mentally as  a function  of  a disc  design  factor  f^,  which  represents  the  nonuniformity  of 
the  stress  distribution  existing  in  the  disc  in  the  unyielded  state,  and  also  as  a function 
of  the  material’s  capability  to  yield;  specifically,  the  elongation  e measured  on  a test 
rod  over  a length  equal  to  4 diameters  of  the  rod.  This  combined  functional  relation- 
ship is  presented  in  figure  21.  This  relationship  must  be  used  to  determine  U from  a 
knowledge  of  for  the  disc  in  question. 

The  design  factor  is  defined  by  the  ratio 


fa  = (84) 

a mt 

calculated  at  some  speed  n,  where  v’mt  is  the  maximum  tangential  stress  in  the  disc 
including  stress-concentration  effects  at  eccentric  bolt  holes  and  at  the  base  of  spline 
teeth  in  a central  hole,  i.e., 

v*BiT  = ffMT  times  stress-concentration  factor 

VMT  = maximum  tangential  stress  obtained  from  the  basic  stress  analysis  for  elastic 
doiormation 
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Percent  elongation  in  four  diameters,  e% 

Figure  21. — Burst  factor  vs.  elongation  for  various  design  factors. 


3.7.S.2  Yield  Speed 

Stress  analysis  shall  verify  that  the  disc  yield  speed  is  at  the  level  required. 
The  disc  yield  speed  should  be  calculated  from 


Uyleld  — n 


(85) 


where  F,y  is  the  yield  strength  of  the  material.  The  calculation  of  <r^T  is  described 
above.  The  value  for  n^ioid  is  straightforward,  as  shown. 


3.7.3.S  Safety  Factors  on  Hub  Speeds 

The  inducer  burst  si:  -d  and  yield  speed  .shall  provide  adequate  safety  factors 
relative  to  the  mechanicul  design  speed. 


Recommended  values  of  these  safety  factors  are  1.20  for  the  inducer  burst  speed  and 
1.05  for  the  inducer  yield  speed.  These  values  give  the  ratio  of  inducer  burst  speed  or 
yield  speed  to  mechanical  design  speed  (sec.  3.7.1). 
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3.7.4  Shaft  Shear  Section  Strength 

The  rotor  shaft  shear  section  shall  be  sized  on  the  basis  of  the  allowable  shear 
stress  for  the  compound  stress  condition. 


Inducer  shaft 
shear  section 


Spline 


Figure  22. — Shear  section. 

The  inducer  shaft  shear  section  (fig.  22)  should  be  sized  according  to  the  following 
relationship  (adapted  from  eq.  (37)  in  ref.  56)  for  the  allowable  shear  stress; 


To 


/ bsFty  \ 

' nuitVT  ^ 


J l-( 

’ LbFty  f 


1 + 


( 


Kf«/  Fly 


)(— ) 

/ \ To  ' 


(86) 


where 


U = (4/w)L, 

L,  = 4/3  [1  - (d,/d<,)3]/[l  - (d,/do)4] 


(86a) 

(86b) 


and 


^uu  = safety  factor  against  ultimate  failure 
Ktj/  = fatigue  notch  factor  for  shear  stress 
Fe  = material  endurance  strength,  Ibf/in.2 
TO  = allowable  shear  stress,  lbt/in.2 
Tait  = alternating  shear  stress,  Ibf/.’n.2 
ffax  = axial  stress,  lbf/in.2 

di  and  do  = inside  and  outside  diameters  of  hub  shear  section,  in. 

Note:  LbFty  < material  ultimate  strength.  Allowan'.;e  for  alternating  shear  should  be  made  by 
assuming  Tait/To  = 0.05. 
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3.7.5  Safety  Factors 

Safety  factors  shall  be  based  on  the  guaranteed  minimum  material  properties 
at  the  operating  condition. 

The  endurance  limit,  ultimate,  and  yield  data  should  be  modified  to  represent  actual 
blade  conditions  considering  the  effects  of  temperature,  surface  finish,  residual  stress 
from  the  manufacturing  processes,  material  grain  size,  heat  treatment,  and  type  of 
loading. 


3.7.5. 1 Fatigue  Failure 

The  safety  factor  against  fatigue  failure  shall  be  based  on  a Goodman  diagram 
constructed  from  experimental  values  for  material  fatigue  strength. 

Because  the  nature  of  the  blade  alternating  stress  cycle  generally  is  unknown,  it  is 
recommended  that  the  endurance  limit  strength  values  be  used  in  constructing  the 
Goodman  diagram  (ref.  68),  figure  23.  In  using  the  Goodman  diagram,  the  stress- 
concentration  factor  should  be  applied  for  the  alternating  stress  only.  Peak  stress 
points  should  be  considered  at  all  radii.  In  general,  the  blade  root  fillet  tangent  plane 
is  most  critical. 


3.7.5.2  Ultimate  Failure  and  Yielding 

Safety  factors  against  ultimate  failure  and  yielding  shall  be  based  on  the  peak 
stress  (Vmoan  + ‘^ait)  that  includes  the  stress-concentration  effects  caused  by 
discontinuities. 

The  magnitude  of  the  stress-concentration  factor  should  be  based  on  the  ability  of  the 
material  to  yield.  For  brittle  materials  with  low  ductility  and  notched  strength  less 
than  unnotched  strength,  the  full  theoretical  value  of  the  stress-concentration  factor 
should  be  used  in  determining  the  peak  stress.  For  materials  with  high  ductility  and 
notched  strength  greater  than  unnotched  strength,  the  stress-concentration  factor  ap- 
proaches 1 as  yielding  occurs  and  therefore  can  be  neglected  in  the  prediction  of  the 
peak  stress. 
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Figure  23. — Goodman  diagram. 

S.7.5.3  Values  for  Safety  Factors 

The  safety  factors  on  yield,  ultimate,  and  fatigue  strength  shall  be  adequate  for 
all  stress  conditions  and  shall  be  consistent  with  well-established  design 
practice. 

Experience  indicates  that  the  following  safety  factors  have  been  adequate  for  success- 
ful inducer  design: 

Fatigue,  nf  = 1.5 
Ultimate,  n„,t  = 1.5 
Yield,  n,  = 1.1 

These  safety  factors  are  based  on  stress  levels  obtained  at  the  mechanicai  design  speed. 
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If  the  alternating  stress  component  is  accurately  determined,  the  fatigue  safety  factor 
could  justifiably  be  reduced.  The  safety  factors  are  highly  dependent  on  strict  quality 
control  practices. 


3.7.6  Hub  Stress  Verification 

For  high-speed  inducer  designs,  the  inducer  spin  test  shall  verify  the  predicted 
hub  stress. 

When  centrifugal  stresses  govern  the  design,  a prototype  inducer  should  be  run  to 
destruction.  Adequate  instrumentation  should  be  provided  such  that  the  stress  dis- 
tribution and  critical  deflections  can  be  obtained  to  verify  the  calculations. 

3.7.7  Inducer  Proof  Test 

The  inducer  spin  proof  test  shall  verify  the  predicted  structural  capability  of 
the  inducer. 

Spin  testii^g  is  recommended  when  the  mechanical  design  speed  exceeds  60  percent 
of  the  burst  speed  in  the  operating  environment.  The  proof-test  spin  speed  should 
subject  the  inducer  material  to  strains  equal  to  or  greater  than  the  centrifugal  strains 
it  will  experience  during  operation,  and  should  demonstrate  the  same  maximum  cen- 
trifugal stress-to-available-strength  ratio  as  that  which  will  occur  at  the  mechanical 
design  operating  conditions.  The  spin  speed  should  not  exceed  the  speed  at  which 
gross  yielding  will  occur  or  induce  partial  failure  by  approaching  the  room-temperature 
burst  speed.  It  is  recommended  that  the  spin  speed  have  no  less  than  10-percent 
margin  on  the  room-temperature  burst  speed.  A spin  duration  of  no  less  than  2 min- 
utes is  recommended. 
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GLOSSARY 


Symbol 

Definition 

Remarks 

A 

inducer  inlet  flow  area, 

•n-/4  (D2  - d2) 

Ah 

meridional  cross-sectional  area  of 
inducer  hub,  in.^ 

a 

mathematical  expression,  eq.  (42) 

defined  in  eq.  (42b) 

b 

mathematical  expression,  eq.  (4?) 

defined  in  eq.  (42a) 

b 

exponent  in  eq.  (48) 

approx,  value  = 0.5 

C 

blade  chord  length,  ft 

C 

empirical  constant,  eq.  (17) 

Cp 

pressure  coefficient,  eq.  (61) 

defined  in  eq.  (60) 

c. 

constant  of  integration,  eqs.  (38)  and  (41) 

defined  in  eq.  (43) 

c 

absolute  fluid  velocity,  ft/sec 

c 

radial  clearance,  ft 

eqs.  (54)  and  (55) 

Cl 

specific  heat  of  liquid,  Btu/(lb-®R) 

Cm,  max 

maximum  obtainable  meridional  fluid 
velocity,  ft/sec 

D 

inducer  inlet  tip  diameter,  ft 

Dc 

cavity  diameter,  ft 

Ds 

suction  specific  diameter 

D(NPSH)  VQ'-^ 

D's 

corrected  value  of  (zero  hub  blockage) 

fig.  1 (1  - V2)  V’D, 

d 

inducer  inlet  hub  diameter,  ft 

dit  do 

inside  and  outside  diameters  of  hub 
shear  section,  in. 

E 

material  modulus  of  elasticity 

ELI 

extra-low-interstitial  (content  of 
interstitial  elements) 

e 

elongation  in  4-diameter  length  of  test  rod 

F 

mathematical  expression,  eq.  (26) 

defined  in  eq.  (27) 

Fe 

material  endurance  limit  strength,  lb/in.2 

Ftu 

material  ultimate  tensile  strength,  lb/in.2 

Ftv 

material  yield  strength,  lb/in.2 
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Symbol 


Definition 


FLOX 

h 

fd 

fi 

8 

H 

ffloss 

AH 

AH„,t 

Hz 

h 

he 

Iai 

Ia2 

hi 

Ib2 

IRFNA 

J 

;■ 

K 


mixture  of  liquid  oxygen  and  fluorine 

disc  burst  factor 

disc  design  factor 

column  matrix  of  nodal  forces 

acceleration  of  gravity,  32.174  ft/sec2 

total  head,  ft 

line  friction  head  loss,  ft 

local  total  head  rise,  ft 

net  total  head  rise  per  stage,  ft 

Hertz,  cps 

static  head,  ft 

cavity  height,  ft 

expression  for  integral,  eq.  (43) 

expression  for  integral,  eq.  (43) 

expression  for  integral,  eq.  (43) 

expression  for  integral,  eq.  (43) 

inhibited  red  fuming  nitric  acid 

energy  conversion  factor 

symbol  for  blade  number  in  eq.  (43) 

blade  tip  cavitation  number 


K 

K* 

Kc 

Kmin 

Kt 

Kw 

Ktsf 

k 

hi 


empirical  constant,  eq.  (81) 

minimum  value  of  cavitation  number  K at 
which  blade  will  operate 

cavitation  number  based  on  cavity  pressui 
Pc  instead  of  fluid  bulk  vapor  pressure  p 

cavitation  number  at  supercavitation 
theoretical  stress  concentration  factor 
actual  stress  concentration  factor 
fatigue  notch  factor  for  shear  stress 
thermal  conductivity,  Btu/ (sec-ft-°R) 
square  symmetric  element  stiffness  matrix 


Remarks 


Ps/p 

defined  in  eq,  (43a) 
defined  in  eq.  (43b) 
defined  in  eq.  (43c) 
defined  in  eq.  (43d) 

778.2  ft-lb/Btu 


Pg  Pv 
Vz  pWi^/8 


Pa  Pc 

Vz  pwr^/g 
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Symbol 

Definition 

Remarks 

ks 

empirical  coefficient,  eq.  (54) 

kg  = 0.50  to 
0.65  experimentally 

empirical  coefficient,  eq.  (55) 

k^  = 1.0 

L 

latent  heat,  Btu/lb,  eq.  (14) 

L 

blade  radial  length,  ft 

I<ax 

axial  length  of  blade,  ft 

Lb 

mathematical  expression,  eq.  (86) 

defined  in  eq.  (87) 

Lc 

cavity  length,  ft 

L. 

mathematical  expression,  eq.  (86) 

defined  in  eq.  (88) 

Iw 

length  of  blade  wedge,  ft 

M 

coefficient,  eq.  (48) 

has  value  ^ 0.25  to  0.35 

ms 

mean  or  rms  station 

ml,  m2,  m3 

empirical  exponents,  eq.  (17) 

N 

blade  number 

NPSH 

net  positive  suction  head,  ft 

(Ptotal  Pv)/pF 

NPSHtank 

minimum  net  positive  suction  head  in 
tank  at  operating  conditions,  ft 

n 

shaft  or  hub  speed,  rpm 

n 

natural  frequency  of  blade,  Hz 

measured  at  condition 
shown  by  subscript 

«/ 

safety  factor  for  fatigue 

Jlult 

safety  factor  against  ultimate  failure 

tly 

safety  factor  against  yield  failure 

no 

natural  frequency  of  blade  in  vacuum 
(or  in  atmosphere),  Hz 

Pc 

fluid  vapor  pressure  in  cavity  at  leading, 
edge,  lb/ft2 

Pi 

fluid  static  pressure,  Ib/ft^ 

Ptotal 

total  fluid  pressure  at  any  point,  Ib/ft^ 

Pg  + l/2pfC2 

P» 

fluid  bulk  vapor  pressure,  Ib/ft^ 

Q 

flowrate,  gpm 

Q' 

corrected  flowrate 

Q/(l  - r2) 

R 

radius  of  blade  edge,  in. 

Ro 

Rockwell  hardness  C 
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1 

1 

i 

i 

; Symbol 

Definition 

Remarks 

i r 

radial  coordinate,  ft 

i fpsL 

radius  of  curvature  of  free  streamline,  in. 

' rms 

t 

root  mean  square 

J Xi5  + X22  + -*-  + X„2 

f n ■ ■ 

i re 

blade  wrap,  ft 

j r« 

blade  velocity,  ft/sec 

! S 

1 

blade  or  cascade  spacing,  ft 

‘ttD/N 

; s« 

suction  specific  speed 

nQ'A  (NPSH)  “3/4 

^«jO 

suction  specific  speed  for  zero  clearance 

S's 

corrected  suction  specific  speed 

V(1  - 

,i 

characteristic  suction  specific  speed 
(determined  in  cold  water) 

1 ^'s,amx 

i 

maximum  suction  specific  speed  obtainable 
with  F"- 

1 r 

fluid  bulk  temperature,  “R 

1 TSH 

thermal  suppression  head,  ft 

1 * 

|- 

blade  thickness,  in. 

i Uc 

fluid  velocity  on  cavity  boundary,  ft/sec 

UDMH 

unsymmetric  dimethyl  hydrazine 

u 

blade  tip  speed,  ft/sec 

ttD  r/60 

w 

fluid  velocity  relative  to  blade  at  tip,  ft/sec 

V m2  + c„2 

; Wo 

fluid  velocity  on  cavity  boundary,  ft/sec 

Z 

z 

NPSH  factor 
axial  coordinate,  ft 

2g  (NPSH)tank/C„2 

dz 

change  in  z with  change  in  re,  ft 

Az 

axial  blade  clearance,  ft 

a 

incidence  angle  of  flow  at  blade  leading 
edge,  deg 

a 

thermal  cavitation  parameter 

defined  in  eq.  (14), 
used  in  eq.  (17) 

®cant 

blade  cant  angle,  deg 

®cono 

blade  cone  angle,  deg 

au 

wedge  angle  of  blade,  deg 
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Symbol 


Definition 


Remarks 


i8 

P 

Ap 

Pw 

y 

Ay 

8 

Si 

V 

e 

K 


thermal  factor,  sec^/^ 
blade  angle,  deg 
blade  camber,  deg 

blade  angle  measured  to  suction  side 
of  wedge,  deg 

fluid  angle,  deg 

fluid  turning  angle,  deg 

deviation  angle,  deg 

column  matrix  of  modal  deflections 

hydraulic  efficiency 

blade  wrap  angle  (leading-edge  sweep) , rad 
thermal  diffusivity,  ftVsec 


A blade  lead,  ft 

X blade  lead  per  radian,  it/rad 

\o3  blade  lead  velocity,  ft/sec 

p hub-to-tip  diameter  ratio 

p density,  Ib/ft^ 

S mathematical  expression,  eq.  (72) 

<r  cascade  solidity 

ffait  alternating  stress,  lb/in.2 

ffAT  average  tangential  stress  at  speed  N,  lb/in.2 

ffAT,  burst  average  tangential  stress  at  burst  speed, 

Nburst»  lb/in.2 

ffax  axial  stress,  lb/in.2 

(tmt  maximum  tangential  stress  from  basic  stress 

analysis,  lb/in.2 

ff*MT  maximum  tangential  stress  in  disc  including 

stress  concentration  effects,  lb/in.2 

o’raean  average  stress,  lb/in.2 

n local  tangential  stress,  lb/in.2 

T cavitation  parameter 

Tail  alternating  shear  stress,  lb/in.2 


defined  in  eq.  (16) 


defined  in  eq.  (15),  used 
in  eqs.  (16)  and  (17) 


d/D 

defined  in  eq.  (73) 

(o'max  0'initi)/2 


(u'max  "h  0'min)/2 


(NPSH)/(u2/2g) 
eq.  (86) 
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r? 

\! 


Symbol 

Definition 

Remarks 

TO 

allowable  shear  stress,  lb/in.2 

eq.  (86) 

4> 

flow  coefficient, 

ref,  to  inlet  tip  blade  speed  Cm/u 

f 

head  coefficient. 

ref.  to  inlet  tip  blade 

speed  H/(tt2/g) 

fi 

head  coefficient. 

local  value  at  radius 

r c„/u 

fo 

head  coefficient 

for  zero  clearance 

<■> 

angular  velocity,  rad/sec 

Subscripts 

1 

inlet 

m 

meridional 

2 

outlet 

ms 

mean  or  rms  station 

a 

axial  component 

op 

operating  conditions 

bl 

blade 

opt 

optimum 

burst 

burst  speed 

T 

tip 

d 

design  value 

TE 

trailing  edge 

F 

fluid 

test 

test  conditions 

H 

hub 

u 

tangential  component 

L 

liquid 

V 

vapor 

LE 

leading  edge 

yield 

yield  speed 

1 

local  station 
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NASA  SPACE  VEHICLE  DESIGN  CRITERIA 
MONOGRAPHS  ISSUED  TO  DATE 


ENVIRONMENT 

SP-8005 

SP-8010 

SP-8011 

SP-8013 

SP-8017 

SP-8020 

SP-8021 

SP-8023 

SP-8037 

SP-8038 


Solar  Electromagnetic  Radiation,  June  1965 

Models  of  Mars  Atmosphere  (1967),  May  1968 

Models  of  Venus  Atmosphere  (1968),  December  1968 

Meteoroid  Environment  Model — 1969  (Near  Earth  to  Lunar 
Surface),  March  1969 

Magnetic  Fields — ^Earth  and  Extraterrestrial,  March  1969 
Mars  Surface  Models  (1968),  May  1969 

Models  of  Earth’s  Atmosphere  (120  to  1000  km).  May  1969 

Lunar  Surface  Models,  May  1969 

Assessment  and  Control  of  Spacecraft  Magnetic  Fields, 
September  1970 

Meteoroid  Environment  Model — 1970 
(Interplanetary  and  Planetary),  October  1970 


STRUCTURES 

SP-8001 

SP-8002 

SP-8003 

SP-8004 

SP-8006 

SP-8007 

SP-8008 

SP-8009 

SP-8012 

SP-8014 

SP-8019 

SP-8022 


Buffeting  During  Atmospheric  Ascent,  revised  November  1970 

Flight-Loads  Measurements  During  Launch  and  Exit, 

December  1964 

Flutter,  Buzz,  and  Divergence,  July  1964 
Panel  Flutter,  July  1964 

Local  Steady  Aerodynamic  Loads  During  Launch  and  Exit, 
May  1965 

Buckling  of  Thin-Walled  Circular  Cylinders,  revised  August 
1968 

Prelaunch  Ground  Wind  Loads,  November  1965 
Propellant  Slosh  Loads,  August  1968 
Natural  Vibration  Modal  Analysis,  September  1968 
Entry  Thermal  Protection,  August  1968 

Buckling  of  Thin-Walled  Truncated  Cones,  September  1968 
Staging  Loads,  February  1969 
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SP-8029 

SP-8031 

SP-8032 

SP-8035 

SP-8040 

SP-8046 

SP-8050 


Aerodynamic  and  Rocket-Exhaust  Heating  During  Launch  and 
Ascent,  May  1969 

Slosh  Suppression,  May  1969 

Buckling  of  Thin-Walled  Doubly  Cur^'ed  Shells,  August  1969 

Wind  Loads  During  Ascent,  June  1970 

Fracture  Control  of  Metallic  Pressure  Vessels,  May  1970 

Landing  Impact  Attenuation  For  Non-Surface-Planing  Landers. 
April  1970 

Structural  Vibration  Prediction,  June  1970 


GUIDANCE  AND  CONTROL 
SP-8015 
SP-8016 

SP-8018 

SP-8024 

SP-8026 

SP-8027 

SP-8028 

SP-8033 

SP-8034 

SP-8036 

SP-8047 

SP-8058 

SP-8059 


Guidance  and  Navigation  for  Entry  Vehicles,  November  1968 

Effects  of  Structural  Flexibility  on  Spacecrafe  Control 
Systems,  April  1969 

Spacecraft  Magnetic  Torques,  March  1969 

Spacecraft  Gravitational  Torques,  May  1969 

Spacecraft  Star  Trackers,  July  1970 

Spacecraft  Radiation  Torques,  October  1969 

Entry  Vehicle  Control,  November  1969 

Spacecraft  Earth  Horizon  Sensors,  December  1969 

Spacecraft  Mass  Expulsion  Torques,  December  1969 

Effects  of  Structural  Flexibility  on  Launch  Vehicle  Control 
Systems,  February  1970 

Spacecraft  Sun  Sensors,  June  1970 

Spacecraft  Aerodynamic  Torques,  January  1971 

Spcecraft  Attitude  Control  During  Thrusting  Maneuvers 
February  1971 


CHEMICAL  PROPULSION 
SP-8025 
SP-8041 
SP-8048 
SP-8051 


Solid  Rocket  Motor  Metal  Cases,  April  1970 
Captive-Fired  Testing  of  Solid  Rocket  Motors,  March  1971 
Liquid  Rocket  Engine  Turbopump  Bearings,  March  1971 
Solid  Rocket  Motor  Igniters,  March  1971 
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GUIDE  TO  THE  USE  OF  THIS  MONOGRAPH 


The  purpose  of  this  monograph  is  to  organize  and  present,  for  effective  use  in  design,  the 
significant  experience  and  knowledge  accumulated  in  development  and  operational 
programs  to  date.  It  reviews  and  assesses  current  design  practices,  and  from  them  establishes 
firm  guidance  for  achieving  greater  consistency  in  design,  increased  reliability  in  the  end 
product,  and  greater  efficiency  in  the  design  effort.  The  monograph  is  organized  into  two 
major  sections  that  are  preceded  by  a brief  introduction  and  complemented  by  a set  of 
references. 

The  State  of  the  Art,  section  2,  reviews  and  discusses  the  total  design  problem,  and 
identifies  which  design  elements  are  involved  in  successful  design.  It  describes  succinctly  the 
current  technology  pertaining  to  these  elements.  When  detailed  information  is  required,  the 
best  available  references  are  cited.  This  section  serves  as  a survey  of  the  subject  that  provides 
background  material  and  prepares  a proper  technological  base  for  the  Design  Criteria  and 
Recommended  Practices. 

The  Design  Criteria,  shown  in  italics  in  section  3,  state  clearly  and  briefly  what  rule,  guide, 
limitation,  or  standard  must  be  imposed  on  each  essential  design  element  to  assure 
successful  design.  The  Design  Criteria  can  serve  effectively  as  a checklist  of  rules  for  the 
p.»-oject  manager  to  use  in  guiding  a design  or  in  assessing  its  adequacy. 

The  Recommended  Practices,  also  in  section  3,  state  how  to  satisfy  each  of  the  criteria. 
Whenever  possible,  the  best  procedure  is  described;  when  this  cannot  be  done  concisely, 
appropriate  references  are  provided.  The  Recommended  Practices,  in  conjunction  with  the 
Design  Criteria,  provide  positive  guidance  to  the  practicing  designer  on  how  to  achieve 
successful  design. 

Both  sections  have  been  organized  into  decimally  numbered  subsections  so  that  the  subjects 
within  similarly  numbered  subsections  correspond  from  section  to  section.  The  format  for 
the  Contents  displays  this  continuity  of  subject  in  such  a way  that  a particular  aspect  of 
design  can  be  followed  through  both  sections  as  a discrete  subject. 

The  design  criteria  monograph  is  not  intended  to  be  a design  handbook,  a set  of 
specifications,  or  a design  manual.  It  is  a summary  and  a systematic  ordering  of  the  large  and 
loosely  organized  body  of  existing  successful  design  techniques  and  practices.  Its  value  and 
its  merit  should  be  judged  on  how  effectively  it  makes  that  material  available  to  and  useful 
to  the  designer. 
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The  magnitudes  of  most  of  the  identified  loads  on  a shaft  are  evaluated  by  computation 
during  the  design  phase.  Loads  that  do  not  lend  themselves  to  this  computational  analysis 
(i.e.,  vibratory  and  malfunctioning  loads)  are  given  appropriate  consideration  by  designing 
to  minimize  the  magnitude  of  such  loads. 

The  load  predictions  in  some  cases  have  been  inaccurate.  Radial  loads  due  to  rotor  dynamics 
have  sometimes  been  twice  as  large  as  the  loads  calculated  in  response  analyses.  Also,  radial 
loads  due  to  nonsymmetrical  pressure  distributions  resulting  from  pump-housing  discharge 
ports,  in-flow  obstructions,  etc.,  do  not  lend  themselves  to  accurate  predictions  of 
magnitude.  Calculation  of  net  pump  or  rotor  axial  thrust,  which  is  the  algebraic  sum  of  large 
thrust  component  forces,  has  given  values  substantially  different  from  the  subsequently 
experimentally  determined  ones. 


2.1. 3.2  SAFETY  FACTORS 

Usually,  the  safety  factors  for  static  stresses  are  specified  to  the  designer.  Table  III  displays 
some  examples  of  safety  factors  that  have  been  used  in  turbopump  shaft  design. 


Table  III  — Typical  Safety  Factors  Used  in  Shaft  Design 


Rocket  engine 

Yield 

safety  factor 

Ultimate 
safety  factor 

XLR-87-AJ-3/5 

and 

XLR-91-AJ-3/5 

1.0 

1.25 

M-1 

1.0 

1.5 

XLR-87/91-AJ-9 

1.0 

1.4 

J-2  and  F-1 

1.1 

1.5 

ARES 

1.2 

1.6 

RL  10 

1.2 

1.5 

Generally,  the  fatigue  safety  factors  are  not  specified.  Values  of  1.25  and  1,33  have  been 
used. 

Selecting  safety  factors  in  accordance  with  the  desired  reliability  rather  than  more  or  less 
arbitrarily  choosing  them  has  become  the  desired  engineering  approach.  The  goal  is  to 
account  for  variations  in  material  properties;  effects  of  size;  effects  of  machining  and 
processing  operations  on  properties;  accuracy  in  predicting  environments  and  loads; 
accuracy  of  stress  analysis  models;  etc.,  by  use  of  probabilistic  mathematics  (refs.  40 
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2.2  Shaft  Dynamics 


A vast  amount  of  material  has  been  published  on  the  subject  of  shaft  dynamics.  The  more 
complete  treatments,  which  cover  important  aspects  not  usually  covered  in  standard 
textbooks,  are  given  in  references  54  through  70.  The  treatment  herein  is  restricted  to  those 
aspects  of  shaft  dynamics  that  must  be  taken  into  account  in  the  design  of  the  shaft  and 
coupling. 


2.2.1  Dynamic  Behavior 

2.2.1 .1  WHIRL  MOTIONS 

Shaft  whirling  usually  is  described  in  terms  of  shaft  motion  about  an  external  longitudinal 
axis;  whether  this  motion  is  forced  or  self-excited  is  noted  also.  Motions  of  the  shaft  during 
whirling  normally  are  described  by  the  type  of  whirl  path  or  orbit  and  by  the  direction  and 
speed  of  the  whirl  relative  to  the  shaft  rotation.  Some  of  the  basic  classifications  of  shaft 
motion  are  illustrated  in  figure  3.  In  the  examples  shown,  when  shaft  speed  SI  equals  the 
magnitude  of  whirl  velocity  co,  the  motion  is  called  synchronous.  Shaft  motions  can  become 
highly  complex  as  illustrated  in  figure  3(f)  and  as  discussed  in  references  58,  71,  and  72. 


2.2.1.2  FORCED  WHIRLS  AND  CRITICAL  SPEEDS 

Types  of  forced  whirls  and  their  causes  identified  by  Yamamoto  from  his  work  with 
rolling-contact  bearings  (refs.  58  through  61)  are  presented  in  table  V.  Other  causes  of 
forced  whirls  are  associated  with  trapped  fluids  (ref.  73),  bearing  clearances  (refs.  72,  74, 
and  75),  bearing-noise  vibrations  (ref.  76),  gear-meshing  excitations,  and  rotating-stall 
excitations  at  a frequency  approximately  half  the  shaft  speed  (ref.  77).  Shaft  torque  and 
thrust  misalignment  between  coupled  shafts  can  induce  lateral  and  torsional  vibrations. 

A critical  speed  is  defined  as  a shaft  rotative  speed  at  which  a rotor-stator  system  natural 
frequency  coincides  with  a possible  forcing  frequency.  If  all  the  possible  system  critical 
speeds  of  a given  machine  are  considered  as  speeds  at  which  operation  is  untenable,  then  the 
operating  speed  zones  are  severely  limited.  For  example,  figure  4,  a plot  similar  to  those  of 
Yamamoto  (refs.  58  through  61),  shows  numerous  critical  speeds  for  a shaft  supported  in 
rolling-contact  bearings.  Here  the  natural  frequencies  of  various  shaft  modes  of  vibration  are 
plotted  as  a function  of  shaft  speed.  “Rays”  emanating  from  the  zero  point  of  the  curve 
show  corresponding  forcing  functions  (e.g.,  impeller  vane-to-housing  frequency  and 
bearing-ball  translation  frequency).  Theoretically,  the  intersection  of  each  ray  with  a natural 
frequency  is  a critical  speed;  however,  experience  has  shown  that  many  of  these  critical 
speeds  have  negligible  practical  importance. 
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(a)  Forwf  rd  circular  whirl 


(b)  Reverse  or  backward 
circular  whirl 


n 


(d)  Reverse  elliptical  whirl 


Figure  3.  — Basic  classifications  of  shaft  motion 


Table  V — Types  and  Causes  of  Forced  Whirling  Identified 
by  Yamamoto  (refs.  58  through  61 ) 


Type 

Cause 

Forward  circular  precession, 
CO  = n 

Rotor  imbalance 

Backward  circular  precession, 

CO  = 

Unequal  bearing  stiffness  in  different  radial 
directions 

Noncircular  precessions, 

CO  = ± 

Unequal  bearing  stiffnesses  in  different 
radial  directions,  or 
Transient  changes  in  £2,  or 
Externally  applied  rectilinear  vibrations 

Shaft  whipping  caused  by  guard  ring  or 
shroud  rub 

When  the  shroud  rubs,  more  stiffness  is  added  to 
the  shaft;  and  thus  the  critical  speed  is  driven  up 
ahead  of  the  operating  speed 

Nonsynchronous  motions, 
CO  = (0.4  to  0.5)  £2 

One  oversized  or  undersized  ball  or  roller  in 
bearing;  thus  motion  is  excited  at  cage  rotational 
speed 

Nonsynchronous  motions, 

CO  = 2£2, 3£2, 4£2, 

Bearing  defects,  such  as  oval  inner  or  outer  races 

“Sum  and  difference”  critical  speeds, 
coj  ± coj  = £2 

Nonlinear,  nonsymmetrical  spring  characteristics 

Subharmonic  precession, 

£2  £2 

co  = — , — 

2 3 

Nonlinear,  nonsymmetrical  shaft  stiffness 

Unexpected  jumps  in  response 

1 

Nonlinearity  in  shaft  system  stiffness  or  forcing 
functions 
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Natural  frequency,  cycles/min. 


— natural  frequencies  (circular,  conical,  etc.) 

“ forcing  function  (shaft  speed,  bearing  cage  speed,  etc.) 
X critical  speed  at  which  a resonance  occurs 


Figure  4.  - Typical  plot  of  shaft  speed  vs  natural  frequency  (showing  many  secondary  critical  speeds  for 

a shaft  supported  in  rolling-contact  bearings) 
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Usually,  critical  speeds  associated  with  synchronous  forward  forced  motions  or  precessions 
that  are  excited  easily  by  rotor  imbalance  are  considered  as  the  most  important.  These 
synchronous-forward-precession  critical  speeds,  whose  values  are  governed  primarily  by  the 
rotor  mass  and  the  combined  or  individual  stiffnesses  of  the  rotor,  bearings,  or  bearing 
supports,  are  herein  referred  to  as  “major”  critical  speeds.  “Secondary”  critical  speeds  or 
resonances  refer  to  all  other  critical  speeds  not  classified  as  major.  Thus,  secondary  critical 
speeds  include  the  nonsynchronous  criticals  identified  by  Yamamoto,  rotor/bearing/ casing 
system  criticals  that  are  controlled  primarily  by  the  casing  dynamics,  and  backward-whirl 
criticals.  It  is  common  practice  to  ignore  the  secondary  critical  speeds  and  consider  only 
major  critical  speeds  when  designing  a new  turbopump,  even  though  it  is  recognized  that  the 
nonsynchronous  whirls  described  by  Yamamoto  can  occur  and  can  be  troublesome. 
Accordingly,  experimental  evaluation  after  the  machine  is  built  usually  is  appropriate. 

Parts  (a),  (b),  and  (c)  of  figure  5 show  shaft  motion  of  the  Titan  III  (87-9)  turbine  shaft  as 
measured  by  distance  detectors  mounted  at  right  angles  to  each  other  and  perpendicular  to 
the  shaft  axis.  These  plots  display  some  secondary  resonances  when  increasing  amounts  of 
imbalance  weight  are  added  to  the  rotor.  The  secondary  criticals,  which  were  coupled 
system  modes,  were  governed  primarily  by  the  casing  dynamic  characteristics.  Note  that  the 
shaft  orbit  amplitudes  were  magnified  dynamically  by  factors  of  only  2 or  3.  The  secondary 
criticals  did  not  result  in  significant  resonant  buildup;  with  a well-balanced  rotor,  these 
secondary  resonances  were  difficult  to  detect  experimentally. 

The  casing  local  to  the  turbine  bearings  had  a complex,  irregular,  asymmetric  configuration. 
Tests  showed  both  a generally  soft  radial  direction  and  a stiff  radial  direction  with 
intermediate  local  stiffness  perturbations.  These  stiffness  variations  were  responsible  for  a 
lateral  vibration  that  was  indicated  by  one  distance  detector  peaking  at  the  same  time  that  a 
second  detector  decreased. 

Other  phenomena  found  experimentally  are  as  follows: 

( 1 ) Unstable,  sharply  fluctuating  response  (fig.  5(d))  occurred  when  loose  fits  existed 
between  the  bearing  outer  race  and  the  bearing  sleeve  and  housing.  During  this 
unstable  motion,  the  turbine  gave  off  a “growling”  noise. 

(2)  Tests  with  tight  fits  and  very  small  bearing  internal  play  showed  very  smooth 
response  (fig.  5(e)). 

(3)  Tests  with  tight  fits  and  nominal  bearing  internal  play  (0.001  in.  [25ium]  TIR) 
sometimes  -showed  secondary  unstable  very-Iow-amplitude  vibration  throughout 
almost  the  entire  zero-  to  full-speed  range  when  rotors  were  well  balanced.  Adding 
imbalance  stabilized  the  motion. 

(4)  The  location  of  some  of  the  secondary  criticals  shifted  as  much  as  10  percent  as  a 
result  of  loose  fits. 

Sometimes  it  is  difficult  during  the  design  phase  to  establish  whether  a particular 
rotor/bearing/casing  critical  should  be  considered  as  a major  or  secondaiy  critical  speed. 
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However,  computed  mode  shapes  for  such  system  criticals  frequently  have  been  sufficient 
basis  for  judgment.  For  example,  when  the  casing  mass  is  much  greater  than  the  rotor  mass 
and  inspection  of  a mode  shape  shows  most  of  the  vibrational  amplitudes  to  be  in  the 
casing,  a good  possibility  exists  that  the  associated  critical  speed  rotor  amplitude  buildup 
will  be  limited  to  tenable  levels,  because  casings  usually  can  dissipate  considerable 
vibrational  energy.  However,  if  the  vibrational  amplitudes  are  controlled  only  by  bearing  or 
bearing  support  displacements  while  the  rotor  and  casing  are  acting  essentially  as  rigid 
bodies,  tlien  untenable  vibration  amplitude  buildup  is  probable  if  the  shaft  operates  a 
sufficient  time  at  the  critical  speed. 

Inspection  of  only  the  mode  shapes  is  not  always  adequate.  The  amount  of  energ” 
dissipated  each  cycle  is  approximately  equal  to  the  product  of  the  logarithm  of  the  damping 
decrement  and  the  vibrat  >nal  kinetic  energy  of  the  structure.  Some  modes  show  little 
amplitude  in  the  casing,  and  inspection  alone  would  indicate  large  rotor  amplitudes  at  the 
associated  critical  speed.  When  the  system  distribution  of  kinetic  energy  is  evaluated,  a large 
percentage  of  the  vibrational  energy  may  be  found  in  the  casing.  This  distribution  is  possible 
because  of  the  relatively  large  mass  of  the  casing,  even  though  casing  amplitudes  are 
relatively  small  when  compared  with  those  of  the  rotor.  Experience  has  shown  that  passing 
through  or  running  at  the  system  critical  speeds  that  show  most  of  the  motion  in  the  casing 
is  practical  as  long  as  fatigue  failures  of  the  casing  components  do  not  develop.  However,  if 
the  casing  does  not  contain  a large  part  of  the  vibrational  energy,  high  bearing  loads  and 
attendant  damage  may  occur.  Durability  of  the  casing  is  demonstrated  by  analysis  and  test. 

Sometimes  the  mode  shapes  at  the  second  and  higher  shaft-bending  critical  speeds  are 
considerably  different  from  those  predicted  by  theory.  It  has  been  found  experimentally 
that  both  second  and  third  criticals  have  modes  that  consist  of  the  usually  predicted  shapes 
super  imposed  with  the  first-mode  shape  (fig.  28.9  of  ref.  78). 

If  a rotor,  its  bearings,  and  the  casing  have  essentially  symmetric  mass  and  stiffness 
properties  about  the  shaft  axis,  the  most  probable  orbital  motion  is  circular.  For 
asymmetrical  properties,  the  usual  orbital  motion  is  elliptical  and,  at  the  criticals, 
approaches  lateral  vibration.  The  Titan  II  (87-5)  shaft,  which  utilized  angular-contact 
bearings  and  was  a built-up  shaft  with  many  joints,  was  supported  in  a casing  that  was  highly 
asymmetric  in  both  stiffness  and  mass.  Shake  tests  of  the  rotor  supported  in  “rigid”  bearing 
mounts  yielded  fundamental  bending  frequencies  ranging  from  3 1 5 to  365  cps,  the  value 
depending  on  excitation  amplitude.  When  the  rotor  was  assembled  in  the  casing,  the 
lateral-vibration  natural  frequencies  dropped  a small  amount  in  magnitude  and  assumed 
some  directional  dependency.  When  the  shaft  was  spin  tested  in  the  assembled  casing,  dual 
resonant  peaks  were  found  at  approximately  290  and  340  rps.  Normally,  a spinning-shaft 
natural  frequency  “ (critical  speed)  is  expected  to  be  somewhat  higher  than  the 
lateral-vibration  natural  frequency  because  the  disk  gyroscopic  moment  stiffens  the  shaft. 
However,  the  dual  resonance  peaks  corresponded  to  lateral-vibration  shaft  motions  in  planes 
at  right  angles  to  each  other.  As  the  motions  were  lateral  rather  than  circular,  the  disk 
gyroscopic  stiffening  moments  associated  with  forward  circular  orbits  vanished. 
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Response  predictions  usually  are  accomplished  during  the  design  analysis  phase  to  obtain 
such  data  as  bearing  reactions,  whirl  orbits,  shaft  shear  and  bending  moments,  and 
sensitivity  to  locations  of  imbalance.  These  data  then  are  compared  with  bearing  capacities, 
rotor  tip  clearances,  joint  and  bolt  preload  and  stiffness  capabilities,  and  the  planes  of 
balancing,  respectively. 

Gear  teeth,  misaligned  crowned  splines,  and  flexible  couplings  have  been  known  to  couple 
shaft  lateral  and  torsional  motions.  Rotor  blades  that  had  a natural  frequency  close  to  a 
shaft  critical  suffered  fatigue  cracking  failure.  Thus,  comparison  of  the  critical  speed  to 
other  known  resonant  speeds  is  useful. 

When  fluid-film  bearings  are  used,  in  most  instances  the  undamped-critical-speed 
calculations  wherein  bearing  stiffness  is  considered  but  damping  is  neglected  are  insufficient. 
Often,  undamped  critical  speeds  do  not  correspond  to  the  speed  of  maximum  rotor 
imbalance  response  (ref.  79).  Thus,  response  computations  usually  are  used  to  evaluate  the 
effect  of  beaiing  damping  on  locations  of  critical  speeds;  vibration  amplitudes  at  critical 
speeds;  and  response  of  the  rotor,  throughout  the  operating  speed  range,  resulting  from  the 
amount  and  distribution  of  imbalance. 


2.2.1.3  SELF-EXCITED  WHIRLS  AND  INSTABILITIES 

Self-excited  whirls  of  shafts  supported  in  rolling-contact  bearings  have  been  linked  with 
aerodynamic  excitation  forces,  internal  rotor  friction  attributable  to  causes  such  as  shrink 
fits  and  builtup  rotors,  and  dry  friction.  Shafts  using  fluid-film  bearings  can  develop 
hydrodynamic-excited  whirls. 

Self-excited  whirls  and  instabilities  of  shafts  operating  supercritical  still  do  not  lend 
themselves  to  accurate  computational  evaluation.  Only  for  the  simplest  machines  can  the 
whirl  threshold  speed  be  accurately  predicted,  and  whirl  amplitudes  are  not  predictable  for 
any  machine.  The  present  practice  for  supercritical  designs  is  to  minimize  those  design 
factors  that  promote  instabilities  (e.g.,  shrink  fits,  builtup  shafts,  and  rotor  flexibility),  build 
the  machine,  and  experimentally  confirm  its  stability  or  develop  it  into  a stable  operating 
machine. 

2.2.1. 3.1  Aerodynamic-Induced  Instability 

The  E-blade  Mark  9 axial-flow  turbopump  exhibited  strong  nonsynchronous  whirl  motion 
under  certain  operating  conditions.  The  exact  cause,  or  the  mechanism  that  initiated  this 
behavior,  was  not  established  conclusively.  However,  the  instability  appears  to  have  been  a 
hydrodynamic  effect  created  by  a circumferential  variation  in  the  pump  pressure 
distribution.  One  E-blade  Mark  9 pump  failed  catastrophically;  self-excited  whirl  was  strong 
among  the  possible  causes  identified  by  failure  analysis  reported  in  reference  80.  Figure  6 
(from  ref.  80)  illustrates  the  typical  rotor  motions  arising  from  aerodynamic-induced 
instability. 
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The  Mark  25  axial-flow  pump  exhibited  subsynchronous  whirl  (ref.  81).  However,  no 
known  hardware  damage  occurred  during  the  many  system  tests  conducted,  even  though  the 
resulting  vibration  levels  were  undesirable.  An  experimental  liquid-hydrogen  turbopump 
experienced  nonsynchronous  whirl  caused  by  either  hydraulic  instability  or  loose  fits  (ref. 
82). 

Severe  aerodynamic-excited  whirl  of  se\eral  jet-engine  axial  compressors  and  turbines 
resulted  from  two  causes  (ref.  83):  (1)  the  circumferential  variation  of  static  pressure  acting 
on  the  cylindrical  surface  of  the  rotor,  particularly  within  the  labyrinth  seals;  and  (2)  the 
eccentricity  of  the  rotor  causing  circumferential  variation  of  the  blade-tip  clearance  and  a 
corresponding  variation  in  local  efficiency  and  imbalance  torque.  Several  different  designs 
exhibited  whirling.  All  rotors  that  whirled  had  relatively  large  rotor  flexibility,  which  was 
demonstrated  by  the  low  critical  speed  of  the  rotor  and  support  system.  In  almost  every 
instance,  stability  was  achieved  by  increasing  the  stiffness  of  the  rotor  or  that  of  the  rotor 
support  or  both.  The  whirl  speed  was  approximately  40  to  50  percent  of  the  rotation  speed. 
Reference  83  states  that  damper  bearings  providing  friction  relative  to  fixed  axes  effectively 
help  protect  against  shaft  whip  and  whirl.  Self-excited  whirl  caused  by  pressure  changes 
associated  with  varying  clearances  around  the  labyrinth  seals  also  is  mentioned  in  reference 
84. 

Fluid-film  thrust  bearings  sometimes  are  used  in  conjunction  with  rolling-contact  radial-load 
bearings.  If  the  fluid  has  sufficient  viscosity,  these  thrust  bearings  may  develop  damping 
forces  in  the  direction  normal  to  the  shaft  axis  and  thus  tend  to  inhibit  self-excited  whirl.  A 
reduction  of  thrust,  however,  could  reduce  the  damping  enough  to  permit  whirl;  such  a 
possibility  was  mentioned  in  association  with  the  removal  of  the  gravity  field  from  a 
vertically  mounted  rotor  (ref.  85).  Film  thrust  bearings  used  in  liquid  hydrogen  are  not 
expected  to  produce  much  damping. 

2.2.1 .3.2  Instability  Caused  by  internal  Friction 

Whereas  external  frictional  forces  usually  aid  in  damping  the  oscillations,  the  internal 
frictional  forces  can,  under  certain  circumstances,  cause  unstable  whirl  buildup  if  the  shaft  is 
operating  above  its  first  critical  speed.  Sources  of  internal  friction  found  to  be  significant  are 
builtup  shafts  and  joints  or  disks  shrunk  or  firmly  bolted  onto  the  shaft.  Hysteresis  forces  in 
the  shaft  material  have  been  identified  as  a possible  source  of  internal-friction-induced 
instability,  but  no  instabilities  attributable  to  this  cause  have  been  reported.  Most  of  the 
available  information  on  effects  of  internal  friction  on  tlie  stability  of  higli-speed  rotors  is 
summarized  in  reference  86. 

2.2.1 .3.3  Whirl  Induced  by  Dry  Friction 

The  phenomenon  of  a violent  shaft  backward  whirl  or  whip  caused  by  friction  in  a 
dry-clearance  bearing  (i.e.,  the  clearance  between  outer  race  and  housing  is  not  lubricated) 
or  by  the  shaft  striking  a rough  or  unlubricated  guide  is  described  on  page  292  of  reference 
84. 
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A recent  study  (ref.  87)  shows  how  the  occurrence  of  slip  between  the  shaft  and  the  bearing 
can  contribute  to  the  violence  of  the  whirl  and  can  cause  it  to  develop  into  near-resonant 
motion  over  a large  range  of  speeds.  This  whirl  motion  and  instability  buildup  can  occur  also 
when  the  shaft  is  operating  below  the  system  first  critical  speed.  This  kind  of  problem  is 
relieved  by  tightening  the  bearing  fit,  or  by  pinning  the  bearing  to  prevent  rotation,  or,  in 
extreme  cases,  by  making  the  inner  bearing  race  integral  with  .he  shaft. 

2.2.1 .3.4  Whirl  Induced  by  Fluid-Film  Bearing 

Subsynchronous  whirls  sometimes  are  referred  to  as  oil  whip,  resonant  whip,  half-frequency 
whirl,  or  just  nonsynchronous  whirl.  Such  whirls  caused  by  the  characteristics  of  fluid-film 
bearings  are  again  becoming  of  concern  in  the  design  of  rocket  engine  turbopump  shafts. 
Most  recent  turbopump  shaft  designs  utilized  rolling-contact  bearings.  However,  the  needs 
for  increased  performance,  higher  speed,  and  longer  life  have  resulted  in  the  serious 
consideration  of  fluid-film  hydrostatic  bearings.  Rolling-contact  bearings  have  DN  and  life 
limitations  related  directly  to  shaft  size  and  speed,  whereas  fluid-film  bearings  apparently  do 
not.  Thus  a shaft  with  rolling-contact  bearings  is  more  restricted  in  diameter  than  a shaft 
with  fluid-film  bearings,  the  result  being  a shaft  with  less  stiffness  and  lower  shaft  bending 
critical  speeds. 

Within  the  last  few  years,  the  state  of  the  art  has  been  enlarged  greatly  in  regard  to  the 
mathematical  modeling  of  the  fluid-film  bearings  and  accuracy  of  the  analysis  of  the 
influence  of  these  bearings  upon  shaft  stability  and  response  to  imbalance  force  (refs.  63 
through  65,  68,  and  79).  The  improved  dynamic  analyses  give  good  predictions  of  actual 
operating  characteristics. 


2.2.1 .4  TORSIONAL  CRITICAL  SPEEDS 

The  torsional  vibrational  modes  in  rocket  engine  turbopump  shafts  have  not  limited  or 
controlled  design.  Often,  torsional  critical  speeds  are  not  even  calculated;  but,  when  they 
are,  the  calculated  values  usually  are  compared  with  the  possible  forcing  frequencies  of  (1) 
gear  teeth  meshing  (when  gears  are  used),  (2)  low  orders  of  rotational  speed  (i.e.  speeds 
equal  to  rotor  speed  or  low  multiples  thereof)  caused  by  shaft  imbalance  or  misahgnments 
of  couplings,  and  (3)  impeller-vane  and  stator-vane  passing  frequencies. 

In  addition,  these  calculated  torsional  natural  frequencies  are  compared  with  other  system 
natural  frequencies  (e.g.,  shaft  whirl  or  lateral  vibration,  turbine  blades,  and  impeller  vanes) 
to  ascertain  whether  any  possible  coupling  or  energy  transfer  is  likely. 


2.2.1 .5  THIN-WALL  HOLLOW-SHAFT  VIBRATIONS 

Thin-wall,  cylindrical,  drum-type  shafts,  which  are  characteristic  of  axial-flow  pumps,  have 
experienced  critical-speed  problems  and  fatigue  cracking  associated  with  nodal-circle  and 
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nodal-diameter  vibrations  of  the  type  shown  in  figure  7.  The  usual  design  modification  is  to 
change  the  environment  acoustics  to  reduce  the  magnitude  of  excitation,  change  the  driving 
frequencies,  or  change  the  shaft  vibration  natural  frequencies. 


2.2.2  Analysis  of  Shaft  Dynamic  Behavior 

2.2.2.1  MODELING  FOR  THEORETICAL  ANALYSES 

Even  though  simple  models  have  been  adequate  in  some  cases,  experience  has  shown  that 
the  classical  models  for  predicting  shaft  whirl  critical  speeds  and  response  usually  yield  very 
crude  estimates.  This  has  been  attributable  primarily  to  the  exclusion  of,  or  improper 
account  for,  the  effects  of  influential  items:  rotor  mass  and  stiffness  distributions, 
mechanical  joints,  shaft-riding  elements,  abrupt  changes  in  shaft  cross  section,  casing  and 
machine  mount  effects,  bearing  spring  and  damping  forces,  shear  deformation,  gyroscopic 
and  rotary  inertia  moments,  rotor  imbalance  forces,  and  virtual  mass  and  damping 
associated  with  operating  in  dense  fluids.  Details  of  current  techniques  for  modeling  and 
analyzing  these  critical  items  are  presented  in  the  sections  that  follow. 

The  technology  of  modeling  for  torsional  critical  speeds  is  adequately  set  forth  in  references 
88  through  90.  Reference  88  covers  modeliig  procedures  and  summarizes  many  formulas 
and  charts  for  modeling  common  shaft  components  to  obtain  equivalent  mass  and  stiffness 
distributions.  Consideration  is  given  to  the  hollow  circular  shaft  with  an  eccentric  bore;  the 
solid  shaft  with  a linear  taper  (a  gradual  change  in  cross  section);  the  abrupt-step  shaft;  the 
shaft  with  a key  way;  the  splined  shaft;  the  shaft  with  a flat  side;  a branched  system  running 
at  different  speeds;  torsional  stiffness  of  spur  and  bevel  gears,  spiral  gears,  helical  gears, 
couplings,  and  clutches;  and  other  significant  conditions.  No  further  discussion  of  torsional 
critical  speeds  will  be  presented  herein. 

2.2.2.1 .1  Mass  and  Stiffness  Distributions 

Significantly  improved  models  for  shaft-dynamics  analyses  have  been  developed  over  the 
past  decade  (refs.  6,  54,  79,  and  91  through  93).  Figure  8 illustrates  two  of  the  typical 
improved  shaft  dynamic  models.  In  figure  8(a)  (ref.6)  represents  the  lateral  spring 
constants  of  the  casing  mounts  and  bearings,  and  K’'  symbolizes  the  torsional  spring 
constant  at  the  shaft/rotor  splines;  C*'  and  represent  corresponding  damping  coefficients 
for  use  with  the  indicated  spring  constants.  In  figure  8(b)  (ref.  92),  the  bearing  lateral  spring 
constant  K is  subscripted  p or  t to  identify  the  bearings  at  the  pump  or  turbine  end, 
respectively. 

Tradeoffs  between  model  and  analysis  complexities  have  resulted  in  the  Myklestad 
lumped-mass  model  or  an  extension  thereof  being  the  one  most  commonly  used.  In  its 
simplest  form,  this  model  consists  of  the  rotor  masses  lumped  at  stations  along  the  rotor  and 
connected  by  massless  elastic  beams  and  linear  support  springs  (refs.  94  through  96).  The 
usual  refinements  to  this  model  include  the  addition  of  shear  deformation  to  the  beam  and 
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Nodal  Diameters 


Figure  7.  — Nodal-circle  and  nodal-diameter  vibrations  in  a thin-wall  hollow  shaft 


Lumped<ma$s 
parameter  model 


(b)  M-1  fuel  turbopump  (ref.  92) 


Figure  8.  — Typical  models  for  shaft  dynamics  analysis 
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gyroscopic  moments  (ref.  97).  Further  refinements  have  included  the  use  of  uniform 
continuous-mass  beams  instead  of  massless  beams  (refs.  54,  79,  and  88),  unsymmetrical 
bearing  stiffness  and  damping  models  for  fluid-film  bearings  (refs.  54,  79,  and  91),  nonlinear 
bearing  stiffness  for  rolling-contact  bearings  (ref.  92),  gyroscopic  representation  for 
nonsynchronous  whirl  (ref.  98),  and  coupled  rotor/casing  multiple-beam  models  (refs.  6,  92, 
93,  and  97). 

2.2.2.1 .2  Mechanical  Joints,  Shaft-Riding  Elements,  and  Abrupt 
Changes  in  Shaft  or  Casing  Cross  Sections 

The  stiffness  of  a builtup  rotor  usually  is  far  less  than  that  of  a one-piece  rotor  even  when 
the  joints  are  preloaded  at  assembly.  If  the  forces  applied  to  the  joint  during  operation 
exceed  the  preload,  the  joint  can  open  up  and  cause  a loss  in  overall  stiffness.  Figure  9 


depicts  the  condition  wherein  the  centrifugal  forces  of  the  turbine  wheels  imposed  sufficient 
moment  to  overcome  the  joint  preload  and  cause  a great  increase  in  joint  flexibility.  Even 
properly  preloaded  joints  do  not  ensure  that  a builtup  rotor  will  develop  stsTnesses 
approaching  that  of  one-piece  construction.  Curvic  couplings  with  full  preload  are 
inherently  a local  flexibility  in  comparison  with  welded  joints  of  similar  size.  However,  if 
the  coupling  is  placed  in  a position  of  low  shaft  bending  moment,  the  local  softness  may  not 
result  in  a significant  reduction  in  rotor  stiffness  and  natural  frequencies.  Couplings  used  as 
shown  in  figure  10  have  exhibited  additional  flexibilities. 
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Figure  10.  — Coupling  between  shaft  and  turbine  that  results  in  additional  flexibilities 


Shaft-mounted  components  (e.g.,  shrunk-on  impellers,  shaft  sleeves,  and  bearing  races) 
usually  result  in  stiffening  of  the  shaft;  however,  the  degree  of  stiffening  may  be  influenced 
by  axial  preloading.  Long  stackups  of  shaft-riding  elements  sometimes  do  not  obtain  good 
axial  preloading  when  each  piece  is  put  on  the  shaft  with  interference  fits.  Gaps  as  shown  in 
figure  1 1 cause  a reduction  in  shaft  stiffness.  Any  abrupt  changes  in  shaft  cross  sections, 
such  as  the  transition  in  a hollow  shaft  from  a small  to  a large  diameter,  produce  local 
flexibilities  as  indicated  in  figure  1 2. 


Shrink-fitted 


Figure  11.  — Gaps  on  shaft-mounted  components  that  affect  overall  shaft  stiffness 
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2.2.2.1 .3  Casing  and  Machine  Mount  Effects 


Bearing-support  flexibility  can  exert  significant  influence  on  critical  speeds  (refs.  6,  7,  54, 
55,  93,  and  99  through  102).  The  following  are  the  four  major  considerations  regarding 
casing  and  machine  mount  effects: 

( 1 ) Gross  trends  in  casing  mass  and  mount  stiffness 

(2)  Dynamic  coupling  with  the  rotor 

(3)  Casing  stiffness  local  to  the  bearings  and  near  locations  where  loads  are 
concentrated  (e.g.,  struts) 

(4)  Symmetry  of  the  casing  mass  and  stiffness  about  the  shaft  axis 

Analysis  of  the  simple  2-degree-of-freedom  system  (ref.  99)  provides  some  insight  into  the 
first  major  consideration.  Figure  13  shows  the  general  solution.  Here  M,,  K,,  M,,  K2 


Figure  13.  — General  solution  for  simple  2-degrae-of-freedom  system 


represent  the  rotor  mass,  rotor  and  bearing  stiffness  spring  constant,  casing  mass,  and  casing 
mount  stiffness  spring  constant,  respectively;  co  represents  the  whirl  frequency,  subscript  i (i 
= 1 or  2)  denoting  the  first  or  second  system  natural  frequency  and  * denoting  the  simple 
rotor/bearing  natural  frequency.  The  symbols  and  are  ratios  of  the  casing-to-rotor 
spring  constants  and  casing-to-rotor  masses;  Xj  is  the  ratio  of  shaft  system  natural  frequency 
to  the  simple  1-degree-of-freedom  rotor/bearing  natural  frequency. 

If  the  casing  mass  Mj  is  much  larger  than  the  rotor  mass  Mj  (i.e.,  R^,  is  relatively  large)  and 
the  casing  mount  stiffness  spring  constant  K2  is  relatively  small,  a system  natural  frequency 
less  than  co*  will  exist.  This  frequency,  corresponding  to  point  A,  will  be  substantially  lower 
than  the  rotor/bearing  natural  frequency .^K,/M,  indicated  by  Xi  = 1.0,  analogous  to  K2  and 
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therefore  tending  toward  infinity.  A second  system  natural  frequency  such  as  point  B 
will  exist  above  the  simple  rotor/bearing  natural  frequency. 

This  analogy  suggests  that  if  proper  mass  and  stiffness  proportions  are  used  in  the  design  of 
the  machine  housing  and  mounting,  two  results  will  follow: 

First:  There  will  be  low  natural  frequencies  whose  modes  consist  of  the  entire  machine 
vibrating  in  a rigid-body  fashion  on  the  mounting  springs  with  very  little  relative 
motion  between  the  rotor  and  its  casing.  The  shaft  speeds  that  excite  these  vibrations 
will  be  equal  to  the  low  natural  frequencies.  Damping  could  easily  be  supplied  to  limit 
the  amplitudes  of  these  vibrations. 

Second:  The  first  significant  shaft  whirl  critical  speed  will  be  equal  to  or  above  that  of 
the  rotor/bearing  model. 

Experience  with  rocket  engine  turbopumps  has  shown  the  first  expected  condition  to  be  an 
accurate  prediction.  Usually,  the  low  rigid-body  modes  occur  at  approximately  5 to  10 
percent  of  the  nominal  shaft  speed.  Thus,  no  loss  in  accuracy  occurs  in  predicting  high-speed 
shaft  response  as  a result  of  omitting  the  mounting  stiffness  in  the  analytical  model. 
However,  the  second  consequence  indicated  often  is  not  valid  because  of  the  effects  of 
dynamic  coupling  of  the  casing  with  the  rotor  and  because  of  the  effects  of  casing  stiffness 
local  to  the  bearings. 

Dynamic  coupling  of  the  casing  with  the  rotor  has  been  found  to  be  very  influential  in 
machines  using  rolling-contact  bearings  in  conjunction  with  flightweight  casings  (refs.  6, 
103,  and  104).  Use  of  a variable-property  beam  to  model  the  casing  in  a manner  similar  to 
that  for  modeling  the  rotor  has  given  gbod  results. 

A flexible  tie  between  the  rotor  and  casing  (e.g.,  a low-stiffness  hydrodynamic  oil  journal 
bearing  or  a flexible  housing  supporting  the  bearing)  can,  if  it  has  an  appropriate  amount  of 
flexibility,  effectively  decouple  the  casing  from  the  rotor  dynamics.  In  this  case,  a model 
considering  the  casing  as  ground  yields  good  predictions. 

Casing  flexibility  local  to  the  bearing  is  undesirable  when  the  shaft  is  designed  to  operate 
below  the  first  system  critical  speed.  This  local  flexibility,  which  is  typical  of  an  overhung 
turbine  with  rolling-contact  bearings,  usually  occurs  in  the  housing  between  the  bearing 
outer  race  and  the  larger  diameter  pump  casing.  An  M-1  turbopump  bearing-support  housing 
that  exhibited  flexibility  was  evaluated  both  analytically  and  experimentally  for  static 
spring  rate  (ref.  92).  The  analytical  evaluation  utilized  two  methods:  an  approximate-beam 
solution,  and  a finite-element  solution  (ref.  105);  the  experimental  evaluation  consisted  of 
testing  scaled  aluminum  models.  The  major  findings  were  as  follows: 

(1)  Shear  deformation  and  warping  of  the  end  circular  cross  section  into  an  oval 
pattern  were  the  major  flexibility  sources. 
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(2)  The  stiffness  computed  by  the  approximate-beam  method  was  lYi  times  greater 
than  the  actual  value. 

(3)  The  stiffness  values  computed  by  the  finite-element  method  were  within  4 
percent  of  the  model  test  data. 

The  degree  of  symmetry  of  the  casing  mass  and  stiffness  about  the  shaft  axis  influences  the 
critical  speeds.  When  symmetry  exists,  the  shaft  usually  executes  forward  synchronous 
circular  whirls  as  a result  of  imbalance.  The  critical  speeds  then  are  predicted  on  the 
assumption  that  disk  gyroscopic  stiffening  is  operative.  When  asymmetry  in  casing  mass  and 
stiffness  exists,  the  shaft  starts  to  execute  elliptical  whirl  as  it  approaches  a critical  speed, 
and  the  whirl  will  become  a lateral  vibration.  Where  a symmetrical  casing  normally  would 
have  a single  Ci ' ical,  the  asymmetry  causes  two  criticals  to  occur.  Further,  the  criticals  can 
occur  at  much  lower  speeds  because  the  lateral  motion  causes  the  disk  gyroscopic  stiffening 
effects  to  vanish  and  disk  rotary  inertia  softening  to  occur  (ref.  106). 


2.2.2.1.4  Bearing  Spring  and  Damping  Forces 

Cylindrical  roller  and  angular-contact  ball  bearings  are  the  only  types  of  rolling-contact 
bearings  that  have  been  used  extensively  for  radial  support  in  rocket  engine  turbopumps. 
Since  internal  damping  of  a rolling-contact  bearing  is  negligibly  small,  stiffness  is  the 
important  bearing  characteristic  that  influences  shaft  dynamics.  Approximate  values  of 
spring  rate  can  be  computed  using  the  Palmgren  formulas  (refs.  107  and  108).  Methods  for 
more  accurately  determining  spring  rates  are  available  in  references  108  through  112. 
Reference  1 presents  additional  material  on  bearing  load  characteristics. 

Usually,  the  shaft  r.'  irl  is  assumed  to  be  circular.  When  unidirectional  radial  bearing 
reactions  are  small  compared  with  the  expected  rotating  radial  bearing  reactions  associated 
with  whirling,  the  spring-rate  value  K has  been  takei  . s the  secant  rather  than  the  tangent 
value,  i.e.,  K = R/6  instead  of  K = dR/d6  , where  R is  the  radial  load  and  6 is  radial 
displacement  (refs.  72  and  92). 

The  bearing  spring  rate  usually  is  nonlinear.  The  cyiindric..;  roller  bearing,  which  is  a 
load-stiffening  system,  is  well  represented  by  an  exponential  function  relating  radial  load  R 
to  radial  displacement  5,  e.g.,  R = AS®  where  A and  B are  constants,  and  K =■  R/6  = A6®-‘ . 
The  spring-rate  behavior  of  the  angular-contact  bearing  can  vary  from  almost  linear  to  highly 
nonlinear,  depending  on  the  preload,  applied  load,  and  rotational  speed.  Stiffness 
characteristic  (K  = dR/dS)  curves  that  have  been  published  (ref.  56)  were  developed  with 
equations  that  account  for  preload,  applied  load,  and  change  in  contact  angle  but  exclude 
the  effects  of  ball  centrifugal  and  gyroscopic  loads  that  are  important  at  higli  rotational 
speeds  (ref.  1 13).  However,  mathematical  formulations  described  in  reference  1 12  include 
all  the  effects  associated  with  high  rotational  speed.  A computer  program  based  on  these 
formulations  was  applied  (ref.  1 14)  to  40mm,  15°  angular-contact  bearings;  the  spring-rate 
characteristics  shown  in  figure  14  resulted. 
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Figure  14.  — Typical  stiffness  characteristics  calculated  for  angular-contact  bearings  (ref.  1 14) 


Neglecting  speed  effects,  the  charateristics  are  identical  to  those  given  in  reference  .56.  There 
are  three  basic  regions:  the  first  (I)  shows  almost  constant  stiffness,  the  second  (II)  shows  a 
decrease  to  a minimum  stiff  and  the  third  (III)  shows  increasing  stiffness.  Region  I is 
typified  by  sufficient  axial  p -d  to  hold  the  stiffness  high  and  constant.  In  region  II,  the 

magnitude  of  radial  load  appioaches  the  axial  preload  and  fewer  balls  are  in  contact,  the 
result  being  a decrease  in  stiffness.  In  region  III,  the  axial  preload  is  no  longer  effective  and, 
as  the  radial  load  increases,  the  stiffness  starts  to  increase  because  the  ball  contact  areas  are 
increasing  rapidly.  Most  importantly,  when  the  speed  effects  were  included  in  the  analysis,  it 
was  found  that  the  stiffness  dropped  approximately  50  percent  in  the  regions  of  low  applied 
radial  load.  Thus,  it  appears  that  the  speed  effects  negated  the  expected  beneficial  effects  of 
axial  preload  on  radial  stiffness.  This  effect  is  shown  in  other  published  works  (refs.  80  and 
115). 

Cylindrical  roller  bearings  develop  radial  resistance  to  radial  motion  only.  However, 
angular-contact  ball  bearings  can  develop  both  radial  and  axial  reactions.  The  radial  reaction 
for  a rad  >1  displacement  is,  by  far,  the  primary  resistance.  However,  in  cases  where  the 
bearing  stiffness  controls  the  shaft  dynamics  at  operating  conditions,  all  resistances  may 
have  to  be  included  to  achieve  good  predictions. 

Some  analysts  have  attempted  to  account  for  the  moment  resistance  in  angular-contact 
bearings  by  using  a radial  spring  located  at  an  “effective  bearing  centei”  instead  of  at  its 
actual  location  on  the  shaft,  as  shown  in  figure  1 5. 

The  effective-bf  iring-center  location  has  in  the  past  been  taken  incorrectly  as  point  CP.  One 
investigator  (ref.  116)  considered  this  condition  and  concluded  that  the  location  lies 
approximately  halfway  between  points  CP  and  BL.  Experience  has  shown  that,  with  shafts 
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BL  = actual  bearing  location 


CP  = convergent  point  of  line 
of  action  of  balls 


Figure  15.  — Model  for  locating  effective  bearing  center  for  angular-contact  bearings 

supported  by  angular-contact  bearings,  often  only  the  radial  resistance  represented  by  a 
nonlinear  spring  located  at  the  actual  bearing  center  is  necessary  to  obtain  good  predictions 
of  shaft  dynamics. 

The  representation  of  all-fluid-film  journal  bearings  by  linearized  equations  has  produced 
good  design  information  (refs.  54,  57,  79,  117,  and  118).  Eight  coefficients  representing 
both  spring  and  dainping  forces  are  used.  These  coefficients  are  calculated  from  lubrication 
theory  and  the  properties  of  the  particular  bearing.  MoFcver,  coefficients  have  been 
published  for  many  of  the  types  of  fluid-film  bearings  (refs.  57,  1 1 9,  and  1 20). 

2.2.2.1.5  Rote '-Imbalance  Forcing  Functions 

A shaft  usually  exhibits  synchronous  whirl  during  operation  because  of  the  centrifugal 
forces  associated  with  rotor  imbalance.  The  amplitude  of  this  whirl  is  related  to  the 
rotor-imbalance  forcing  functions.  Actual  rotor  imbalance  in  rocket  turbepump  shafts  rarely 
is  equal  to  tlie  balancing  limits  specified  by  the  engineering  drawings.  This  difference  results 
from  the  shaft  usually  being  balanced  initially  by  subcomponents  and  then  as  an  assembled 
rotor  on  a balancing  machine  (ref.  121),  disassembled,  and  then  reassembled  in  the 
turbopump.  Misalignments  allowed  by  factors  such  as  pilot  tolerances,  lunouts,  parallelism, 
and  perpendicularities  can  alter  the  very  fine  balance  attained  with  the  balancing  machine 
(refs.  122  and  123). 

Fits  shift  during  operation  as  a result  of  effects  such  as  thermal  expansion  differences 
between  adjacent  parts  and  mechanical  deformations  attributable  to  centrifugal  forces. 
Sometimes  these  fit  shifts  allow  eccentric  shifting  of  adjacent  rotor  parts  and  thereby 
produce  rotor  imbalance.  Furthermore,  when  roller  bearings  are  used  to  support  the  shaft, 
the  internal  play  in  these  bearings  can  allow  the  shaft  to  excite  cylindrical  or  conical  whirl 
modes  of  motion;  this  is  especially  true  if  the  magnitudes  of  unidirectional  radial  loads  from 
sources  other  than  whirling  are  small  relative  to  the  potential  whirl  forces.  This  whirling 
associated  with  bearing  internal  play  (fig.  16)  can  develop  centrifugal  loads  that  reach  an 
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Figure  16.  — Conical  whirl  associated  with  bearing  internal  play 


order  of  magnitude  greater  than  those  resulting  from  the  specified  balance  limits  (.efs.  92, 
124,  and  125).  The  effects  of  clearance  between  the  outer  race  and  the  casing  for  an  axially 
preloaded  ball  bearing  are  best  determined  experimentally;  analytical  treatments  of  possible 
effects  are  discussed  in  references  72  and  74  through  76. 

The  following  examples  indicate  the  possible  magnitudes  of  imbalance  and  its  influence  on 
shaft  response: 

In  the  XLR-87-5  engine,  the  high-speed  shaft  weighed  approximately  25  lb  ( 1 1.3  kg);  it 
was  balanced  to  a specified  value  of  O.Ol-in.-oz  (0.071  N-mm)  static  and  0.05-in. ^-oz 
(9.0  N-mm^)  dynamic  imbalance.  Blueprint  tolerances  allowed  0.001-in.  t25/Lim) 
looseness  between  the  pilot  diameters  at  the  two  joints  holding  the  two  ( '/>.  lung 
turbine  rotors  and  shaft  together.  Disassembly  after  balancing  was  necessary,  ba^ed  on 
the  pilot  tolerances,  reassembly  static  imbalance  could  be  on  the  order  of  0.4  in.-oz 
(2.8  N-mm),  which  is  40  times  the  specified  requirement.  Checks  made  on  the  balance 
machine  verified  that  loosening  of  the  turbine  rotor  bolts  and  radial  shifting  of  the 
rotors  could  induce  the  above  stated  limits  (ref.  123).  Eventually  the  entire  shaft  was 
redesigned  to  eliminate  this  problem  and  others  that  had  developed. 

In  another  case  (ref.  122),  a gas-turbine  rotor  was  to  be  balanced  to  an  error  of  0.02 
in.-oz  (0.141  N-mm).  However,  in  production,  runouts  could  not  be  held  to  better  than 
O.OOl  TIR,  which  was  equivalent  to  0.10  in.-oz  (0.71  N-mm).  Also,  the  rolling-cop<^nct 
inner  race  runout  tolerance  of  0.002  TIR  added  another  0.02  in.-oz  (0,141  N-.nm). 
Thus,  imbalance  six  times  greater  than  the  balance  error  was  possible.  The  problem  was 
solved  by  redesigning  the  bearing  system,  replacing  rolling-contact  bearings  with 
fluid-film  bearings. 

As  a final  example,  figure  1 7 shows  the  source  and  magnitude  of  residual  imbalances  in 
the  M-1  fuel  turbopump  rotor  (ref.  92). 
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Component 

Weight 

Specified  balance  limit  | 

lb 

kg 

in.-oz 

N-mn< 

Rotor  and  blades 

380.0 

172.4 

0.141 

0.02 

Ist-stage  inducer 

82.0 

37.2 

.141 

.02 

2nd-stage  inducer 

9.3 

4.2 

.141 

.02 

Thrust  balance  disk 

19.3 

8.8 

.072 

.01 

Turbine  rotor 

215.0 

97.5 

.353 

.05 

Balance  plane  I:  .35  in.-oz  (2.47  N-mm)  spec.;  .25  In.-oz  (1.76  N-nim)  actual 

Balance  plane  II:  .75  in.-oz  (5.29  N-mm)  spec.;  .48  in.-oz  (3.39  N-mm)  actual 


' TIR  units  are  in  inches  (.001  in.  = 25.4  pm). 


Figure  17.  - Residual  imbalances,  lVI-1  fuel  turbopump  rotor  (ref.  92) 


2.2.2.1.6  Virtual  Mass  and  Damping 

Virtual  mass  and  damping  associated  with  operation  in  dense  fluids  can  have  significant 
effects  on  the  shaft  dynamics.  Unfortunately,  a good  quantitative  analysis  to  evaluate  these 
effects  does  not  exist  at  the  present  time. 

A study  of  the  effect  of  gear  restraint  on  the  whirl  of  a pinion  shaft  (ref.  126)  found  that 
(1)  whirl  amplitude  was  reduced  by  frictional  damping;  (2)  the  resonant  frequency  was 
reduced,  presumably  by  the  inertia  effects  of  the  gear;  (3)  subharmonic  as  well  as 
superharmonic  resonances  appeared  in  some  of  the  tests  because  the  vibration  system  was 
nonlinear;  and  (4)  a self-sustained  whirl  frequency  occurred. 


2.2.2.2  MATHEMATICAL  METHODS  AND  COMPUTER  SOLUTIONS 

Most  of  the  digital  computer  programs  suitable  for  calculating  the  natural  frequencies,  mode 
shapes,  and  imbalance  response  are  based  on  or  are  extensions  of  the  techniques  given  in 
references  96,  1 27,  and  1 28.  Good  discussions  of  these  methods  are  available  in  references 
97  and  129. 

References  88,  89,  and  90  describe  the  appropriate  methods  for  calculating  torsional  critical 
speeds.  In  addition,  reference  88  provides  a computer  program  in  FORTRAN. 

2.2.2.2.'l  Analysis  of  Rotors  Supported  by  Fluid-Film  Bearings 

Reference  65  includes  program  descriptions,  a user’s  manual,  and  FORTRAN  listings;  it  is 
available  to  qualified  users  from  the  U.S.  Defense  Documentation  Center,  Alexandria,  VA. 

Two  programs  are  outlined  in  the  reference: 

(1)  Imbalance  response  of  a rotor  in  fluid-film  bearings 

(2)  Stability  of  a rotor  in  fluid-film  bearings 

Program  ( 1)  is  very  general;  it  calculates  the  rotor  whirl  amplitude  and  the  force  transmitted 
to  the  base  as  the  result  of  a given  rotor  imbalance.  The  rotor  is  flexible  and  can  have  any 
arbitrary  geometry.  Also,  there  can  be  splined  couplings  in  the  rotor,  and  several  bearings. 
The  bearing  pedestals  can  be  assiijned  both  flexibility  and  damping.  Because  the  bearing  film 
forces  are  not  the  same  in  all  diiections,  the  whirl  motion  of  the  rotor  is  treated  as 
two-dimensional  in  such  a way  that  it  becomes  an  orbit  around  the  equilibrium  position. 
The  orbit  is  elliptical,  and  its  dimension  as  well  as  orientation  vary  along  the  length  of  the 
rotor.  The  computer  program  calculates  the  whirl  orbits  for  a number  of  points  along  the 
rotor  and  also  gives  the  components  of  the  force  transmitted  to  the  foundations. 
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Program  (2)  applies  to  an  arbitrary  rotor  geometry.  There  can  be  several  bearings,  and  the 
stiffness  as  well  as  damping  of  the  bearing  pedestals  can  be  included.  The  program  calculates 
the  speed  at  the  onset  of  instability  (the  threshold  speed)  and  the  corresponding  whirl 
frequency. 

In  both  programs,  the  dynamic  properties  of  a fluid-film  bearing  are  expressed  in  terms  of 
eight  coefficients:  four  spring  coefficients,  and  four  damping  coefficients.  The  values  for 
these  coefficients  depend  on  the  bearing  type,  the  bearing  dimensions,  the  viscosity  of  the 
lubricant,  the  bearing  load,  and  the  rotor  speed.  The  rotor  mass  and  elastic  properties  are 
represented  by  lumped  masses  connected  by  elastic  beam  elements  typical  of  the  Myklestad 
model.  A special  treatment  of  the  gyroscopic  moment  is  used  to  account  for  the  elliptical 
orbit  motion. 

2.2.2.2.2  Analysis  of  Rotors  Supported  by  Rolling-Contact  Bearings 

A preferred  program  for  this  analysis  is  presented  in  reference  92.  This  program  is  available 
from  COSMIC,  University  of  Georgia,  Athens,  GA. 

Basically,  this  program  is  an  analysis  of  the  forced  undamped  vibrations  of  two  elastically 
coupled,  lumped-parameter  beams.  The  whirl  analysis  of  a rotor/bearing/casing  system  is 
facilitated  by  the  assumptions  that  the  rotor,  casing,  and  bearing  stiffness  characteristics  are 
axially  symmetric  and  that  the  shaft  executes  circular  orbits.  Bearing  nonlinearities,  casing 
as  well  as  rotor  distributed  mass  and  elasticity,  rotor  imbalance  forcing  functions, 
gyroscopic  and  rotary  inertia  moments,  and  shear  and  flexural  deformations  are  included  in 
the  system-dynamics  analysis. 

The  analysis  is  based  on  a lumped-parameter  model  using  a modified  Myklestad-Thomson 
transfer-matrix  technique.  Bearings  are  characterized  as  springs  that  can  have  constant  spring 
rates  or  load-dependent  values  defined  by  K = A*L®  or  by  a table  of  L vs  K points,  where  A 
and  B are  constants.  L is  the  load  transmitted  th-^ugh  the  spring,  and  K is  the  spring  rate. 
The  bearings  have  nonlinear  load  displacement  characteristics,  and  therefore  the  solution  is 
achieved  by  iteration.  Rotor  imbalances  allowed  by  factors  such  as  pilot  tolerances  and 
runouts  as  well  as  bearing  clearances  (which  allow  conical  or  cylindrical  whirl)  determine  the 
forcing-function  magnitudes.  The  computer  programs  first  obtain  a solution  wherein  the 
bearings  are  treated  as  linear  springs  of  given  spring  rates.  Then,  based  on  the  computed 
bearing  reactions,  new  spring  rates  are  predicted,  and  another  solution  of  the  modified 
system  is  made.  The  iteration  is  continued  until  the  changes  to  bearing  spring  rates  and 
bearing  reactions  become  negligibly  small. 

If  the  machine  operating  speed  is  near  a critical  speed,  the  magnified  bearing  reaction  is  of 
interest  for  comparison  with  the  bearing  capacity.  The  nonline. treatment  of  the  bearings 
by  this  method  shows  that  the  predicted  bearing  reactions  based  on  a linear  representation 
of  the  bearings  can  be  lower  than  the  actual  values. 
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2.2.2.2.S  Analysis  of  Shaft  Systems  with  Unsymmetric  Supports 

Reference  88  includes  a program  description,  a user’s  manual,  and  FORTRAN  listings.  It  is 
available  to  qualified  users  from  the  U.S.  Defense  Documentation  Center. 

The  lateral  undamped  natural  frequencies  and  mode  shapes  of  shaft  systems  with 
unsymmetric  supports  can  be  obtained  with  this  program.  The  rotor  is  modeled  with  both 
continuous  and  lumped  mass  elements.  The  elasticity  elements  utilize  beam  theory:  flexural 
deformations  are  included,  but  shear  deformation  is  excluded.  Moreover,  this  program  does 
not  include  any  treatment  of  the  casing.  Many  designs  purposely  utilize  a flexible  housing 
between  the  rolling-contact  bearing  and  the  main  machine  casing  in  order  to  obtain  low 
values  for  the  first  two  critical  speeds.  In  these  cases,  the  casing  is  effectively  decoupled 
from  the  rotor,  and  a dynamic  model  of  the  rotor  supported  on  springs  that  are  tied  to 
ground  is  sufficient  for  good  predictions. 


2.2.2.3  PREDICTION  ACCURACY 

Locations  of  operating  whirl  critical  speeds  that  are  governed  mainly  by  the  rotor  mass  and 
the  combined  or  individual  stiffness  of  the  rotor,  bearing,  or  bearing  support  mount  usually 
can  be  predicted  within  ± 5 percent.  When  the  casing  dynamics  couple  with  the  rotor 
sufficiently  to  require  a system  rotor/ bearing/ casing  model  for  analysis,  the  prediction 
accuracy  of  critical-speed  locations  is  approximately  ± 10  percent  provided  that  the 
conditions  listed  in  section  3.2.2. 1 are  met.  When  these  conditions  are  not  satisfied,  errors  in 
predictions  of  criticals  can  easily  be  ± 20  percent  and  sometimes  as  great  as  ± 50  percent. 

The  prediction  of  response  levels  in  general  has  been  even  more  inaccurate.  It  is  not 
uncommon  for  measured  data  to  differ  by  a factor  of  2 or  3 from  the  predicted  data.  These 
large  discrepancies  arise  because  values  of  imbalance  are  hard  to  predict  accurately,  and 
most  turbopump  operating  speeds  usually  come  within  15  to  20  percent  of  a major  critical 
speed  or  closer  to  a secondary  critical.  A small  error  in  predicting  the  locations  of  these 
criticals  can  result  in  significant  error  in  predicting  the  response  level  (fig.  18). 


Figure  18.  - Error  in  prediction  of  response  resulting  from  a small  error  in  prediction  of  critical  speed  Nqr 
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Table  VII  shows  a typical  comparison  of  calculated  and  experimental  natural  frequencies 
and  the  associated  kinetic  energy  distribution.  Additional  information  on  prediction 
accuracy  is  available  in  the  literature  (e.g.,  refs.  6,  8,  54,  78,  and  79). 

2.2.3  Adjustment  of  Critical  Speeds 
and  Response  Levels 

The  following  major  factors  influence  critical  speeds: 

( 1 ) Shaft  mass  and  stiffness  magnitude  and  distribution 

(2)  Bearing  and  seal  location,  stiffness,  and  damping 

(3)  Bearing  mount  stiffness 

(4)  Casing  mass  and  stiffness  magnitude  and  distribution 

The  first  factor,  although  obvious  to  most  shaft  designers,  has  often  been  overlooked. 
Stiffness  of  a shaft  that  has  shaft-mounted  components  such  as  shrunk-on  impellers,  shaft 
sleeves,  and  bearing  races  can  be  changed  markedly  by  changing  the  fits  and  the  axial 
preloading.  Furthermore,  curvic  couplings  and  other  mechanical  joints  not  maintained  in 
compression  will  allow  considerable  flexibility. 

Critical  speeds  can  be  influenced  significantly  by  the  flexibilities  of  the  bearings,  the  bearing 
mounts,  and  the  machine  casing  (refs.  7 and  93).  Advantage  has  been  taken  of  the  support 
effects  to  effectively  adjust  or  tune  the  critical  speeds  to  the  desired  values  (refs.  130 
through  132).  Flexible  bearing  mounts,  as  indicated  in  figure  19,  have  been  used  to  produce 
low  first  and  second  criticals,  which  are  rigid-body  translation  and  rotation  modes,  as  well  as 
to  yield  a large  available  speed  range  for  operation  between  the  second  and  third  criticals, 
the  third  critical  being  basically  the  first  shait  bending  mode. 


Figure  19.  - Effect  of  support  spring  rate  on  rotor  critical  speed 
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TABLE  VI  - Summary  of  Calculated  and  Experimental  Natural  Frequencies 
for  the  XLR-87-AJ-9  Turbine  Shaft 


(a)  Calculated  natural  frequencies,  Hz 


Rotor/bearing 

model' 

Rotor/bearine/casine  ir-  dels 

Dynamic  stiffness 
method 

Refined  double- 
beam modeP 

Forward 

Forward 

Forward 

Lateral 

Circular 

Lateral 

circular 

Lateral 

circular 

vibration 

Whirl 

vibration 

whirl 

vibration 

whirl 

mmm 

198/220 

200/220 

— 

— 

265 

265 

327/372 

328/374 

— 

400 

440 

403/480 

456/530 

517 

630 

590 

650 

635/671 

>650 

‘ Model  not  valid  for  lower  frequencies 

^ First  value  corresponds  to  min.  stiffness  casing  model,  and  second  corresponds  to  max . 
stiffness  casing  model. 


(b)  Experimental  data 


Spin  tests.  - 

Sneeds  of  vibration  buildun.  rns 

Shake  tests.  - 
Natural  fremiencies.  Hz 

Tight  fits  and  small 
bearinc  clearances 

Loose  fits  and  large 
bearine  clearances 

Casing 

without 

rotor 

■■ 

Elliptical 

whirls 

Circular 

whirls 

Elliptical 

whirls 

Circular 

wliirls 

200-215/260-270 

not  meas. 

200-215/235-250 

not  meas. 

195-200 

not  meas. 

330-343/372-390 

300/350 

99  99 

230-250/300 

99  99 

407  /440450 

470485 

not  meas. 

427-440 

480 

99  99 

>500 

>500 

>550 

>550 

not  meas. 

540 

(c)  Kinetic  energy  distribution  for  various  natural  frequencies,  calculated  on  the  basis  of  the  associated 
rotor/casing  system  mode  shapes 


Natural  frequency, 
Hz 

Kinetic  energy  distribution,  % 

Rotor 

Casing 

198/220 

7 

93 

327/372 

13 

87 

4 

96 

456/530 

74 

26 

635/671 

95 

5 
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Seals  and  wear  rings  can  act  as  fluid-film  bearings  and  produce  stiffness  and  damping,  and 
thus  affect  critical  speed  locations  as  well  as  rotor  stability  (ref.  133). 

A significant  reduction  in  response  levels  has  been  accomplished  by  using  improved  balance 
techniques.  The  use  of  squeeze-film  dampers  for  adding  or  increasing  damping  to  reduce 
response  is  gaining  considerable  interest  among  designers  of  shafts  for  aircraft  engines.  Both 
hydraulically  mounted  rolling-contact  bearings  (refs.  134  and  135)  and  squeeze-film 
dampers  between  two  nonrotating  parts  in  parallel  with  a flexible  bearing  support  (refs.  130. 
131,  and  136)  have  been  used.  Although  damper  bearings  of  the  Coulomb-friction  type  have 
been  used  successfully  in  jet  engines  (ref.  83),  squeeze-film  dampers  have  not  yet  been  used 
successfully  in  rocket  engine  turbomachinery.  Providing  nonlinear  stiffness  properties  to  the 
bearing  support  also  has  been  used  to  limit  resonant-amplitude  buildups  (ref.  132). 
Nonlinearity  without  any  added  damping  has  the  advantage  over  the  damped,  flex-mounted 
technique  (ref.  130)  in  that  lower  force  is  transmitted  at  supercritical  speeds.  However,  care 
must  be  taken  to  preclude  “superwhirling”  (refs.  72  and  75)  and  delayed  resonances. 

2.2.4  Balancing 

References  54,  84,  121,  and  137  through  142  represent  a good  survey  of  the  major 
literature  on  balancing.  There  are  two  main  classes  of  rotor  balancing:  the  rigid  rotor,  and 
the  flexible  rotor.  The  object  of  rigid-rotor  balancing  is  to  ensure  that  the  center  of  mass  of 
the  rotor  lies  in  the  centerline  of  the  bearings  and  that  no  couple  is  transmitted  to  the 
bearings.  At  low  balance  speeds,  the  imbalance  is  independent  of  speed.  Conversely,  a 
flexible  rotor  balanced  in  one  mode  is  not  necessarily  balanced  in  another  mode.  Rotors 
that  have  only  two  correction  planes  available  generally  operate  below  the  first  bending 
critical  speed.  Imbalance  usually  is  measured  by  radial  runout. 

Balancing  of  the  complete  assembly  has  been  sufficient  for  low  speeds,  but  separate 
balancing  of  components  has  been  the  practice  for  higlier  speeds.  The  advantage  of 
component  balancing  is  that  it  allows  for  the  interchangeability  of  parts  and  reduces  internal 
shaft  moments.  Eccentricity  tolerances  result  in  imbalance  assembly.  Modal  balancing  is  a 
step-by-step  method  for  balancing  at  Successive  critical  speeds  with  corrections  made  so  that 
the  balance  at  the  previous  modes  is  unaffected.  Modal  balancing  is  preferred  for  shafts 
operating  steady-state  at  critical  speeds,  but  it  is  very  costly. 

Balancing  capability  has  not  been  a limiting  factor  for  turbopump  rotors  operating  below 
the  first  bending  critical  speed.  In  some  cases,  a known  imbalance  has  been  added  to  create  a 
bearing  radial  load  and  prevent  ball  or  roller  skidding. 

The  procedure  for  rotor  assembly  balancing  has  varied.  Either  the  rotating  assembly  is 
balanced  by  removing  material  in  specified  planes  or  it  is  balanced  by  relocating  previously 
balanced  components  rotationally  with  respect  to  each  other.  The  latter  method  is  used 
when  the  components  are  joined  by  curvic  couplings,  and  it  is  merely  a matter  of  remating 
the  curvics  in  a different  radial  position.  Even  with  a carefully  balanced  shaft,  however. 
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imbalance  has  occurred  when  a curvic  coupling  joint  that  was  tiglit  at  assembly  became 
loose  during  operation  because  vibrations  relieved  the  frictional  binding.  Imbalance  also  has 
occurred  when  the  coupling  was  misaligned  as  a result  of  foreign  material  lodged  between 
the  teeth. 

2.3  Coupling  Design 

The  types  of  couplings  most  commonly  used  for  liquid  rocket  engine  turbopumps  are  the 
involute  spline,  curvic  coupling,  and  parallel-sided  face  coupling;  fitted-bolt, 
friction-bolted-flange,  and  ball-spline  couplings  are  very  rarely  used.  The  involute  spline, 
curvic  coupling,  and  parallel-sided  face  coupling  are  discussed  in  detail  in  the  three  sections 
that  follow.  The  design  requirements  of  the  fitted-bolt  and  friction-bolted  flange  are 
comparatively  simple  and  are  not  discussed  herein. 

2.3.1  Splines 

Splines  have  been  used  more  than  any  other  coupling  because  of  large  load-carrying 
capacity,  low  cost,  and  reliability.  Splines  require  a change  in  shaft  diameter.  Most 
turbopump  splines  have  an  involute  profile  similar  to  gear  teeth  in  that  they  can  be  cut  and 
measured  with  the  same  machines  used  for  gear  teeth.  However,  splines  differ  from  gears  in 
that  they  have  no  rolling  action  and  25  percent  or  more  of  the  teeth  contact  at  once.  Splines 
seldom  pit  or  break  at  the  root,  although  they  do  fail  by  shear,  fretting,  corrosion,  and 
fatigue.  Fixed  splines  permit  no  relative  or  rocking  motion  between  internal  and  externa! 
teeth.  The  fit  between  mating  parts  can  be  either  tight  or  loose.  Flexible  splines  are 
vulnerable  to  wear  because  they  permit  some  rocking  motion,  and  under  torque  the  teeth 
slip  axially  to  accommodate  axial  expansion  or  runout.  Fully  crowned  splines  have  been 
successful  with  as  much  as  a 3°  misalignment.  Various  splines  (e.g.,  aligned,  misaligned,  and 
precision)  have  been  used  with  various  types  of  fits  such  as  major  diameter,  side, 
interference,  loose  side,  and  combination  with  stepped  pilot  diameters  at  each  end.  Minor- 
diameter  fits  are  not  used  because  of  the  relatively  ‘^mall  contact  surface  area  on  which  to 
provide  good  positioning  and  because  large  root  stresses  are  induced  in  the  weaker  member 
of  the  coupling.  Fretting  in  the  splines  of  inducers  or  impellers  of  oxidizer  or 
monopropellant  pumps  is  a potential  source  of  ignition.  This  fretting  can  be  controlled  by 
using  a tight  axial  clamp-up  in  the  assembly  and  by  setting  tight  fits  on  the  radial  positioning 
surfaces.  After  test,  minor  contact  marks  usually  are  acceptable  for  the  splines  of  oxidizer 
and  monopropellant  pumping  elements,  but  clearly  defined  fretting  normally  is  not  allowed. 

Most  fixed  splines  have  been  of  the  30°-involute  stubbed-tooth  configuration.  When  the 
splines  are  used  as  a flexible  coupling,  the  tooth  form  usually  is  special,  tending  toward  ( 1 ) a 
lower  contact  angle  (14.5°)  to  minimize  runout  effects  on  balance  and  (2)  a longer 
addendum  to  provide  larger  contact  areas. 

The  current  trend  is  to  design  splines  so  that  an  increased  percentage  of  the  teeth  make 
contact.  Special  tolerances  and  inspection  techniques  are  required  when  over  25  percent  of 
the  teeth  make  contact.  For  fixed  splines  with  a width  one-third  the  pitch  diameter,  the 
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( 1 ) Eliminate  the  dangerous  tensile  stresses. 

(2)  Remove  the  corrosive  environment  or  render  it  less  harmful  by  using  protective 
barriers  (coatings,  platings,  material  pro».,essing,  etc.). 

(3)  Replace  the  metal  in  the  particular  application  with  another  material  that  does 
not  fail  in  the  specific  environment. 

Steel  alloys  that  should  be  avoided  because  of  very  low  resistance  to  stiess-corrosion 
cracking  (ref.  1 59)  are  the  following: 

Alloy 


17-4  PH 
17-7  PH 
PH  15-7  Mo 
AM  355 
H-11 

Vascojet  1000 
Low-alloy 


3.1. 1.5.4  Hard  Vacuum 

The  shaft  and  coupling  properties  shall  not  be  degraded  below  acceptable  limits 
by  cold-welding  or  adhesion,  evaporation,  decomposition,  or  sublimation  in 
prolonged  hard  vacuum. 

Use  aluminum  coatings  in  place  of  cadmium,  zinc,  or  magnesium  in  a prolonged  hard 
vacuum.  Special  lubricants  (refs.  52  and  53)  that  do  not  evaporate,  sublime,  or  decompose 
must  be  used. 


Temper 

All  tempers 
All  except  CH  900 
All  except  CH  900 
<SCT900  FH 
All  tempers 
All  tempers 

>1 80  ksi  ( 1 .24  GN/m^ ) yield  strength 


3.1.2  Material  Selection 

3.1.2.1  MECHA?^1CAL  PROPERTIES 

The  minimum  mechanical  properties  of  the  shaft  and  coupling  material  shall  not 
be  less  than  those  required  to  satisfy  the  critical  operating  loading  and 
environmental  conditions. 

The  main  mechanical  properties  to  consider  in  choosing  the  material  are  the  tensile  yield 
and  ultimate  strengths,  creep  strength,  ductility  as  measured  by  reduction  in  area  and 
fracture  toughness  (ref.  160),  fatigue  strength,  thermal  expansion  or  contraction 
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coefficients,  and  modulus  of  elasticity.  The  material  strengths  and  other  physical  properties 
should  be  evaluated  for  the  entire  range  of  operating  and  nonoperating  environments. 
Property  values  should  be  selected  from  authoritative  sources  such  as  M1L-HDBK-5A  (ref. 
161),  Department  of  Defense  reports,  or  documented  test  values  when  appropriate. 
Property  values  should  be  based  on  statistical  evaluation  of  the  test  data,  and  the  values  used 
for  design  should  be  those  for  which  the  probability  is  95  percent  that  99  percent  of  the 
samples  exceed  the  design  values  (e.g.,  “A”  values  in  ref.  161). 

A material  that  has  good  low-cycle  fatigue  (LCF)  strength  does  not  necessarily  have  good 
high-cycle  fatigue  (HCF)  strength  (ref.  48).  For  good  HCF  life,  a material  with  high  tensile 
strength  is  best,  whereas  for  LCF  a material  with  lower  tensile  strength  but  high  ductility  is 
best  (fig.  5).  Furthermore,  for  long  life  in  higli-temperature  use,  good  creep-rupture  strength 
also  is  necessary  (refs.  162  and  163). 


3.1.2.2  THERMAL  PROPERTIES 

Differential  thermal  expansion  or  contraction  of  the  shaft  and  bearing-race 
tnaterials  shall  not  result  in  race  fracture  or  loose  fits. 

The  thermal-expansion  properties  of  the  shaft  and  the  bearing  materials  at  operating 
temperature  should  be  matched  as  closely  as  possible.  The  effect  of  differential  expansion 
on  bearing  jearance  and  bearing  race-to-shaft  fit  should  be  calculated  for  conditions  of 
assembly,  nonoperating  chilldown,  and  transient  and  steady-state  operation  as  appropriate. 
For  critical  applications,  the  available  material  thermal-expansion  data  may  not  be  accurate 
enough;  in  such  cases,  conduct  special  thermal-expansion  tests. 


3.1 .2.3  STRESS  CORROSION  AND  HYDROGEN  EMBRITTLEMENT 

The  shaft  and  ccupling  material  shall  not  suffer  deleterious  effects  of 
stress-corrosion  cracking  or  hydrogen  embrittlement. 

The  material  selected  should  be  compatible  with  the  propellant  and  environment.  When 
there  is  potential  exposure  to  high-pressure  gaseous  hydrogen,  avoid  the  use  of  materials 
that  become  brittle  in  that  environment.  Refer  to  section  3. 1.1. 5 for  a more  complete 
discussion  of  stress  corrosion  and  hydrogen  embrittlement. 


3.1. 2.4  LOW-TEMPERATURE  EMBRITTLEMENT 

The  shaft  and  coupling  materials  shall  not  be  susceptible  to  brittle  fracture  due  to 
low-temperature  embrittlement. 


67 


The  material  should  have  at  least  5-percent  reduction-in-area  ductility,  more  than  15  Ib-ft 
(20.3  N-m)  of  Charpy  V-notch  impact  energy,  and  adequate  fracture  tougliness  (ref.  160)  at 
the  operating  temperature.  In  establishing  the  minimum  fracture-toughness  requirements, 
consideration  should  be  given  to  the  size  of  fabrication  flaws  and  cracks  that  may  go 
undetected  during  NDT  inspection,  the  operating  stress  levels,  and  the  desired  life  (ref.  49). 

Low-alloy  steels  such  as  9310,  4340,  440C,  and  AM-350  should  not  be  used  at  cryogenic 
temperatures. 


3.1.2.5  SURFACE  CONDITION 

The  shaft  and  coupling  shall  not  suffer  surface  wear,  fretting,  or  galling  of 
sufficient  magnitude  to  cause  shaft,  coupling,  or  associated  parts  to  fail. 

The  shaft  or  coupling  material  should  be  selected  with  due  account  for  the  possible  need  to 
heat  treat,  case  harden,  or  coat  the  surfaces.  These  surface  treatments  and  the  materials  for 
mating  parts  should  be  evaluated  for  the  effects  on  the  material  tensile  and  fatigue  strength 
as  well  as  effects  on  wear,  fretting,  or  galling.  Typical  past  solutions  are  described  in  section 

2.1.2  and  in  reference  '64. 

3.1.3  Structural  Analysis 

3.1. 3.1  LOADS 

The  structural  analysis  of  the  shaft  and  coupling  shall  evaluate  the  critical 
combinations  of  radial,  axial,  and  torsional  loads,  both  steady  and  alternating, 
encompassing  all  anticipated  conditions  in  the  operating  and  test  range. 

“Worst-case”  design  operating  conditions  should  be  used  in  evaluating  each  load,  and  the 
loads  should  be  combined  vectorially  to  yield  the  “worst-case”  combined  loads. 

Probable  accuracy  of  computed  loads  should  be  assessed  and,  if  applicable,  calculated  values 
modified  to  obtain  conservative  worst-condition  predictions.  For  example,  small  percentage 
variations  in  large  pressure  forces  on  the  impeller  front  and  back  faces  always  result  in 
considerable  variations  in  magnitudes  of  net  thrust. 

The  following  kinds  of  loads  should  be  evaluated  as  indicated; 

Radial 


Rotor  dynamics.  — Rotating  imbalance  and  self-excited  whirl  forces.  An  analysis  of 
shaft  response  to  imbalance  forces  should  be  accomplished  as  outlined  in  section 
3. 2.2. 1.4.  For  fail-safe  considerations,  include  in  rotor  dynamic  loads  the  loads  induced 
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by  rotor  imbalance  caused  by  failure  of  one  blade  and  assume  that  these  loads  will  act 
over  the  entire  engine  operating  period  required  for  the  mission. 

Rotor  pressure  loading.  - Unequal  pressure  around  impeller  shrouds,  discharge  outlets, 
etc.  The  pressure  profiles  should  be  integrated  for  load  magnit’u'es. 

Vehicle  accelerations.  — Longitudinal  and  lateral  flight  motion;  engine  gimbal 
snubbing;  gyroscopic  action  of  rotor,  vehicle  rotation,  or  engine  gimbaling.  Engine  and 
vehicle  specifications  should  be  reviewed  for  acceleration,  gimbaling,  and  maneuver 
requirements. 

Gear  and  bearing  reactions  due  to  shaft  power  torque. 


Constraint  of  thermal  expansions  or  contractions.  - Conduct  a heat-transfer  analysis  to 
obtain  the  thermal  profiles  of  the  assembly.  Then  calculate  thermally-induced  loads 
and  their  interaction  with  assembly  loads. 

Axial 


Rotor  axial  vibrations.  - The  natural  frequency  of  the  rotor/bearing  system  treated  as 
a rigid  rotor  mass  on  a simple  spring  should  not  coincide  with  the  shaft  operating  speed 
(or  multiples  of  2 or  3 thereof)  unless  a response  analysis  or  test  demonstrates  that  no 
adverse  effect  occurs.  For  preliminary  design,  axial  vibration  loads  may  b considered 
to  have  amplitudes  about  5 percent  of  the  bearing  thrust  loads.  If  testing  shows  that 
these  vibrations  are  significant,  then  experimental  evaluation  is  recommended. 

Rotor  pressure  loading.  - Unbalance  thrust  across  impellers,  turbine  wheels,  balance 
pistons,  and  thrust  bearings  should  be  integrated  for  load  magnitudes. 

Vehicle  accelerations.  — Same  sources  listed  above  for  radial. 

Gear  reactions  to  shaft  power  torque.  - Helical  gears,  misaligned  splines. 

Assembly  axial  preload.  - Built-up  shafts,  turbine  and  impeller  -etaining  bolts. 

Self-constrained  or  bearing-constrained  snaft  thermal  expansions  or  contractions.  - 
Evaluate  as  above  for  radial. 

Torsional 


Shaft  power  torque. 

Torsional  vibration  inertia  forces.  — For  preliminary  design,  torsional  vibration  loads 
may  be  considered  to  have  amplitudes  of  about  5 percent  of  the  nominal  power  torque 
load.  If  operation  shows  these  vibrations  to  be  more  significant,  then  experimental 
evaluation  is  recommended. 
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3.1 .3.2  SAFETY  FACTORS 


The  shaft  and  coupling  design  safety  factors  shall  be  adequate  to  achieve  the 
specified  reliability. 

Safety  factors  applied  to  limit  loads  should  be  equal  to  or  larger  than  1.1,  1.3,  and  1 .25  for 
yield,  ultimate,  and  fatigue  strengths,  respectively.  The  preferred  values  are  1.1,  1.4,  and 
1.33.  If  sufficient  statistical  data  are  available  for  a particular  application  to  justify  the  use 
of  probabilistic-reliability  methods  (refs.  40  through  45),  then  the  statistically  determined 
values  for  safety  factor  should  ' e used. 


3.1. 3.3  ANALYTICAL  METHODS 

Structural  analysis  shall  verify  that  the  shaft  and  coupling  have  adequate  strength 
throughout  service  life  to  preclude  structural  failure  due  to  deformation  or 
collapse,  fracture,  or  wear. 

The  shaft  should  be  analyzed  for  all  critical  loading  conditions  defined  in  3. 1.3.1,  due 
account  being  given  to  stress  concentrations,  environmental  considerations,  material 
strength  properties,  required  safety  factors,  and  clearances  between  the  stationary’  and 
rotating  parts.  Adverse  deformation  or  collapse  failure  margins  should  be  calculated, 
consideration  being  given  to  potential  elastic,  plastic,  or  creep  deflections  or  buckling. 
Specific  details  of  such  analyses  can  be  found  in  almost  any  book  treating  machine  design  or 
strength  of  materials. 

Fracture-failure  margins  should  be  evaluated  for  both  time-dependent  and  time-independent 
failure  mechanisms.  Time-independent  mechanisms  include  the  well-understood  simple 
ductile  overload  and  the  much-less-understood,  complicated,  and  less-predictable  brittle 
rupture.  Factors  that  may  contribute  to  brittle  rupture  are  low  material  ductility  and  low 
fracture  toughness,  fabrication  flaws,  weld  defects,  design  notches  and  stress  raisers,  degree 
of  stress  triaxiality,  high  strain  rates,  low  temperature,  hostile  environments  (chemical  or 
physical),  and  improper  moterial  heat  treatment.  The  most  promising  engineering  approach 
for  assessing  sensitivity  to  brittle  fracture  is  the  use  of  the  principles  of  linear  elastic  fracture 
mechanics  (refs.  165  and  166). 

Time-dependent  fracture  mechanisms  encompass  botli  static  and  cycL  loads.  The 
possibility  of  delayed  fracture  under  static  loads  due  to  creep  rupture,  stress-corrosion 
cracking,  or  hydrogen  embrittlement  should  be  assessed.  The  shaft  design  should  be 
analyzed  for  fracture  potential  due  to  fatigue  induced  by  cyclic  or  combined  static  and 
cyclic  loads;  the  analysis  should  include  thermal  stress  that  may  induce  low-cycle  fatigue  or 
large  residual  mean  tensile  stresses  that  reduce  the  alternating  stress  capability. 
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Card  #21 


In  the  evaluation  of  high-cycle  fatigue,  the  critical  effective  stress  levels  should  be 
determined  by  use  of  the  distortion-energy  (i.e.,  Von  Mises-Hencky  theory)  definition  of 
effective  stress  for  multiaxial  stress  states  (refs.  11  and  12).  The  shaft-material  fatigue 
endurance  strength  should  be  established  by  using  existing  guidelines  (refs.  12,  pp.  166-176 
and  46,  pp.  221-229)  and  by  reducing  the  smooth-bar  material-specimen  fatigue  strength  to 
allow  for  the  modifying  effects  of  surface  finish,  size,  temperature,  notch  sensitivity, 
residual  stresses,  material  directional  effects,  corrosion,  plating, ' and  reliability.  For 
combined  alternating  and  steady  stress  levels,  use  experimentally  determined  stress-range 
diagrams  or  modified  Goodman  diagrams  (refs.  167  and  168).  To  assess  the  combination  of 
multilevel  magnitudes  of  cyclic  stress,  the  Miner  theory  of  linear  cumulative  damage  (ref. 
169)  may  be  used  to  predict  fracture  with  a usage  factor  of  0.70  (refs.  169  through  172). 
However,  the  accuracy  of  any  cumulative-damage  theory  suffers  under  certain  conditions, 
and  the  designer  should  be  acquainted  with  the  limitations  as  presented  in  the  cited 
references. 

All  shaft  components  should  be  stress  analyzed  with  sufficient  depth  to  identify  peak  stress 
levels  associated  with  all  the  applicable  load  sources  previously  identified.  For  long  life  and 
multiple  reuse  applications,  special  emphasis  should  be  given  to  the  evaluation  of  thermal 
and  geometrical  discontinuity  stresses,  as  they  are  common  causes  of  fatigue.  Critical 
buckling  stress  levels  of  hollow  thin-wall  shafts  also  must  be  evaluated,  and  a margin  to 
preclude  buckling  must  be  provided. 

The  critical  effective  stress  and  strain  levels  that  govern  cyclic  fatigue  life  must  be  kept 
below  the  endurance  limit  of  the  material  for  the  required  number  of  duty  cycles  times  an 
appropriate  safety  factor.  Stress  concentrations  should  be  minimized  by  using  maximum 
radii  in  fillets,  optimizing  transition  sections,  locating  mechanical  and  weld  joints  in 
low-nominal-stress  areas,  and  undercutting  and  placing  relief  holes  to  smooth  out  the 
distribution  of  stress.  Analytical  determination  of  the  stress  levels  by  comprehensive 
digital-computer  structural-analysis  programs  and  experimental-stress-analysis  techniques, 
where  applicable,  may  be  necessary  to  determine  locations  and  magnitudes  of  critical 
effective  stress  levels.  The  methods  for  predicting  low-cycle  fatigue  life  are  continually  being 
modified  and  improved;  the  present  recommended  methods  are  those  described  in 
references  173  through  176. 

(Wear  failures  of  the  adhesive  type  such  as  galling  or  scoring  are  caused  primarily  by  a lack 
of  separating  film;  many  times  these  failures  tan  be  precluded  simply  by  use  of  a lubricant. 
Abrasive  wear  failure  due  to  shaft  rubs  should  be  minimized  by  providing  clearances 
adequate  to  preclude  rubbing.  Fretting-corrosion  wear,  which  is  caused  by  the  relative 
oscillatory  motion  of  two  surfaces  under  normal  force  such  as  in  press  fits,  can  be  overcome 
by  using  tight  fits,  inducing  residual  surface  compressive  stresses,  and  reducing  the  vibration 
level). 
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3.2  Shaft  Dynamics 

3.2.1  Dynamic  Behavior 


3.2.1 .1  WHIRL  MOTIONS 

Shaft  dynamic  analyses  shall  be  appropriate  to  the  type  of  whirl  motion. 

For  all  designs,  forward  synchronous  circular  whirl  motion  should  be  assumed  for 
calculations  of  critical  speeds  and  shaft  response.  If  the  casing  or  bearing  mount  is 
asymmetrical  about  the  shaft  axis  in  either  mass  or  stiffness,  the  forward  synchronous 
elliptical  and  lateral  vibration  motion  also  should  be  analyzed  for  critical  speeds  and  shaft 
response. 


3.2.1 .2  FORCED  WHIRLS  AND  CRITICAL  SPEEDS 

3.2.1 .2.1  Steady-State  Operating  Speed  Limitations 

There  shall  be  no  steady-state  shaft  operation  near  a major  critical  speed  if  bearing 
failure,  rotor-tip  rubbing,  or  other  undesd'able  associated  phenomenon  can  occur. 

The  lowest  major  critical  speed  whose  mode  shows  a preponderance  of  the  system  potential 
energy  to  be  due  to  rotor  bending  as  compared  with  stator  or  bearing  deformations  should 
be  no  lower  than  125  percent  of  the  normal  operating  speed  or  115  percent  ot"  the 
maximum  overspeed,  whichever  is  greater.  The  maximum  bearing  reactions  at  any 
steady-state  speed  should  be  compared  with  the  bearing  capacities,  due  regard  being  given  to 
the  required  life,  reliability,  and  applied  bearing  loads  from  sources  other  than  shaft 
dynamics.  Likewise,  it  is  recommended  that  rotor  whirl  orbit  amplitudes  be  computed  and 
compared  with  available  operating  clearances  (ref.  1 83). 

Major  critical  speeds  that  involve  appreciable  stator  or  bearing  deformation  and  that  are 
lower  than  the  operating  speed  are  permissible  when  they  comply  with  the  following 
restrictions; 

(1)  The  speed  is  no  higher  than  85  percent  of  the  lowest  steady-state  operating  speed. 

(2)  The  speed  is  the  lowest  possible  speed  consistent  with  other  design  requirements 
(e.g.,  rotor  running  positions  and  displacements  under  worst  loading  should  not 
exceed  tip  clearances). 

(3)  The  rate  of  change  in  shaft  speed  while  passing  through  the  criticals  is  sufficient 
to  preclude  excessive  response.  Calculations  (refs.  184  through  190)  of  possible 
response  magnitudes  should  be  made  during  the  design  phase. 
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(4)  Self-excited  whirls  do  not  develop  into  untenable  response  levels. 

If  calculated  critical  speeds  of  the  type  discussed  above  are  closer  to  the  operating  speed 
range  than  allowed  by  the  restrictions  given,  and  if  the  speeds  cannot  be  moved  appreciably 
without  compromise  of  other  design  requirements,  approval  of  the  design  regarding  critical 
speeds  should  be  based  on  comprehensive  vibration  tests  of  the  complete  rotor/stator 
assembly  and  on  the  comparison  of  experimentally  determined  operating  clearances  and 
bearing  loads  with  the  design  allowables. 

Tracking  shaft  motion  with  proximity  probes  (sec.  3.4.2)  is  especially  recommended  for 
initial  testing  of  machines  that  operate  above  the  first  system  major  critical  speed.  This 
procedure  allows  evaluation  of  the  potential  of  the  rotor  for  self-excited  whirling. 

3.2.1 .2.2  Assessing  Importance  of  Critical  Speeds 

Analyses  during  the  design  phase  shall  define  the  major  critical  speeds. 

To  facilitate  assessing  the  importance  of  various  critical  speeds,  conduct  analyses  as 
described  in  section  2. 2. 1.2  so  that  the  following  information  is  obtained: 

( 1 ) Location  of  critical  speeds  relative  to  the  operating  speeds 

(2)  Mode  shapes  and  kinetic  energy  distribution 

(3)  Response  predictions:  bearing  reactions,  whirl  orbits,  and  sensitivity  to  imbalance 

(4)  Closeness  of  the  critical  to  other  identified  resonant  speeds 

(5)  Type  of  motion:  synchronous  or  nonsynchronous,  forward  or  backward,  forced 
or  self-excited,  circular  or  noncircular 

(6)  Effort  required  to  change  critical  speed  or  modify  response  level  by  design 
changes 

Secondary  critical  speeds  should  be  computed  and  listed  for  future  reference  as  possible 
diagnostic  aids  in  the  event  of  failure  preceded  by  peculiar  shaft  dynamic  characteristics 
such  as  nonsynchronous  vibrations,  beats  in  response  level,  or  other  behavior  described  in 
references  58  through  6 1 . 


3.2.1.3  SELF-EXCITED  WHIRLS  AMD  INSTABILITIES 

Shafts  designed  to  operate  above  the  first  system  critical  speed  shall  not 
experience  damaging  effects  of  self-excited  nonsynchronous  whirls. 
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Rotors  supported  in  rolling-contact  bearings  should  be  analyzed  for  self-excited  whirl 
potentials  by  the  methods  presented  in  reference  83.  This  reference  covers 
aerodynamic-induced  instabilities  and  provides  practical  solutions  to  such  problems. 

Built-up  shafts  and  rotors  using  press-  or  shrink-fitted  items  (e.g.,  sleeves  and  collars)  should 
not  be  run  above  the  system  major  critical  speed  whose  mode  has  significant  shaft  bending, 
and  damping  is  insufficient  to  preclude  shaft  rubbing,  bearing  overload,  or  shaft,  coupling, 
or  stator  overstress.  Reference  86  provides  a detailed  summary  of  additional  causes  and 
ways  of  eliminating  harmful  whirls  induced  by  internal  friction. 

Operating  a shaft  with  a dry-clearance  bearing  or  a shaft  rubbing  on  an  unlubricated  guard 
should  be  avoided  throughout  the  entire  speed  range.  If  dry  rubbing  occurs,  reverse  whirl 
can  become  a near-resonant  whirl  over  a large  range  of  shaft  speeds  including  speeds  below 
the  first  system  critical  speed.  To  obtain  the  broadest  band  of  whip-free  rubbing,  the  rotor 
and  stator  natural  frequencies  should  be  kept  dissimilar,  and  the  rotor  and  stator  dampings 
made  close  to  one  another  (ref.  191).  Other  ways  of  mitigating  whirls  induced  by  dry 
friction,  if  they  occur,  are  to  (1)  change  the  design  by  increasing  operating  clearances,  (2) 
raise  the  rotor/stator  system  natural  frequencies,  (3)  improve  the  rotor  balance,  or  (4)  coat 
the  rubbing  area  with  a low-friction-surface  material. 

Asymmetry  in  the  stiffness  of  rotor  casing  or  foundation  should  also  be  considered  as  a 
means  of  increasing  the  threshold  speed  of  nonsynchronous  self-excited  whirls  (ref.  192). 
Rotors  using  fluid-film  bearings  can  be  evaluated  for  stability  by  the  methods  described  in 
references  54,  65,  68,  and  83. 


3.2.1 .4  TORSIONAL  CRITICAL  SPEEDS 

Shaft  systems  that  have  flexible  couplings  or  that  are  part  of  a gearbox  shall  be 

free  of  harmful  torsional  critical  speeds. 

The  torsional  natural  frequencies  should  be  computed  by  appropriate  methods  such  as  those 
in  references  88  through  90.  To  identify  the  shaft  speeds  that  may  be  critical,  the  natural 
frequencies  and  the  potential  excitation  frequencies  should  be  cross  plotted  against  shaft 
speed  as  shown  in  figure  4.  Intersections  determine  critical  speeds.  Consult  section  2.2.3  and 
references  63,  89,  and  90  for  sources  of  excitation.  Steady-state  shaft  operating  speeds 
should  not  coincide  with  the  first  system  natural  frequency  or  one-half  or  one-third  of  it.  If 
the  product  of  the  number  of  gear  teeth,  or  the  number  of  impeller  vanes,  or  the  number  of 
stator  vanes  multiplied  by  the  rotational  speed  matches  a natural  frequency,  operation  at 
that  speed  is  not  recommended  unless  it  can  be  shown  by  response  computations  or  by  test 
that  adverse  vibrations  do  not  occur. 
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3.2.1.5  THIN-WALL  HOLLOW-SHAFT  VIBRATIONS 


A thin-wall  hollow  shaft  shall  be  free  of  harmful  nodal-circle  and  nodal-diameter 
vibration  critical  speeds. 

The  methods  and  considerations  of  reference  193  should  be  used  for  analysis  of  potential 
nodal-circle  and  nodal-diameter  vibration  critical  speed  of  hollow-drum-type  shafts.  If 
harmful  vibration  is  predicted  by  analysis  or  develops  in  testing,  the  design  thickness  or 
excitation  characteristics  should  be  changed  to  detune  the  resonance. 


3.2.2  Analysis  of  Shaft  Dynamic  Behavior 

3.2.2.1  MODELING  FOR  THEORETICAL  ANALYSES 

3.2.2.1 .1  Mass  and  Stiffness  Distributions 

The  model  shall  simulate  accurately  variations  of  mass  and  stiffness  throughout 
the  entire  rotor Ibearingl casing  system,  include  both  flexural  and  shear 
deformation  elements,  and  account  for  gyroscopic  and  inertia  moments. 

For  the  anab’sis  of  rotor/bearing/casing  systems  with  rolling-contact  bearings,  multilevel 
lumped-  or  continuous-mass  models  are  recommended;  a typical  model  is  shown  in  figure 
30.  For  a lumped-mass  model,  the  number  of  mass  stations  per  level  should  exceed  by  a 
factor  of  four  or  five  the  number  of  that  critical  speed  that  follows  after  the  upper  limit  of 
the  operating  speed.  For  all  levels,  a total  of  approximately  20  to  40  stations  should  be 
used. 
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For  systems  with  fluid-film  bearings  that  are  relatively  soft  as  compared  with  the  rotor 
stiffness  or  systems  with  flexibly  mounted  bearings,  the  single-level  lumped-  or 
continuous-mass  models  can  be  used. 

Model  basic  elements  of  the  Myklestad  lumped-mass  type  (refs.  6,  92,  97,  and  98)  or  the 
continuous-mass  type  (refs.  79  and  88)  are  recommended. 

Gyroscopic-moment  treatments  for  circular  whirl  and  lateral  vibration  (refs.  98  and  183)  are 
recommended  for  shafts  supported  by  rolling-contact  bearings.  The  treatment  accounting 
for  elliptical  whirl  motions  (ref.  65)  is  recommended  for  shafts  supported  by  fluid-film 
bearings. 

When  the  accuracy  of  calculated  model  properties,  (e.g.,  stiffness  of  a bearing  support 
housing  and  bearing  stiffness)  is  questionable  and  the  parametric  analyses  show  that  these 
properties  significantly  influence  the  critical-speed  characteristics,  tests  should  be  conducted 
to  allow  experimental  determination  of  the  proper  model  properties.  See  section  3.4  for 
recommended  tests. 

3.2.2.1 .2  Mechanical  Joints,  Shaft-Riding  Elements,  and  Abrupt 
Changes  in  Shaft  or  Casing  Cross  Section 

The  model  shall  simulate  the  actual  stiffness  influences  associated  with 
mechanical  joints,  shaft-riding  elements,  and  abrupt  changes  in  shaft  or  casing 
cross  section. 

“Equivalent-beam”  sections  or  influence  coefficients  are  recommended  for  representing  the 
actual  stiffnesses  associated  with  the  curvic  coupling  or  similarjoints,  shaft-riding  elements, 
and  abrupt  changes  in  shaft  or  casing  cross  section.  Axial  and  moment  load-deflection  data 
obtained  from  tests  of  the  actual  joints  or  of  similar  previous  designs  are  best  for 
determining  the  equhalent  system  properties.  For  preliminary  design,  when  applicable  test 
data  or  good  experience  does  not  exist,  it  is  recommended  that  curvic-coupling 
equivalent-beam  sections  be  assumed  to  have  a wall  thickness  of  1 to  3 percent  of  the  tooth 
face  width  (i.e.,  t„/F  = 0.0!  to  0.03)  for  a length  equal  to  the  whole  depth  of  the  teeth  (fig. 
31). 
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The  experimental  data  presented  in  figure  8.5  of  reference  132  should  be  consulted  for 
determining  the  stiffening  effects  of  such  items  as  shrunk-on  hubs  and  shrunk-on  shaft 
sleeves.  Flexibility  effects  of  conical  transition  sections  or  abrupt  changes  of  diameter  in  the 
casing  or  in  hollow  shafts  should  be  evaluated  analytically  using  a digital  computer  program 
for  a shell  of  revolution  subjected  to  non-axisymmetrical  loads  (refs.  194  through  196). 


3.2.2.1 .3  Casing  and  Machine  Mount  Effects 


■? 

The  model  shall  accurately  simulate  the  influences  of  the  bearing  mounts  and 
casing. 


The  bearing  mounts  and  casing  should  be  represented  by  distributed-mass  and 
variable-stiffness  models  similar  to  those  used  for  the  rotor  unless  the  bearing  mount  is 
purposely  designed  to  be  flexible,  or  unless  relatively  soft  fluid-film  bearings  are  used.  For 
these  cases,  only  the  bearing-mount  stiffness  need  be  modeled,  and  the  casing  can  be 
considered  as  giound. 


3.2.2.1 .4  Bearing  Spring  and  Damping  Forces 


The  model  shall  include  bearing  spring  and  damping  forces  as  appi  cpriate. 


Effects  of  preload,  high-speed  centrifugal  and  gyroscopic  loads,  and  nonlinear 
load-deflection  characteristics  should  be  included  in  the  analyses  of  angular-contact-bearing 
stiffness.  Analyses  of  roller-bearing  stiffness  should  include  the  effects  of  bearing  internal 
play,  shaft  misalignment,  and  the  load-deflection  nonlinearities.  It  is  recommended  that 
spring  rates  of  rolling-contact  bearings  be  determined  by  the  methods  presented  in  reference 
1 1 2.  Models  for  rolling-contact  bearings  need  not  include  damping  forces  unless  special 
damping  mechanisms  are  part  of  the  design. 


Fluid-film  bearings  must  be  represented  by  spring  and  damping  forces  that  are  defined  as  a 
function  of  shaft  speed.  As  labyrinth  seals  and  Vv  ar  rings  also  can  act  like  fluid-film  bearings 
to  produce  stiffness  and  damping  and  affect  the  rotor  stability,  they  should  be  given  proper 
consideration  in  the  shaft  dynamics  model.  Fluid-film  bearings  may  be  characterized  and 
evaluated  by  techniques  given  in  the  references  cited  in  section  2.2.2. 1 .4. 
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3.2.2.1.5  Rotor  Imbalance  Forcing  Functions 

The  model  shall  include  imbalance  forcing  functions  that  will  enable  response 
evaluation. 

Imbalance  forcing  functions  should  account  for  the  residual  imbalance  after  balancing, 
possible  imbalance  upon  reassembly  caused  by  such  factors  as  pilot  fits  and  runouts, 
possible  balance  change  during  operation  resulting  from  load  and  thermal  distortions,  and 
conical  or  cylindrical  whirl  forces  allowed  by  roller-bearing  internal  clearances. 

Rotor  imbalances  that  induce  circular  whirl  motion  may  be  represented  by  the  expressions 


F,  = (Ch,  ± eW/g)  = 7^2 


= (hg  ± eM)  J22  = (SI  units) 


Fd=(Chd±0Id/g)J22=/3S22 


= (hj  ± 0 Id  ‘ ) ^2  = ^J22  (SI  units) 


where 

Fs  = static  imbalance,  lb  (kg) 

C = 1.62  X ICT^  lb-sec2/in.  = (lb/ 16  oz)  x (1/g) 

hg  = static  balance  error  attained  on  balance  machine, 
in.-oz  (m-kg) 

W = component  weight,  lb 

g = acceleration  due  to  gravity,  386  in./sec2 

e = radial  eccentricity  caused  by  fit  changes,  bearing  internal 

play,  runouts,  etc.  that  are  not  corrected  for  by  balancing,  in.  (m) 

^2  = rotational  speed,  radians/sec 

7 = static  imbalance  forcing  function,  lb/(rad/sec)2  (kg/(rad/sec)2) 
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M = component  weight,  kg 

Fd  = dynamic  imbalance,  in.-lb  (m-kg) 

= dynamic  balance  error,  in.^-oz  (m^-kg) 

Id  = component  diametral  moment  of  inertia,  Ib-in.^ 

® = angular  eccentricity,  rad. 

0 = dynamic  imbalance  forcing  function,  in.-lb/(rad/sec)^  (m-kg/(rad/sec)^ ) 

Id*  = component  diametral  moment  of  inertia,  (kg-m^) 

The  + sign  in  the  equations  are  used  to  imply  that,  strictly  speaking,  the  two  quantities  in 
the  parentheses  do  not  combine  algebraically,  but  vectorially.  However,  as  the  actual  vector 
orientation  is  unknown,  these  quantities  usually  are  assumed  to  be  algebraically  additive. 

For  elliptical  whirl  motion,  the  forcing  functions  in  reference  57  should  be  used. 

3.2.2.1 .6  Virtual  Mass  and  Damping 

When  necessary,  the  model  shall  include  the  virtual  mass  and  damping  associated 
with  shaft  operation  in  a dense  fluid  or  a geared  system. 

Virtual  mass  and  damping  effects  of  dense  fluids  (i.e.,  density  of  water  or  greater)  can 
significantly  affect  critical  speeds  and  shaft  response.  However,  as  adequate  quantitative 
theoretical  treatments  are  not  available,  experimental  determinations  of  the  proper  model 
prope.rties  should  be  made.  The  gear  restraint  imposed  on  a pinioned  shaft  should  be 
accounted  for  in  the  model  by  the  technique  given  in  reference  1 26. 


3.2.2.2  MATHEMATICAL  METHODS  AND  COMPUTER  SOLUTIONS 

Mathematical  formulations  and  resulting  computer  programs  shall  be  capable  of 
accounting  for  all  the  applicable  characteristics  of  the  analytical  model. 

The  types  of  computer  programs  recommended  for  the  analysis  of  rotors  supported  on 
fluid-film  bearings  are  those  presented  in  references  65,  79,  and  91.  The  types  of  computer 
programs  recommended  for  the  analysis  of  rotors  supported  by  rolling-contact  bearings  are 
those  presented  in  references  6,  88,  92,  and  183.  As  noted  earlier,  the  computer  programs  in 
references  65,  88,  and  92  are  generally  available. 
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In  utilizing  any  of  the  available  computer  programs,  the  following  factors,  which  are  not 
included  in  the  programs,  should  be  considered: 

(1)  Fluid-film  bearings  are  not  always  soft  enough  relative  to  the  casing  to  decouple 
the  casing  effectively  from  the  rotor/bearing  dynamics.  The  program  in  reference 
65  is  limited  to  a simple  lumped  mass  at  each  bearing  to  represent  the  casing. 
However,  this  computer  program  for  rotor/bearing  dynamics  could,  if  necessary, 
be  expanded  to  include  a continuous-mass  beam  model  to  represent  the  casing  as 
well  as  the  rotor. 

(2)  Angular-contact  ball  bearings  can  have  highly  nonlinear  spring  characteristics  that 
are  dependent  on  axial  as  well  as  radial  and  moment  loads  on  the  bearings.  To 
account  more  accurately  for  the  ball-bearing  characteristics,  the  equations  of 
reference  1 1 2 or  1 1 3 are  incorporated  into  the  rotor/bearing  computer  programs. 
This  step  allows  inclusion  of  the  effects  of  the  bearing  nonlinear  spring 
characteristics,  as  influenced  by  thrust  and  imbalance,  on  the  critical  speeds. 


3.2.2.S  PREDICTION  ACCURACY 

The  expected  accuracy  of  the  theoretical  predictions  of  critical  speeds  and 
response  magnitudes  shall  be  known. 

Prediction  accuracy  determined  experimentally  on  previous  machines  of  similar 
configuration  is  the  best  basis  for  assessing  expected  accuracy  for  new  machines.  In 
addition,  those  factors  that  affect  prediction  accuracy  (sec.  2.2.2.3)  should  be  included  in 
the  assessment.  Moreover,  calculated  critical  speeds  should  never  be  considered  more 
accurate  than  the  predicted  value  ± 5 percent.  The  response  magnitudes  (shaft  deflections, 
bearing  loads,  etc.)  should  be  considered  to  be  fairly  unpredictable;  they  may  be  two  or 
three  times  the  calculated  values. 

3.2.3  Adjustment  of  Critical  Speeds  and 
Response  Levels 


A design  change  to  adjust  critical  speeds  and  response  levels  shall  be  based  on 
theoretical  or  experimental  analyses  that  predict  the  magr.itude  of  adjustment 
that  can  be  expected  and  the  impact  of  the  design  change  on  other  design 
considerations  such  as  strength,  fabrication  complexity,  and  cost. 

Analytical  evaluation  of  the  influence  of  the  various  parameters  affecting  critical-speed 
locations  and  responses  should  be  the  basis  for  design  selection  or  modification. 
Experimental  confirmation  using  the  techniques  recommended  in  section  3.4  should  be 
accomplished.  Short  of  major  shaft  redesign,  the  following  techniques  should  be  considered 
for  adjusting  critical-speed  locations: 
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(1)  Change  bearing  stiffness  by  increasing  the  axial  preload  of  angular-contact 
bearings,  by  replacing  angular-contact  with  roller  bearings,  or  by  replacing  each 
angular-contact  bearing  with  duplex-bearing  sets  mounted  back-to-back. 

(2)  Change  bearing  mount  or  casing  stiffness. 

(3)  Change  fits  and  axial  preloading  of  shaft-mounted  elements  such  as  shrunk-on 
impellers,  bearing  races,  and  sleeves. 

(4)  Change  axial  preload  of  joint-retaining  bolts. 

Recommended  techniques  that  should  be  considered  for  adjusting  response  levels  are  the 
following: 

(1)  Improve  rotor  balance  by  reducing  the  amount  of  residual  imbalance,  by 
increasing  the  quality  of  the  balance  with  multiplane  corrections  and  high-speed 
techniques,  and  by  minimizing  the  potential  for  imbalance  developing  on 
reassembly  in  the  turbopump. 

(2)  Change  operating  speed  or  critical  speeds  to  detune  shaft. 

(3)  Reduce  internal  clearance  of  roller  bearings,  and  add  or  increase  damping. 

(4)  Increase  the  rate  of  passing  through  the  critical  speed  directly  before  the  region  of 
resonance,  and  reduce  the  acceleration  just  above  the  critical  speed  (ref.  67). 

3.2.4  Balancing 


The  method  of  balancing  and  required  balance  accuracy  shall  be  consistent  with 
(1)  mass  and  shape  of  the  rotor,  (2)  shaft  operating  speeds  and  their  relations  to 
the  critical  speeds,  and  ( 3)  required  turbopump  life. 

Static  balance  may  be  used  for  rotors  of  large  mass,  large  mass-moment-of-inertia,  and  small 
axial  thickness.  Dynamic  low-speed  balancing  may  be  used  for  rotors  operating  below  the 
first  bending  critical.  Dynamic  high-speed  balancing  is  required  when  rotors  operate  above 
the  first  bending  critical.  If  n is  the  number  of  shaft  bending  criticals  through  which  the 
shaft  is  operated,  then  the  rotor  should  be  balanced  in  a minimum  of  n+2  planes  (ref.  137). 

As  a general  guide,  the  rotor  should  be  balanced  to  an  eccentricity  of  about  50  to  lOOju  in. 
(1.27  to  2.54jum).  Separate  balance  of  rotor  components  is  advisable  when  the  component  is 
of  large  mass,  large  mass-moment-of-inertia,  and  appreciable  axial  length.  The  shaft  or 
component  should  be  supported  at  the  same  surfaces  that  determine  the  axis  of  rotation 
during  turbopump  operation. 
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The  material  for  balancing  should  be  added  or  removed  where  the  diameter  is  large,  so  that 
the  relative  amount  of  material  change  is  small.  For  components  that  will  be  used  with 
liquid  oxygen,  grind  material  away  rather  than  drill  holes,  because  contaminants  may  collect 
in  the  holes. 

Tie  bolts  should  be  piloted  to  maintain  concentricity.  To  minimize  required  balance 
corrections,  locate  fasteners,  slots,  wrench  flats,  etc.  symmetrically  on  the  shaft. 


3.3  Coupling  Design 


The  coupling  type  shall  satisfy  applied  loads,  required  alignment,  and  envelope 
limits. 

Splines  are  recommended  as  the  coupling  to  be  used  where  there  is  torque  load  but  no  axial 
or  thrust  load  and  where  there  is  sufficient  space  for  separate  piloting.  Curvic  couplings  are 
recommended  for  use  in  highly  loaded  applications  where  there  is  both  axial  and  torque 
loading  and  where  precision  piloting  is  needed.  Parallel-sided  face  couplings  are 
recommended  for  lightly  loaded  applications  (both  axial  and  torque)  and  for  applications 
where  space  permits  separate  piloting. 


3.3.1  Splines 

3.3.1 .1  SIZE  AND  CONFIGURATION 

The  spline  design  shall  conform  to  the  ASA  standard  ANSI  B 92.  N except  when 
modifications  will  improve  the  performance. 

A circular-arc  space  width  equal  to  one-half  the  circular  pitch  should  be  used  for  the  internal 
member  with  tolerance  in  the  plus  direction.  The  clearance  then  establishes  the  maximum 
tooth  width  of  the  external  member  with  tolerance  on  the  minus  side.  If  a side  bearing  fit  is 
desired,  the  clearance  should  be  in  the  order  of  0.0001  in. (2.54  ju  m).If  a corrective  helix 
angle  is  used,  the  hand  of  the  helix  angle  should  be  that  which  tends  to  unwind  the  helix  of 
the  extern.  ’ toothed  member  under  torque  load. 

Inducers  and  impellers  of  oxidizer  or  monopropellant  pumps  should  be  driven  by  splines 
that  are  straddled  by  centering  pilots.  For  these  applications,  the  splines  should  have  the 
relatively  loose  Ciass  1 side-fit  dimensions,  while  the  pilots  should  be  tight  at  operating 
temperature.  The  fits  to  be  used  at  the  pilots  will  vary  with  rotor  design  and  materials.  It 
should  be  an  interference  fit  at  operating  temperatures.  For  example,  a recommended 
maximum  interference  for  an  aluminum  pumping  element  mounted  on  an  Inconel  X750 

* Reference  182 
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shaft  is  approximately  0.001 -in.  (25.4jum)  interference  for  each  inch  (2.54  cm)  of  pilot 
diameter  in  the  size  range  from  1 to  3 in.  (2.54  to  7.62  cm);  the  minimum  interference 
should  be  about  0.0009  in.  (23jum)  less  than  the  maximum.  Tests  should  be  performed  to 
ensure  that  the  fit  is  tight  enough  to  prevent  any  clearly  defined  fretting  in  the  spline  or 
other  mating  surfaces. 

The  use  of  side-fit  splines  with  straddling  pilot  diameters  is  recommended  for  other  main 
drives;  however,  a major-diameter-fit  spline  without  pilots  is  an  acceptable  alternate  for 
splines  operating  at  moderate  temperatures.  The  major-diameter-fit  spline  is  to  be  preferred 
for  appropriate  applications  where  it  allows  the  rotor  length  to  be  decreased  as  a result  of 
eliminating  the  pilots. 

When  involute  splines  are  used  in  a hot-turbine  environment,  the  Class  1 side-fit  spline  with 
straddling  pilot  diameters  is  recommended.  In  this  case,  because  of  the  temperature 
transients,  the  pilots  should  be  tight  at  all  temperatures  if  the  centering  of  the  turbine  wheel 
is  fixed  by  the  pilots. 

Main-drive  splines  should  be  14‘/2°,  30-percent  stub  tooth.  An  even  number  of  teeth  should 
be  used.  The  full-fillet  radii  should  be  used  whenever  possible,  and  the  dimensions  on  the 
drawing  should  control  the  upper  and  lower  limit  of  the  diametral  pitch.  When  space  does 
not  permit  both  members  to  have  fillet  root,  it  should  be  on  the  external  teeth  because  they 
are  generally  weaker  in  root  tensile  strength. 

A crowned  spline  is  suitable  for  misalignments  in  the  range  of  0.25°  to  3°. 

Accessory  drive  splines  should  be  30°,  50-percent  stub  tooth. 


3.3.1. 2 TEETH  IN  CONTACT 

The  number  of  teeth  assumed  to  be  in  contact  shall  be  based  on  the  tolerances 
required  and  the  degree  of  final  inspection. 

For  lightly  loaded  splines,  25  percent  of  the  teeth  should  be  assumed  to  be  in  contact.  A 
spline  length  of  two-thirds  to  one  shaft  diameter  is  recommended.  For  highly  loaded  splines, 
50  percent  of  the  teeth  may  be  assumed  in  contact  provided  that  the  tolerances  are  tightly 
controlled  and  finished  parts  are  closely  inspected.  This  inspection  should  include  tooth 
thickness,  form,  spacing,  and  interference  as  well  as  inspection  by  gages  to  ensure 
interchangeability. 
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3.3.2  Curvic  Couplings 


3.3.2.1  PROPORTIONS  FOR  JOINT  STIFFNESS 

The  ratio  of  the  rotor  disk  diameter  to  the  coupling  outer  diameter  shall  be  as 
small  as  possible. 

The  ratio  of  the  disk  diameter  to  the  curvic  outer  diameter  (fig.  ?2)  should  not  exceed  4 for 
maximum  joint  rigidity  and  stability. 


3.3.2.2  SIZE  AND  CONFIGURATION 

The  coupling  size  and  configuration  shall  satisfy  the  requirements  imposed  by 
critical  loading  conditions,  necessary  safety  factors,  and  specified  reliability. 

For  initial  sizing,  approximate  analysis  may  be  used.  A useful  formula  (ref.  143),  based  on  a 
face  length  of  1 2.5  percent  of  the  coupling  diameter  and  an  ultimate  strength  of  1 50,000  psi 
( 1 .03  GN/m^ ),  gives  the  required  curvic  coupling  outside  diameter  in  inches  as  equal  to  the 
cube  root  of  T/ 13 10, where  T is  the  shaft  torque  in  in.-lbf.  (In  meters,  the  OD  is  equal  to 
the  cube  root  of  T/(9.03  x 10®),  where  T is  the  shaft  torque  in  N-m). 

For  final  sizing,  detailed  stress  analysis  should  be  used.  The  stress  analysis  should  include 
tooth  shear,  contact  surface  stress,  transverse  shear,  and  tension  across  the  tooth  at  the  root. 
Effects  of  fretting  on  tooth  cracking  also  should  be  considered  (ref.  1 97).  The  axial  force 
used  for  the  analysis  in  conjunction  with  the  power  torque  load  should  account  for  the 
retaining  bolt  preload  of  1.5  to  2 times  the  separating  force  and  its  tolerance  plus  other 
operational  applied  loads  (sec.  3.1.3).  The  coupling  may  be  subjected  to  a 
higher-than-normal  load  at  initial  assembly  in  order  to  increase  the  contact  are^a. 

When  standard  tooth  proportions  are  used,  the  contact  surface  area  and  shear  area  remain 
constant  for  a given  coupling  diameter  regardless  of  the  number  of  teeth.  The  tooth 
proportions,  diametral  pitch,  and  stress  limits  of  reference  143  should  be  used  for  long-life, 
high-reliability  applications.  However,  the  reference  143  values  are  conservative  for  short-life 
applications  ( 1 hour  or  less);  hence,  stress  limits  twice  those  of  the  reference  may  be  used  in 
short-life  designs.  Higher  stress  limits  may  be  tolerated  if  joint  strength  is  verified 
experimentally.  A tooth  contact  angle  of  30°  is  recommended.  For  highly  loaded  couplings, 
the  surface  contact  area  should  be  controlled  by  using  close  tolerances  and  rigid  inspection. 

The  detail  design  should  always  be  directed  to  eliminating  stress  raisers  or  reducing  their 
effect.  Typical  means  of  accomplishing  this  are  to  avoid  bolt  holes  in  curvic  coupling  teeth 
and  to  follow  the  recommendations  in  section  3.1.1 .4. 
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For  multiple-reuse  and  long-life  applications,  an  analysis  of  both  high-  and  low-cyc’.e  fatigue 
should  be  made  (sec.  3. 1.3.3). 

3.3.3  Parallel-Sided  Face  Couplings 

Parallel-sided  face  couplings  shall  not  be  subject  to  heavy  loads  or  critical  piloting. 

Structural  analysis  of  the  teeth,  retaining  bolt,  and  pilot  should  be  accomplished  to  ensure 
that  the  coupling  design  has  adequate  strength  to  withstand  the  loads  and  intended 
environmental  use.  Particular  attention  should  be  given  to  tooth  tolerances,  clearances,  and 
plastic  deformation  that  may  be  necessaiy  to  develop  significant  tooth-to-tooth  load 
sharing.  With  one  tooth  in  contact,  the  pilot  is  subjected  to  a transverse  load  that  may  result 
in  shaft  misalignment  due  to  pilot  deflection. 

3.4  Design  Con">matioii  Tests 

Tests  shall  provide  confirmation  of  the  rotor  design  adequacy. 

Tests  should  be  made  to  confirm  all  questionable  assumptions  used  in  the  design  analyses 
when  it  is  expected  that  deviations  from  the  assumptions  seriously  affect  design  adequacy. 
These  tests  should  include  shake  and  rotating  system  tests  as  well  as  special  stiffness  and 
strength  tests  as  appropriate.  The  tests  should  evaluate 

(1)  Critical  speeds,  whirl  deflection  shapes  and  orbit  magnitudes,  and  bearing 
reactions. 

(2)  Any  unknown  significant  shaft  dynamic  characteristics  such  as  self-excited  whirls 
at  supercritical  speeds. 

(3)  The  effects  on  shaft  performance  of  tie-bolt  preload,  bearing  clearances,  amounts 
and  locations  of  imbalance,  and  static  forces  applied  to  the  shaft. 

(4)  The  effects  of  acceleration  rate  and  flexible-mount  stiffness  on  the  ease  of  passing 
through  critical  speeds. 

(5)  Curvic-coupling  stiffness  under  axial  and  moment  loads. 

(6)  Bolt  preload  as  a function  of  bolt  stretch  and  pretorque. 

(7)  Bearing-mount  stiffness. 

(8)  Shaft  and  coupling  ultimate  static  and  fatiguv^  strengths. 
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3.4.1  Nonrotating  Tests 


Nonrotating  (shake)  tests  shall  provide  data  suitable  for  evaluating  the  dynamic 
characteristics  of  the  rotor) bearing  subsystem. 

The  test  data  should  be  used  primarily  for  built-up  shafts  to  confirm  the  accuracy  of  the 
analytical  model  used  for  the  rotor  and  bearings  (sec.  3.2.2. 1). 

The  first  shake  tests  of  the  lotor  system  should  be  with  the  rotor  supported  by  flexible  wire 
to  simulate  a free-free  bearing  support  condition.  These  tests  should  be  used  to  give  data 
regarding  tie-bolt  preload  requirements,  effective  stiffness  of  joints  and  shaft-riding 
elements,  and  rotor-only  free-free  bending  natural  frequencies  and  mode  shapes.  These  data 
provide  an  excellent  check  on  the  accuracy  of  the  model  used  for  the  rotor  in  the  analysis  of 
rotor/bearing/ casing  system  dynamics. 

A second  series  of  shake  tests  is  recommended  mainly  if  the  rotor  bearing  system  supports 
are  purposely  designed  as  flexible  mounts.  Then,  a number  of  different  flexible-mount 
configurations  should  be  used  to  provide  data  for  selecting  the  appropriate  mount 
configuration  that  will  “tune”  the  rotor  to  the  desired  dynamic  characteristics.  These  tests 
also  provide  additional  data  on  tie-bolt  preload  and  rotor  stiffness  effects. 

The  instrumentation  used  in  this  series  of  tests  may  be  any  of  the  standard 
vibration-laboratory  instrumentation  that  will  yield  the  type  of  data  desired. 

3.4.1 .1  DATA  CORRELATION 

The  evaluation  of  findings  from  shake  tests  shall  be  consistent  with  the 
differences  that  exist  between  the  shake  test  and  the  actual  rotating  test  hardware 
and  environment. 

The  following  should  be  evaluated  for  differences: 

(1)  Levels  of  excitation.—  A very  low,  constant-level  excitation  usually  is  used  in 
shake  tests,  whereas  excitation  from  a rotating  imbalance  force  increases  in 
proportion  to  the  square  of  the  rotational  frequency. 

(2)  Gyroscopic  and  rotary  inertia  effects.—  Natural  frequencies  during  shake  tests  are 
lowered  because  of  rotary  inertia  of  the  disks,  whereas  in  forward  circular  whirl 
rotation  the  disks  produce  gyroscopic  stiffening  that  raises  the  natural 
frequencies. 

(3)  Bearing  clearances  and  effective  stiffness. 

(4)  Damping. 
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(5)  Rotor  stiffness  developed  by  shaft-riding  elements,  and  rotor  stiffness  at  the  joints 
and  couplings. 

(6)  The  housing,  casing,  or  support  mount  dynamic  stiffness  characteristics.-  Shake 
tests  usually  involve  something  other  than  the  actual  machine  casing. 

3.4.2  Rotating  System  Tests 


During  design  or  initial  development  stages,  turbopump  rotating  tests  shall 
provide  system-dynamics  data  suitable  for  evaluating  system  characteristics. 

Critical-Speed  spin-rig  tests.—  This  test  series  should  consist  of  many  spin  tests  with  selected 
different  bearing-mount  configurations.  The  spin-rig  rotor  and  bearing  hardware  should  be 
sufficiently  close  to  actual  detail  design  configuration  to  simulate  fully  the  actual  mass  and 
stifiness  magnitudes  and  distribution.  The  casiiig  need  only  be  crudely  simulated  if  the 
mount  dynamically  decouples  the  rotor/bearing-mount  system  from  the  turbopump  casing. 

This  series  of  tests  should  be  the  main  tool  for  achieving  the  overall  test  objectives  for  the 
rotor-dynamics  design  program.  However,  as  the  rig  will  not  simulate  all  fluid  dynamic 
properties  or  the  clearances  between  rotor  and  stator  parts  of  the  prototype,  the  assurance 
that  self-excited  subsynchronous  whirls  will  not  occur  or  will  not  be  damaging  must  await 
the  full-scale  prototype  tests. 

Full-Scale  prototype  rotating  system  tests.—  These  tests  should  consist  of  the  normal 
development  tests  planned  for  the  turbopumps.  Rotor  dynamic  data  should  be  obtained  by 
using  appropriate  instrumentation  to  monitor  shaft  motion  and  general  turbopump 
vibration  level.  Accelerometers,  velocity  probes,  and  distance  detectors  should  be  placed  at 
locations  known  from  the  prior  system-dynamics  analyses  and  tests  to  be  sensitive  indicators 
of  vibration  levels.  Data  from  this  series  of  tests  should  confirm  findings  from  the  earlier  test 
series  and  identify  any  new  characteristics  associated  with  the  prototype  hardware  that  was 
not  evidenced  at  tlie  lower  level  of  simulation  of  the  spin-rig  test  series.  These  spin  tests 
should  be  accomplished  early  enough  to  allow  a redesign  cycle  if  necessary. 


3.4.2.1  INSTRUMENTATION 

3.4.2.1.1  Type  of  Instrumentation 

The  test  instrumentation  shall  be  appropriate  for  the  dynamics  data  desired  and 
for  the  test  conditions. 

As  applicable,  the  following  should  be  considered: 
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(1)  Distance  detectors  to  monitor  shaft  motion;  because  of  their  sensitivity  to 
temperature,  the  distance  detectors  should  be  calibrated. 

(2)  Velocity  probes  for  frequencies  up  to  1000  Hz;  accelerometers  for  frequencies 
above  1000  Hz. 

(3)  Output  signal  filtered  to  isolate  the  frequency  of  interest, 

(4)  An  oscilloscope  to  monitor  visually  the  wave  form  and  amplitude. 

(5)  Instrumentation  system  frequency  response  substantially  higher  than  the 
maximum  frequency  of  interest. 

(6)  Instrumentation  capabilities  compatible  with  the  environment. 

(7)  A tracking  filter  for  variable  speed  tests. 

(8)  Rokide  or  plasma  spray  to  bond  strain  gages  to  high-temperature  (>1500°  F 
(1089  K))  rotating  parts. 

(9)  Readings  clearly  representative  of  shaft  motion  and  not  unduly  influenced  by  the 
mount  response. 

(10)  Instrumentation  that  does  not  alter  the  response  of  the  shaft  by  mass  loading  or 
aerodynamic  interference. 

3.4.2.1.2  Instrumentation  Location 

Imtmmentation  locations  shall  be  adequate  to  monitor  general  vibration  levels. 

Instrumentation  should  be  placed  at  locations  known  from  prior  system  dynamic  tests  to  be 
the  best  locations  for  indicating  overall  vibration  levels.  Usually,  accelerometers  and  velocity 
probes  placed  near  bearing  locations  serve  well.  Place  the  distance  detectors  in  90°-displaced 
pairs  at  various  locations  along  the  shaft,  preferably  where  nodes  are  not  expected;  both 
lateral  and  axial  shaft  motion  should  be  measured.  Distance  detectors  measure  relative 
motion  between  the  shaft  and  the  distance  detector  mount  only;  therefore,  it  may  be 
necessary  to  place  accelerometers  or  velocity  probes  on  these  mounts  to  measure  the  mount 
absolute  motions. 


3.4.2.2  INTERPRETATION  OF  DATA 

The  interpretation  of  vibration  data  shall  be  adequate  to  determine  normal  levels 
of  vibrations  and  to  identify  abnormal  conditions. 

The  following  techniques  should  be  considered,  as  applicable,  to  aid  in  data  interpretation: 
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• View  unfiltered  vibration  wave  form. 


• Plot  first-order  vibration  amplitudes  versus  shaft  speed. 

• View  the  Lissajous  pattern  at  the  various  speeds  of  interest. 

• Analyze  data  using  narrovz-bandwidth  filters  to  produce  a plot  of  vibration  intensity 
versus  frequency  (i.e.,  power  spectral  density  analyses)  for  a constant  shaft  speed. 

Vibrations  with  frequency  equal  to  shaft  speed  are  called  first-order  vibrations.  Typical 
causes  of  various-order  vibrations  are  as  follows; 

(1)  Half  order:  Self-excited  whirl,  cage  rotational  frequency. 

(2)  First  order:  Rotor  imbalance. 

(3)  Second  order:  Bearing  misalignment,  assembly  looseness,  and  impending  coupling 
failure. 

(4)  Higher  order;  Blade  passing,  gear  mesh,  bearing  noise,  torque  pulsations,  and 
background  vibrations. 

3.4.3  Special  Tests 


Special  tests  shall  evaluate  critical  design  factors  that  cannot  be  determined 
accurately  by  other  means. 

ift^hen  rotor  or  stator  component  or  assembly  characteristics  are  difficult  to  calculate 
accurately,  and  when  the  characteristics  can  cause  a significant  influence  on  the  proper 
functioning  of  the  shaft,  experimental  analysis  using  models  or  the  actual  component  should 
be  employed.  As  applicable,  bearing  and  bearing-support-housing  static  and  dynamic  load 
deflection  tests  should  be  used  for  stiffness  evaluations.  Retaining  bolts  holding  turbine  or 
pump  parts  to  the  shaft  should  be  calibration  tested  for  preload.  With  this  information,  the 
required  assembly  technique  to  ensure  that  the  desired  preload  is  achieved  during  assembly 
can  be  established. 
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A General  Method  for  Calculating  Critical 
Speeds  of  Flexible  Rotors 


By  M.  a.  PR0HL.»  WEST  LYNN.  MASS. 


The  existing  methods  for  determining  critical  speeds  are 
subject  to  tlie  following  limitations:  On  the  one  hand 
the  methods  that  arc  general,  i.o.,  that  permit  the  calcu* 
lation  of  higher  critical  speeds  as  well  as  the  fundamental, 
involve  computations  so  complicated  as  to  be  impractical 
for  any  but  the  simplest  of  rotors.  On  the  other  hand, 
the  methods  for  which  the  computations  are  coinpara* 
tively  simple,  such  as  the  familiar  methods  of  Rayleigh 
and  Stodola,  lack  generality  in  that  critical  speeds  other 
than  the  fundamental  cannot  bo  definitely  determined 
(l)o‘  The  calculation  method  presented  in  this  paper 
combines  generality  with  comparative  simplicity.  Any 
critical  speed — first,  second,  or  higher — may  be  calculated 
with  equal  ease.  The  rotor  may  have  any  number  of  spans 
and  its  cross  section  may  vary  in  any  prescribed  manner 
provided  circular  symmetry  is  maintained.  Any  number 
of  disks  or  symmetrical  masses  may  be  attached.  The 
shaft  journals  may  be  considered  to  be  elastically  sup- 
ported in  the  bearing  with  respect  to  both  deflection  and 
tilting  of  the  journals;  the  elastic  constants  must,  how- 
ever, be  symmetrical.  The  so-called  '"gyroscopic  effect" 
associated  with  the  moment  of  inertia  of  the  disks  on  the 
rotor  may  be  readily  taken  into  account. 

• Nombnclatubs 

The  following  nomenclature  is  used  in  the  paper: 

A a mass  moment  of  inertia  of  disk  about  its  axis  of  sym- 
metry, Ib-in-seo* 

B >=>  mass  moment  of  inertia  of  disk  about  axis  through  center 
of  gravity  and  normal  to  axis  of  symmetty,  Ib-in-scc* 

C = bearing  stiffness  factor  for  resistance  to  tilting  of  shaft, 
Ibdn. 

D = diameter  of  disk,  in. 

E ’=  modulus  of  elasticity,  psi 
H = angular  momentum,  Ib-in-seo 
h =>  thickness  of  disk,  in. 

I = diametral  moment  of  inertia  of  shaft  cross  section,  in.* 

K = bearing  stiffness  factor  for  resistance  to  deflection  of 
shaft,  lb  per  in. 

M = bending  moment,  lb-in. 
m = mass,  lb-sec*/in. 
t =3  time,  sec 
V “ shearing  force,  lb 
X =•  distance  along  shaft,  in. , 

> Turbine  Engineering  Division,  General  Electric  Company.  Jun. 
A.S.M.E. 

* Numbers  in  parentheses  refer  to  the  Bibliogr.tpliy  at  the  end  of 
the  paper. 

Contributed  by  the  Applied  Meebanics  Division  and  presented 
at  tlio  Annunl  Meeting,  Now  York,  N.  Y.,  Nov.  27-Dec.  1, 1944,  of 
Tbb  Ambuicam  Society  of  MEcuAmcAt.  EnoiNEERs. 

Discussion  of  tliis  paper  should  bo  addressed  to  the  Secretary, 
A.S.M.E.,  29  West  39th  Street,  New  York,  N.  Y.,  and  will  be  ac- 
cepted until  Oct.  10, 1945,  for  publication  at  a Inter  date.  Discus- 
sion received  after  the  closing  date  will  be  returned. 

Note;  Statements  and  opinions  advanced  in  papers  are  to  be 
understood  os  individual  expressions  of  their  authors  and  not  those 
of  the  Society. 

A- 


y SB  deflection  of  abaft,  in. 

P = shaft-section  flexibility  constant  (1/lb-in.) 

B — slope  of  shaft  (nondiii  ensional) 

IX  ■=  mass  per  unit  length,  lb-sec*/in.* 
p = mass  density  Ib-sec’/in.* 

0 angle,  radians 

a = speed  of  rotation  or  frequency  of  vibration,  radians  per 
sec 

Gbkerai.  Considerations 

For  a balanced  shaft  of  variable  diameter  which  is  rotating  or 
"whirling"  steadily  at  a critical  speed  a with  its  central  axis  in  a 
bowed  shape,  the  following  dilferential  equation  applies  (2,  3) 


From  the  elementary  beam  theory 


Equation  [1]  becomes 


Equation  (1  ] is  a fourth-order  differential  equation,  and  hence 
there  are  four  boundary  conditions  to  be  satisfied.  Any  speed  of 
rotation  for  which  it  is  possible  to  effect  a solution  of  this  equation 
which  satisfies  these  four  boundary  conditions  constitutes  a 
critical  speed.  Equations  [2]  and  [3]  form  the  basis  for  making 
such  a solution  by  a simultaneous  construction  of  the  bending- 
moment  and  deflection  diagrams  using  a step-by-step  integration 
process.  Let  the  shaft  be  divided  into  a series  of  appropriate 
sectiona.  Equations  [2]  and  [3]  may  be  rewritten  as  follows 


(g)  - (p«»A 


(ixu*Px)y„t |5] 


where  Ax  is  the  length  of  a given  section  and  il/*vt  and  y.vc  are 
the  average  values  of  bending  moment  and  deflection  for  that  sec- 
tion. 

Equation  [4]  states  that  the  change  in  slope  of  the  deflection 
curve  which  occurs  at  the  given  section  is  proportional  to  the 
average  bending  moment,  the  proportionality  factor  being  the 


flexibility  constant 


(l> 


Equation  (5]  states  that  the  change 


in  slope  of  the  bending-moment  diagram,  which  occurs  at  the 
given  section,  is  proportional  to  the  average  deflection,  the  pro- 
portionality factor  being  the  inertia  force  of  the  section  mass  per 
unit  of  deflection  (ru*Az). 

Dr.  H.  Poritsky  of  the  Engineering  General  Division  of  the 
author’s  company  has  proposed  a graphical  method  of  solution  in 
which  the  bending  moment  and  deflection  diagrams  are  repre- 
sented by  a series  of  straight-line  segments,  the  finite  changes  in 
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slope  beween  adjacent  segments  being  pven  by  Equations  (4] 
and  [5]. 

The  calculation  meted  presented  in  this  paper  is  on  a numeri* 
cal  rather  than  a gr&phiecl  basis,  and  the  integration  procedure 
is  somewhat  more  elaborate  than  that  indicated  in  the  foregoing 
equations.  A tabular  form  has  been  prepared  to  assist  the  calcu* 
lator. 

In  general,  for  any  assumed  speed  of  rotation,  bending-moment 
and  deflection  diagrams  can  be  constructed  which  satisfy  three  of 
the  four  required  boundary  conditions.  Only  if  the  assumed 
speed  of  rotation  is  exactly  equal  to  a critical  speed  can  the 
fourth  boundary  condition  also  bo  satisfied.  Hence  by  plotting 
the  discrepancy  in  the  fourth  boundary  condition  as  a function 
of  the  assumed  speed,  and  noting  where  the  discrepancy  becomes 
sera,  the  various  critical  speeds  can  be  obtained.  In  plotting'*) 
such  a curve,  it  is  necessary  to  select  some  arbitrary  boundary  ' 
condition  and  hold  it  constant.  Such  a condition  might  bo,  for. 
example,  the  slope  of  the  deflection  curve  at  a shaft  end  simply 
Qupported  in  a bearing. 

The  numerical  method  of  this  paper  is  analogous  to  Holzer’s 
method  (4)  for  calculating  natural  frequencies  of  torsional  vibra- 
tion. However,  the  problem  of  calculating  critical  speeds  is  in-  ' 
herently  more  complicated  since  four  integrations  are  involved 
instead  of  two,  and  additional  complications  arise  in  dealing  with 
the  boundary  conditions.  — -n 

It  should  be  noted  that  the  foregoing  type  of  analysis  applies 
equally  well  to  the  determination  of  the  natural  frequencies  of 
transverse  vibration  of  a beam  of  variable  cross  section  since 
Equation  [1  ] is  also  the  differential  equation  for  this  case.*  ' 

The  Calculation  Method 

In  order  to  apply  the  numerical-calculation  method  of  this 
paper,  the  actual  rotor  must  be  transformed  into  an  idealized 
equivalent  system  consisting  of  a series  of  disks  connected  by 
sections  of  elastic  but  massless  shaft.  The  mass  of  these  disks 
and  their  spacing  are  chosen  so  as  to  approximate  the  distribution 
of  mass  in  the  actual  rotor.  Likewise,  the  bending  flexibility  of 
the 'connecting  sections  of  shaft  is  taken  so  as  to  correspond  to  the 
actual  flexibility  of  the  rotor.  In  the  discussion  v/hich  immedi- 
ately follows,  it  will  be  assumed  that  the  moment  of  inertia  of  tho 
disks  is  negligible  so  that  the  disks  may  be  treated  as  mass  points. 

In  Fig.  1,  a portion  of  an  idealized  system  is  shown  together 
with  the  shearing  force,  bending  moment,  and  deflection  dia- 
grams. Assume  that  this  system  is  wltirling  in  the  deflected 
position  at  some  speed  w.  Since  each  section  of  shaft  is  raasslc.ss, 
6he  shearing  force  is  constant  between  any  two  masses,  and  hence 
the  bending-moment  diagram  has  a constant  slope  directly  equal 
to  the  shearing  force  (5) 
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of  the  deflection  curve  for  each  section  will  be  a quadratic,  and  the 
equation  for  the  deflection  curve  will  be  a cubic. 

Assume  that  the  following  quantities  arc  known  at  the  left-hand 
end  of  the  system  in  Fig.  1: 

Ft  ■■  shearing  force  (due  to  bearing  reaction) 

Aft  ~ bending  moment  (due  to  bearing  reaction) 
slope  of  deflection  curve 
yt  ~ deflection 

There  will  be  a change  in  shearing  force  at  point  0 due  to  the 
inertia  force  of  tiic  mass  mi  according  to  Equation  17),  and  hence 
the  shearing  force  Ft  for  the  section  of  shaft  between  point  0 and 
point  I (section  1)  is 

F|  Ft  -1-  mva'yt [81 

The  bending  moment  Afi  at  point  1 is 

Mx  - J/t-h  F,(A*),....’ [91 
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A flimto  change  in  shearing  force  occurs  at  each  mass,  which  is 
equal  to  the  inertia  force  of  the  mass 


Flo.  1 SncARiNO-FoBCB,  Bendinq-Moment,  and  Deflection 
Diagrams  tor  an  Idealized  System 

The  bending  moment  M at  any  distance  x from  the  left-hand 
end  of  section  1 is 


This  finite  change  in  shearing  force  results  in  a finite  change  in 
slope  of  the  moment  diagram  at  each  mass.  Because  of  the  con- 
tinuity of  the  .shaft,  the  deflection  di.igram  is  a smooth  curve  with 
no  breaks  or  discontinuities.  Tlie  equation  for  the  variable  slope 

* After  this  paper  had  been  submitted,  tho  author's  attention  was 
drawn  to  a,  n>i'eiuly  puliiishvd  paper  by  N.  O.  Mykle.ttad  in  which  a 
method  for  rulculating  n.aturiJ  freipnmcies  of  transverse  beam  vibra- 
tion is  presented  (Imt  is  fundaineiitaliy  titc  .sumo  os  the  methud  of  this 
pa|>or  altliiiugli  iiuito  dilTuront  in  its  application.  See  rufcrcnco  (G) 
in  the  Bibliography. 


The  slope  0 of  the  deflection  diagram  for  the  first  section  is  ob- 
tained as  follows 


+ c till 


where  e is  a constant  of  integration. 

Substituting  Equation  [10]  in  [U]  and  integrating  gives 


MiS  -{- ' 
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The  defleetum  y is  obtuiued  as  follows 

y “ f*  odx  + e’ (131 

where  e'  is  a coiistaut  of  intcKratioii. 

•Substitutinf'  Equation  |12]  in  |13]  ami  inteKiutinK gives 

1 fw  **  . J/i  — 

^ “ r^/bL  * 2 + ^ J + + y.. . . . U4I 

It  is  only  necessary  to  know  the  slope  6 and  the  defluetiun  y at 
the  end  of  the  section  (i.e.,  point  1 ).  Substituting  ( Aa:)i  for  x and 
/ Aar\ 

A ]vY  ) *** Equations  [12]  and  |14] gives 

Lm» 

+ T/  

/iW,  Jf,\ 


(Ax)i  + 0o(Ax)i  H-  ya. 


H«i| 


From  the  value  of  the  deflection  at  point  1,  as  given  by  Equa* 
tion  [Ifi],  it  is  now  possible  to  evaluate  the  change  in  shearing 
force  at  point  I,  and  hence  t he  shearing  force  1%  in  shaft  section  2. 

Vt  = Fi  + T«i«*yi (171 

The  bending  moment  ^^2  at  point  2 is 

•Vj  = Ml  + Fs(As)j (18J 

The  bending  moment  in  shaft  section  2 is  now  completely  speci- 
fied, and  the  slope  e-i  and  the  deflection  yj  at  point  2 may  be  evalu- 


ated by  eciuations  similar  to  Equations  lla]  and  [Ifi]-  By  ro» 
pcating  this  process  for  successive  sectioi.^,  the  bending  moment 
and  deflection  dii^rams  for  the  remainder  of  tJie  span  may  be 
calculated. 

The  equations  for  the  nth  section  and  iwint  are  listed  as  follows 

I'.  *•  -1-  (19) 

.V,  -=  iV,.,  -1-  (201 

+ ‘’2-]  + »»-. (211 

“=  0,  j(Ax).  + + y„-,. . . |22) 

where 

0n  = fle.xibility  constant  = 

It  is  cunveiiiciit  in  carrying  out  these  calculations  in  tabular 
form  to  introduce  two  au.\iliar}’  qu  intities;  let 

Ttr  ! “1 

“-3-+T >231 

(241 

Equations  (21]  amt  [22]  may  be  expressed  in  terms  of  these 

auxiliary  quantities  us  follows 

n 

= E + M/«'J  + «• [25] 
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n-j 

y.  " \ (A*). 

n»l 

+ 0a(Az)„  + y„_, (261 

The  form  .shown  in  Table  1 involves  the  useof  Eqtiiitions  [19], 
(20 ]i  (25],  and  (26],  tni'cthcr  with  the  equations  for  the  followini; 
auxiliary  quantities: 

(AF).  - (27] 

(AAf).  = r,(Ac), < (28] 

a— 1 

(Ay')«  - { ffnMn'  + (Aa)„. . . (291 

rt«l 

• (Ay*),  =ff,(A*) (301 

(Ay),  - (Ay'),  + (Ay'),  = y,  — y,-, (31] 

From  the  foregoin;;  equations,  it  can  be  demonstrated  that  the 
shearing  force,  bending  moment,  slope,  and  deflection  at  any 
point  in  the  span  will  be  linear  functions  of  the  four  assumed 
quantities  at  the  left-hand  end  of  the  s])an,  i.e.,  at  point  0. 
Hence,  the  deflection,  for  example,  at  point  n may  be  expressed 
by  the  following  equation 

y,  = A,Fo  + R,A/o  -t-  D,yg (32] 

where  A„,  B„,  C„,  and  />,  represent  numerical  coefliRients  which 
may  be  determined  by  using  the  tabular  form.  Actually  it  is  not 
necessary  to  determine  all  four  coefficients.  Since  two  boundary 
conditions  must  .dways  be  known  at  the  end  of  the  system  from 
which  the  calculations  originate,  two  of  the  terms  in  Equation 
(32]  can  be  eliminated.  Thus  only  two  coefficients  need  to  be 
evaluated  and  this  is  done  in  two  parts  on  the  tabular  form. 

Tho  boundary  conditions  at  the  left-hand  end  of  the  system 
may  be  specifled  in  general  form  as  follows 


Km Fo (33] 

C^o  ~ Afo (3^1 


The  minus  sign  in  Equation  [33]  arises  from  the  conventions 
employed.  Terms  K and  C are  stiffness  constants  which  specify 
the  elastic  restraint  exerted  on  the  shaft  by  the  supporting  bear- 
ing. It  is  assumed  that  tliese  stiffness  constant.s  are  symmetrical, 
i.e.,  of  tiie  same  magnitude  fur  all  directions  normal  to  tlie  shaft. 

The  boundary  conditions  take  tlie  following  form  for  certain 
limiting  cases: 

Fixed  End.  Tlie  bearing  is  infinitely  stitT  against  both  dis- 
placement and  rotation  or  tilting  of  the  sliaft,  i.e.,  K = C = <=. 
Hence  from  Equatiniis  (33|  and  (34],  the  following  conditions 
must  apply  if  the  shearing  force  and  hi  tiding  inonient  are  to  be 
finite:  yo  = 0 ami  da  = 0. 

Simply  Supported  End.  The  bearing  is  infinitely  still  against 
displacciiiciit  but  oilers  no  restmint  to  tilting  of  the  shaft,  i.e., 
K «=  “ , C = 0.  lienee  yj  = 0 anil  Afg  = 0. 

Free  End.  The  shaft  em'  is  completely  free,  i.e.,  K = C = 0; 
hence  Fg  = 0,  and  Afg  = 0. 

The  bounilary  conditions  that  iqiply  at  a comnioit  point  be- 
tween two  spans  of  a niiiltispan  rotor  arc  specified  in  tlic  following 
tnapner:  Let  k ilenote  the  common  point  between  .spun  1 and 
span  2.  By  rcitson  of  the  continuity  of  the  shaft 


(9g)ip,n  2 “ (tit)«,i«ii  1 135  ] 

(Ft)*P*»2  “ (y*)lp«n  1^31 


The  bearing  rt>i:.clions  are  treated  by  equations  similar  to 
Equations  (33)  and  [34] 


^Uk  “ l(F|.)ip»,  1 — (Fg)ip>nl] (3*7] 

Cfl*  " |(A/*)  ■pan  s — (Afi)ipa,  t] (38] 

Samplr  Cai.cul.ation 

The  drawing  of  tlie  rotor  used  fur  tliis  calculation  is  given  in 
Fig.  2.  The  rotor  has  two  spans,  span  1 being  supported  between 
two  bearings,  and  spat:  2 being  overliiing.  Also  shown  in  Fig.  2 
is  a diagrammatic  repre.sontation  of  the  idealized  system.  This 
idealized  system  is  obtained  by  dividing  the  shaft  of  tiie  rotor  into 
sections  of  constant  diameter.  The  total  mass  e.xistiiig  within  a 
given  section  is  divided  into  two  parts  which  are  concentrated  at 
the  ends  of  the  section,  tliis  division  of  mass  being  such  that  the 
center  of  gravity  of  the  section  mass  remains  unchanged.  The 
flexibility  constants  arc  evaluated  ii.sing  tlie  actual  physical  di- 
mensions of  the  shaft  sections.  While  this  method  of  construct- 
ing the  idealized  system  is  somewhat  arbitrary,  it  should  be 
sufficiently  accurate  for  all  practical  purposes  provided  enough 
sections  are  used. 

In  Table  1,  the  cuiciilatiuiis  fur  spun  I are  given  in  tabular 
form  for  an  assumed  speed  of  5000  rpm  (a  = 523.6  radians  per 
see).  The  values  for  the  section  lengths  Sx,  disk  masses  m,  and 
shaft-flexibility  constants  for  the  idealized  system,  as  sliown  in 
Fig.  2,  are  listed  directly  on  the  tubular  form  in  the  proper 
columns  (the  values  of  the  masses  being  multiplied  by  eg-  to  gr-"- 
the  inertia  force  constants  mu’).  In  so  far  as  the  calculation  is 
concerned,  the  rotor  is  completely  specified  by  tliese  three  groups 
of  quantities.  (It  is  assumed  tiiat  tiie  disks  on  the  rotor  have 
negligible  moment  of  inertia,  i.e.,  tliere  is  no  gyro.scopie  cilect.) 

The  a.ssumption  Ls  made  tiiat  the  shaft  is  simply  supported  in 
its  bearing.  From  Equations  [33]  and  [34],  tlie  following 
boundary  conditions  are  obtained  for  the  left-hand  end  of  span  t 
(point  0) 

yg  = 0 

Afg  = 0 

The  shearing  force  V'g  and  the  slope  of  the  defiection  curve  tfg 
are  carried  in  tlie  calculation  as  iiiiknowns.  On  the  tabular  form 
this  is  done  by  making  tlie  caiculation  in  two  parts  witli  the  fol- 
lowing initial  cuiidition.s  (note  tlie  encircled  figures  in  Table  1) 

Fg  = 1.000  IT  ^ ® 

Sa  = yj  = Mo  = 0 Wo  -■=  1-000 

With  the  initial  conditinns  .specified  the  calculation  procccils 
across  the  tabic  from  left  to  right,  the  figures  on  one  horizontal 
line  being  completed  before  proceeding  to  the  next  line.  .\1- 
tliougli  the  general  eiiiiations  given  in  the  preceding  section  of  tiie 
paper  define  all  of  tlie  operations  on  tin-  form,  several  features 
may  need  further  explanation.  Values  pertaining  to  tlie  mass 
points  are  entered  on  the  liorizoiital  lines.  Values  pertaining  to 
tho  shaft  sections  arc  entered  in  tlie  .siiaces  between  tlie  lines. 
The  auxiliary  quantities  Af ' and  Af'  in  column  8 are  eai-li  oli- 
tained  by  adding  togetlicr  one  value  from  column  6 and  one  value 
from  column  7.  The  manner  in  wliicli  tliis  addition  is  made  is 
indicated  by  the  arrows  inserted  on  the  form.  Tlie  quantity 

) in  rolumii  11  is  niitaiiied  by  a summation  of  the  values  in 

column  10  proceeding  from  tlie  top  of  tlie  column  down  to  but  not 
including  the  seeoiid  of  the  two  vnlue.s  for  tiie  last  section  involved 
in  the  particular  siiinination.  Tlie  broken  lines  drawn  on  tin- 
form  in  columns  10  ami  1 1 indicate  the  values  involved  in  suc- 
cessive summations.  Tlie  slope  0 in  coliinin  17  is  obtained  by 
summing  the  values  in  eohimii  10  from  the  top  down  to  the  point 
for  which  the  slope  is  desired. 

From  the  ealeulntioiis  in  Table  1,  tiie  following  equations  are 
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equations  are  obtained  for  Fjo,  tbo  shearing  force  at  an  infinitesi- 
mal  distance  beyond  the  point  of  attachment  of  the  10  th  disk,  and 
Pit  *=  0.0008742  F|  + 189.0  {40J  Ma,  the  bending  momeat  at  point  19 


ft,  “ 0.00010753  7*  + 23.806  ft 139} 


Mn  = 319.3  7,  + 73,270,0CCft. [41j 

From  Equations  [35]  through  [38],  the  foUomng  boundary 
conditions  are  obtained  at  point  11  (shaft  simply  supported  in  the 
bearing) 

(ftl}lDUl  (ft,)  ipaa  1 
(yii)ipus  “ (pii)  •pan  1 0 

(il/,t)ip>a  t “ (<5/„)ipu  , 

Placing  vti  equal  to  zero  in  Equation  [40]  gives  Vi  in  terms  of 
ft.  Hence  7a  may  be  eliminated  from  Equations  [39]  and  [41]. 
Then  by  virtue  of  the  foregoing  boundary  conditions,  the  follow* 
ing  values  apply  to  the  initial  point  for  span  2 

ft,  -0.561ft 

V„  “ 0 

Jfu  — 4,240,000  ft 


7s*  = 1.52S7,,  + 688,400ft [42] 

lif„  = 21.4697,,  + 7,470,000  ft [43] 


‘Since  point  19  represents  the  free  end  of  the  rotor,  the  following 
boundary  conditions  apply 

7«  - 0 

-0 

In  general,  only  one  of  these  conditions  can  be  satisfied.  Only 
if  the  assumed  speed  is  exactly  equal  to  a crit'  al  speed  will  both 
conditions  be  satisfied.  Placing  7»  cqua,  to  zero  in  Equation 
[42]  and  solving  for  il/„  in  terms  of  ft  in  Equation  [43]  yields  tbs 
following  value  for  fll,, 

2lf„  - —2,230,000  ft 


Because  of  the  unknown  bearing  reaction,  the  shearing  force 
7„  for  span  2 is  not  known.  Hence  the  calculations  for  span  2 
are  made  in  terms  of  the  two  unknowns,  7„  and  9*.  On  the 
tabular  form  this  is  done  by  making  the  calculations  in  two  parts 
with  the  following  initial  conditions 

!7i,  — y„  — 0 
« 4,240,000 
ft,  — 0.561 

The  calculations  for  span  2 are  carried  out  in  the  same  manner 


Since  Mu  is  not  equal  to  zero,  the  assumed  speed  of  5000  rpm 
does  not  represent  a critical  speed.  A series  of  calculations 
similar  to  the  one  just  discussed  have  been  made  for  this  rotor  at 
dill  irent  assumed  speeds.  The  values  of  A/„  obtained  from  these 
calculations  teve  been  plotted  against  assumed  speed  in  Fig.  S. 
In  pIottiEE  tha&3  values  of  Mu  the  slope  ft  at  the  left-hand  end 
of  the  rotor  is  arbitrarily  placed  equal  to  unity.  (Any  value 
may  bo  assigned  to  ft  since,  at  a critical  speed,  the  rotor  ia  in  a 
state  of  indifferent  equilibrium.)  The  first  thrra  values  of  speed 
required  to  make  M ,•  equal  to  zero  ate  as  follows; 
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Ot's/cnce  from  Loft’fiind  Brg.  -in. 

Flu,  4 Deflf.utiun  Cuiives  fok  First,  Second,  and  Third 
Critical  Speeds 


Critiuiil  .speed  1 «•  2230  rpm 
Criticitl  speed  2 =>  4230  rpm 

Critical  speed  3 = 11,790  rpm 

The  deflection  diagram  may  bo  readily  plotted  for  imy  assumed 
speed,  since  an  l■'plation  of  the  form  of  Ecpiation  [40J  may  bo 
obtained  from  the  tabular  calculation  for  every  point  aloiii;  the 
rotor.  The  deflection  curves  for  the  first  three  critical  speeds 
have  been  plotted  in  Fig.  4. 

Effect  of  M.ass  Moment  of  IxEimA  op  Disks 

Assume  that  values  of  mass  raninent  of  iiiiTtia,  both  polar  am! 
diametral,  have  been  assigned  to  the  disks  of  the  idealized  system. 
The  effect  of  the  mass  moment  of  inertia  may  bo  readily  taken 
into  account  on  the  tabular  form.  It  is  neees.sary,  however,  to 
differentiate  between  tliu  nonrotatiiiRaiid  rotating  casu.s. 

Nonrotaling  Case.  For  a lotor  which  Is  vibrating  in  a trans- 


verse plane  at  a natural  freipieney,  a rotary  inertia  effect  is  in- 
volved. Consider  a disk  on  a vibrating  ^iliaft  at  the  instant  of 
maximum  amplitude,  as  shown  in  Fig.  5.  Let  the  deflection  of 
the  disk  center  of  gravity  be  denoted  by  y,  the  angle  of  rotation  by 
<j>,  and  the  frequency  of  vibration  by  a.  The  force  F and  tlio 
moment  M which  must  be  cxef  ted  on  tiie  disk  with  respect  to  its 


center  of  gravity  are 

F ~ mu*y [44] 

M - [45] 


where  B is  the  mass  moment  of  inertia  of  the  disk  about  an  axis 
througii  the  center  of  gravity  and  normal  to  the  axis  of  symmetry. 

The  force  and  the  moment  wliicii  the  disk  exerts  on  the  shaft 
will  have  magnitudes  equal  to  the  foregoing  values,  but  will  have 
directions  opposite  to  those  shown  in  Fig.  5 

Equation  [44]  requires  that  there  be  a change  in  shearing 
force  in  the  shaft  at  the  point  of  attaeiiment  of  the  disk  propor- 
tional to  the  deflection,  the  proportionality  factor  being  in«h 
Tills  has  already  been  incorporated  in  the  calculation  procedure. 
Equation  [45]  requires  that  there  ho  a eliangc  in  bonding  moment 
at  the  point  of  attachment  of  the  disk  proportional  to  the  angle 
<i>,  the  proportionalit}'  factor  being  Bu*.  In  terms  of  the  notation 
employed  on  the  tabular  form  Kquation  [45]  becomes 

Air  = —BuV [40] 

where  the  slope  6 has  lieeii  .sub.stituted  for  the  angle  <t>,  (This  is 
(icrmLssible  for  small  angles.) 

Rotating  Case.  For  a rotor  which  is  whirling  at  a critical 
speed,  a gj'roseojiie  effect  is  involved.  Consider  a buhiiieed 
ilisk,  as  shown  in  Fig.  G,  the  center  of  gravity  of  which  is  whirling 
in  a circular  path  of  radius  y nt  a speed  a.  Let  tlic  a.xis  of  the  disk 
make  a constant  angle  with  the  rotation  axis.  Assume  tliut 
there  is  no  rotation  of  the  disk  relative  to  the  rotating  plain’ 
formed  by  the  disk  axis  and  the  rotation  uxis.  This  means  that  a 
point  Q,  for  example,  wliidi  is  the  outside  point  on  the  periphery 
of  the  disk  will  remain  the  outside  point. 

The  components  of  rotation  about  the  axes  a and  b are  u cos  <t> 
> ,nd  £0  sin  <l>,  respectively.  Since  axes  a and  b are  principal  axes  of 
inertia  for  the  disk,  the  conqioiients  of  angular  momentum  //.  and 
Hi,  arc  given  by  the  following  formulas 

ff,  •*  Aa  COS 
Hi  = Bu  sin^ 

wliere  A and  B are  the  mass  inoment.s  of  inertia  of  the  disk  about 
axes  o and  b,  respectively. 

Tim  moment  which  munt  act  on  the  disk  about  the  center  of 
gravity  to  sustain  the  prescribed  motion  is  equal  to  the  time  rate 
of  change  of  the  resultant  angular  momentum  // 



where  //,  is  the  component  of  H normal  to  the  axis  of  rotation 
//,  ••  //,  sin  ^ — Hi  cos  ^ 
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Hy  » (A  — Ii)u  sin<#.  cos  0 148J 


SnUstitutinf;  Equation  [48]  in  Kiiuatioii  [47],  nm!  placiiiK  -sin 
<t>  = 0mi(icos0  = 1 (pernii.ssiblufbrsmnll  angles)  gives 


M 


(A  — 


[49] 


The  direction  of  this  miiment  is  in  tlie  direction  of  the  change  of 
momontuni,  as  indicated  in  Fig.  0.  It  will  be  noted  that  the 
<Iirectimi  of  this  moment  is  opposite  to  that  shown  in  Fig.  5,  for  the 
■loimitating  case.  In  addition  to  the  moment  .17,  given  by  Equ.v 
tioii  [4?!],  a centripetal  force  F,  as  given  by  Equation  [44],  is  re- 
quired to  maintain  the  prescribed  motion. 

The  force  and  the  mometit  which  the  disk  exerts  on  the  shaft 
will  be  equal  in  magnitude  to  F and  M in  Fig.  6,  but  opposite  in 
direction. 

Expre-ssing  E<(uation  [49]  in  terms  of  the  notation  on  the  tabw- 
lar  form  gives  the  expre-ssion 

A;17  - (A—B)cF9 (50J 

If  the  disks  of  thq  idealized  .system  have  appreciable  mass 
moment  of  inertia,  then  the  bending-moment  diagram,  shown  in 
Fig.  1 , must  be  modified  as  indicated  in  Fig.  7.  Because  of  tin- 
finite  change  in  tieiniing  moment  which  occurs  at  e.aeh  point 
according  to  Equation  [50],  there  will  be  two  values  of  bending 
moment  at  each  point.  Thus  in  Fig.  7,  3fir.  signifies  the 
bending  moment  at  an  infinitesimal  di.stanec  to  the  left  of  the 
point  of  attiiehment  of  the  disk  and  Afta  bending  moment  at 
an  infinitesimal  di-stancc  to  the  right. 

Tlie  last  two  columns  on  the  form.  Table  1,  have  been  added  so 
that  the  effeet  of  the  muss  moment  of  inertia  of  the  disks  may  be 
incor{ior.ated  into  the  calculation.  The  heading  of  eoliunn  IS 
applies  to  the  rotating  rase.  If  a nonrotating  ease  is  to  be 
handled,  the  symbol  A should  be  deleU-d  from  the  heading,  ac- 
cording to  Equation  [46] . The  values  of  A.17  obtained  by  Equa- 
tion [40]  or  Eipiation  [SO]  arlTfalmluted  in  column  4 of  the  form, ' 
the  values  being  entered  on  the  horizontal  lines.  (The  values  of 
A.17  due  to  the  .shearing  force  in  tin*  shaft  sections  are  entered  in 
the  space  hetween  the  lines.)  This  dual  set  of  values  for  iJ7  . 
gives  rise  to  two  values  of  bending  moment  at  each  point  in 
column  5.  The  first  value  is  entered  just  above  the  horizontal 
line  bearing  the  point  numla-r,  and  the  second  value 'just  below. 
The  rest  of  (he  calculation  is  then  the  same  as  the  -sample  shown  in 
Table  1.  . 

Tlie  mass  moments  of  inertia  A and  li  for  a flat  solid  di.sk  arc 
given  by  the  fallowing  equations 


A "" 


rp/iD* 

S2 


[SI] 


Fio.  7 Bendino-Moment  Diaouam  kou  System  or  Fin.  I,  Wiikke 
THE  Disks  Have  AepBECiMii.E  Mass  Moment  op  Inertia 


B 


xphD* 


[52] 


If  the  tliiekness  h of  the  disk  is  -small  compared  to  the  diameter  D, 
then  A S 2B,  and  the  proportionality  factors  between  moment 
and  slope  in  Equations  [46]  and  [50]  become  equal  in  magnitude 
but  opposite  in  sign. 

For  the  nonrotating  case,  the  natural  frequencies  obtained  by 
neglecting  the  mass  moment  of  inertia  arc  decreased  if  the  effect 
of  the  muss  moment  of  inertia  is  considered.  For  the  rotating 
case,  the  critical  speeds  are  increased  by  taking  into  account 
the  mass  moment  of  inertia  provided  that  A>  B. 


Conclusions 

The  tubiilar-ealculation  method  pre.«;ented  in  this  p.apcr  gives 
an  exact  solution  for  the  eritical  speeds  of  the  idealized  system. 
Hence  the  accuracy  of  the  method  in  -so  far  as  an  actual  rotor  is 
concerned  depends  entirely  on  how  closely  the  idealized  system 
and  the  idealized  boundary  conditions  represent  the  actual  rotor 
and  its  bearings. 
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Numerical  Analysis  of  Forced  Vibrations  a 

of  Beams 

By  N.  O.  MYKLESTAD.«  URBANA.  ILL.  X 

tt-  .t-1 .1.1.  _ J •.  _*l 1 _l  1 » 


In  this  paper  a simple  tabular  method  is  developed  by 
which  the  vibration  amplitudes,  bonding  moments,  and 
shear  forces  of  a beam  of  variable  but  symmetrical  cross 
section,  carrying  any  number  of  concentrated  masses  and 
acted  on  by  any  number  of  harmonically  varying  forces, 
can  be  found.  The  driving  forces  must  all  have  the  same 
frequency  hut  the  phase  angles  may  be  dlFereut.  The 
method  is  an  extension  of  the  one  employed  by  the  author 
to  find  natural  modes  of  vibration  of  beams,  but  In  the 
case  of  forced  vibration  only  one  application  of  the  tabular 
calculations  is  necessary,  making  It  essentially  a far 
simpler  problem  than  that  of  finding  the  natural  modes. 
Internal  damping  of  the  beam  material  is  easily  considered 
and  should  always  be  taken  Into  account  if  there  is  any 
danger  that  the  forced  frequency  is  near  any  one  of  the 
natural  frequencies. 

Introduction 

IN  the  present  numerical  analysis  it  is  assumed  th.'it  the  beam 
is  subjected  to  bending  in  one  plane  only  and  that  it  does  not 
twist  during  vibration.  The  mass  of  the  beam  must  be 
concentrated  at  discrete  points  along  the  elastic  aids  and  the 
number  of  such  points  wffl  depend  on  the  number  of  concen- 
trated driving  forces  as  well  as  on  the  accuracy  desired.  The 
driving  forces  must  all  be  harmonic  and  of  the  same  frequency, 
but  need  not  be  in  phase.  They  are  conveniently  vrritten  in  the 
form  F e’“*,  where  p F is  the  complex  amplitude  of  a force 
with  real  amplitude  F and  phase  angle  a with  respect  to  the  rotat- 
ing vector  e'“‘.  The  internal  damping  is  considered  by  assuming 
a coinple.x  damping  factor  25  and  multiplying  each  of  the  elastic 
coefficients  by  the  qu.°.ntity  = cos  25  — i sin  25.  or  1 — 25» 
if  5 is  a small  quantity  and  extreme  accuracy  is  not  required. 
All  the  deflections,  slopes,  shearing  forces,  bending  moments,  and 
so  on,  entering  the  problem  will  now  be  harmonic  but  with  com- 
plex amplitudes.  The  term  may  then  be  canceled  out  as 
usual  and  only  the  complex  amplitudes  used  in  the  calculations. 

The  beam  is  divided  into  sections  with  concentrated  masses  at 
the  boundaries,  and  the  elastic  coefiicionts  for  the  nth  section  are 
defined  as  follows:  If  the  left  end  of  the  section  is  clamped  and  a 
unit  bending  moment  applied  to  the  right  end  the  slope  at  this 
end  will  be  and  the  deflection  dif„;  while  a unit  force  at  the 
right  end  would  give  a slope  and  deflection  d/?,.  For  a uni- 
form section  of  length  I and  flexural  rigidity  El  these  quantities 
would  be 
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Also,  Sti  = bu  = djf  = V df  = df  where  25 

is  the  complex  damping  factor.  For  a nonunifonu  section  more 
accurate  formulas  are  derived  else  where.^ 

Beam  With  Free  End 

A beam  with  free  end  is  shown  schematically  in  Fig.  1,  where 
the  free  end  is  at  the  right  and  ti’e  base  is  at  the  left  end,  which 
may  be  either  free,  hinged,  or  clamped.  Fig.  2 shows  the  nth 
section  of  the  beam  in  its  extreme  position  when  the  free  end  of 


Fn+i  Fn 


ITln+i  nin 


the  beam  itself  has  a deflection  S and  a slope  ip.  The  slope  and 
deflection  at  station  n are  then  cS,  and  respectively,  while  the 
shcarmg  force  immediately  to  the  left  of  mass  is  and  the 
bending  moment  3/n>  these  quantities  are  knoivn  at  station 
n they  can  be  found  at  station  a -1-  1 by  means  of  the  follow  ing 
equations 


Sn+l  = Sb  + IHn+l  w*  yn+l  H"  Fn+1 . 


3fn+l  — x1/b 


5b+1  = «b  — S„  -h  i>Kn  Mn- 


> “Vibration  Analj’sis.”  by  N.  O.  Mykiestad,  McGraw-Hill  Book 
Company,  Inc.,  Now  York,  N.  Y..  194-t,  p.  201. 
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= Jii  — h 5i>+»  — 5p«  ~Sn  + ditn  Mn [7] 

By  substituting  for  Un+i  from  Equation  [6]  in  Equation  [7] 
this  becomes 

— fn  5b  + Hpn  Sn  — UUn  Mn [7o] 

where 

= In  VFn  — dFn [8] 

fiifB  = In  Viln  — dltn [9] 

For  a uniform  beam  section  this  gives 

fSa] 


«ifB 


2EI 


[9o] 


and  Up  <=  Uff  Hu  = Uu  c““*.  Owing  to  the  linear  char- 
acter of  these  equations  each  of  the  foregoing  quantitics_can  be 
written  as  a linear  function  of  the  slope  ^ and  deflection  3 at  the 


free  end  of  the  beam.  This  gives 

= + + [101 

Mn  •=  [11] 

= /vB  V—hnS  —fn [12] 

9n  = ~§^>n  P + § iJ  + §n [13] 


where  the  minus  signs  have  been  introduced  merely  to  make  the 
coefficients  0,  } and  g positive  for  most  practical  problems, 

whioh  makes  the  tabular  calculations  somewhat  easier.  Substi- 
tuting Equations  tlO]  to  [13]  in  Equations  [4]  to  [7a],  and  equat- 
ing like  terms,  results  In  the  following  system  of  equations 


(jVn+l  = Of  a -f  «Jb+1  0)’gfnn [14] 

OiniS  = Ol;i  -1-  »!„+i  [15] 

tfn+1  = On  + W!b+I  W^b+I  + Fb [16] 

Ofn+l'  = O'fn  -j-  InOfn [17] 

Olnn'  0',n  + InOin.  . ...[18] 

^B+l'  = On'  +l„0n [19] 

Jvxn  — Jfn  + HFn  Of^  + CSTb  0'f„ [20] 

/*B+1  = hn  + CFb  Oln  -{-  SunOl,! [21] 

/b+«  = /b  + i^B  On  + ikf„  On [22] 

^9b+I  “ 3fn  4*  in/pB  + SFb  Ofn  + «ifB  Of,’ [23] 

Sh*l  “ Sta  + Injtn  + HPn  Osn  "h  Ustn  Osn' [24] 

jnn  = Jb  + tnfn  + SFnO„  + Sitn  On' [25] 

The  boundary  conditions  at  th^free  end  now  require  that  5i  = 
= S,Si  = »uw'5  4-  Fi,andilfi  = 0;  which  gives 

/«  = 1 /a=0  /.  = 0....[26] 

Svi  = 0 Wi  = 1 ffi  = 0 [27] 

Of  I = 0 <5a  = wiCd»  0,  = Fi...  [28] 


Ofi'==0  = 0 = 0....[29] 


It  is  now  possible  to  proceed  from  the  free  end  of  the  beam  to  the 
base,  and  by  satisfying  the  boundary  conditions  at  the  b.ase,  the 


values  of  ip  and  S can  be  obtained.  The  shearing  forces,  bend- 
ing moments,  slopes,  and  deflections  may  then  be  obtained  from 
. Equations  [10]  to  [13]. 

Fbbe-Frbe-Beam 

In  this  case  the  base  of  the  beam  is  completely  free  and  the 
boundary  conditions  become  St  = il/6  = 0.  Equations  [10]  and 
[11]  then  give 

Oftp  — Oit  S = Gi, _ [30] 

Oft'p  — Ost'S  = Ot' [31] 

from  which  are  found 


- = Oii  — Oj  Osh' 
^ 0ft  Otb  — Oft  Ost 

B 0ft0t'-0*i.'0i 
0ft  Ost  — Oft  Oit 
■ Cantileveb  Beam 


[32] 

[33] 


In  this  case  the  base  of  the  beam  is  clamped  and  the  boundary 
conditions  become  St  = 9t  "=  0.  Equations  [12]  and  [13]  then 
pve 

[34] 

SftP  — fii  S ^ §t [35] 

from  which  are  found 


A ft  Qib  fQA. 

Sfbflb  — ffbSsb 

S = f37] 

if  b fib — JfbStb 
Simply  Suffobted  Beaji 

For  a simply  supported  beam  it  is  merely  necessary  to  replace 


Equations  [10]  to  [13]  by  the  following 

5b  = Ofn  p — Oga  ttn  4-  (j„. [38] 

' Mn  = -Ofn'  p-\-OBn'^-0n' [39] 

«»  = —Jfn  p 4-  /rb  Rn  — /» [40] 

% ’=  Sfn  P — SRnRn  + 9n [41] 


Substituting  these  equations  in  Equations  [4]  to  [7o]  and  equat- 
ing like  terms  gives  a system  of  equations  identical  with  Equa- 
tions [14]  to  [25],  except  that  the  subscript  5 is  replaced  by  the 
subscript  R.  The  boundary  conditions  at  the  right  end  now  be- 
come 


n 

O 

Ori  = 1 

= 0 

..[42] 

Ofi'  = 0 

o 

II 

Oi'  = — Af... 

..[43] 

= 1 

o 

II 

II 

o 

..[44] 

Sfi  ~ 0 

9ri  = 0 

= 0 

..[45] 

in  which  it  h.as  been  assumed  that  Si  - —R„  Mi  = Mn  (where 
Mn  maybe  due  to  an  overhang  but  is  usually  zero),  5i  = — p,  and 
ft  = 0. 

At  the  left  end  of  the  beam,  which  in  now  the  base,  the  bound- 
ary conditions  are  yt  = Mt  = 0,  and  Equations  [41]  and  [39] 
then  give 


.[40] 


— P + SRt  Rn  = §t 
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^ E.  = 147] 

From  these  two  simultaneous  equations  in  ip  and  Ba  are  obtained 

• Gt'  Sei, 


tp  = 


Sb  Gsb  ■ 

Gfb  S/tb  — 0v>b  Ggi,' 


[48] 


= ^ G^i  Sb  — Sifb  Gj 
Gfb  Ssb  — Svb  Ggb 


Examples 


[49] 


1 As  an  example  of  a free*free  beam  consider  a three>cylinder 
reciprocating  engine  resting  on  flexible  supports.  The  mass  is 
all  concentrated  at  the  centers  of  the  cylinders  and  the  crank  angle 
is  120  deg,  so  that  the  primary  reciprocating  inertia  force  at 
cylinder  2 is  120  deg  behind  cylinder  1 and  cylinder  3 is  240  deg 
behind  cylinder  1.  The  amplitude  of  the  exciting  force  is  Fi  = 
1000  lb  at  w = 100  radians  per  sec  which  gives  Ft  = 1(^  g-2W/3 
= 1000  (cos  120  — i sin  120)  = —500  — 866s,  and  F,  = 1000 
(cos  240  — i sin  240)  = — 500  + 836  i.  The  three  concentrated 
masses  are  calculated  to  be  »«i  = 2 Ib-secVin.,  viz  = 1.5  Ib-secV- 
in.,  and  tnj  = 3 Ib-secVin.,  and  the  cast-iron  frame  of  the  engine 
may  be  considered  equivalent  to  a uniform  beam  of  J = 10  in.‘ 
and  E = 15  X 10’  psi.  With  a cylinder  spacing  of  f = 10  in. 
this  pves  vu  = (10/150)  X lO"’  = 0.00667  X 10"«  lb~‘  in.->, 
*=  = (100/300)  X 10-*  = 0.3333  X lO"*  lb"*,  and  Up  = 

(1060/900)  X 10~*  = 1.111  X 10”*  in./lb.  The  damping  in  the 
structure  is  equivalent  to  a complex  damping  factor  of  25  ^ 0.30, 
giving  cos  25  — 0.955  and  sin  25  = 0.2956.  The  complex  elastic 
coefficients  become 


Up  X 10'  = 


Sp  X 10'  = 


f i.on 

\ —0.3284 

/ 0.3183 

\ —0.09852 


X 10* 


0.3183 

-0.09852 


% X 10' 


[ 0.06367 

\ —0.01971 


With  these  values  for  the  fundamental  quantities  columns  1 to 
14  of  Table  1 are  completed.  Efiuations  [32]  and  [.“IS]  then  give 


—0.00295740  s _ / —0.0354599 
0.00189416  I 0.0208169 


.This  means  that  at  the  front  end  of  the  engine  the  maximum  de- 
flection is  5 = |$|  = 0.0411  in.  and  the  maximum  slope  is  ^ = 
1^1  0.00351  radians  = 0.201  deg.  In  column  15  the  bending 

moments  are  worked  out,  and  the  fact  that  it  is  zero  at  station 
6 is  a check  on  the  values  for  ^ and  S.  The  maximum  bending 
moment  is  Afi  ^ |Mi|  = 5070  in-lb.  If  the  engine  is  bolted  to  a 
rigid  foundation  the  vibrating  motion  of  the  engine  and  founda- 
tion together,  considered  as  a free  body,  can  easily  be  found  by 
merely  equating  the  elastic  coeflicients  to  zero  ana  adding  the 
mass  of  the  foundation  xo  that  of  the  engine. 

2 A 2-in-diam  steel  shaft  carries  four  disks  as  shown  in  Fig.  3. 


The  disks  have  slight  eccentricities  that  all  lie  in  the  same  plane 
but  not  necessarily  to  the  s-^me  side  of  the  axis  of  the  shaft.  The 
shaft  rotates  with  an  angular  velocity  « = 316.228  radians  per 
sec,  giving  w®  = 100,000,  and  all  the  fundamental  data  for  the 
system  are  given  in  Table  2.  The  exciting  forces  are  the  inertia 
forces  wiw'p  cos  where  p is  the  eccentricity  which  may  be 
either  positive  or  negative,  and  it  is  desired  to  find  the  deflection 
curve  for  the  shaft  during  rotation. 

Solution:  Since  the  deflections  during  rotation  are  identical 
to  the  amplitude  of  lateral  vibration  with  exciting  forces  given 
by  »jw'p  cos  bit,  where  w is  the  angular  velocity  of  rotation,  the 
method  of  this  section  may  be  used.  In  Table  3 the  amplitudes 
coefficients  are  worked  out,  and  Equations  [48]  and  [49]  then 
give 

<p  = 0.00134303  and  R,  = 145.760  lb 


TABLE  1 


1 

2 

3 

4 

5 

mu* 

Su  “ (2)  + : (3)  f„ 

, - (3) +6,,  (4) 

X 10-*  = (4) 

X 10-«=  (S)n-J 

n 

10* 

+ Hj,  (4)  + flp(5) 
for  tt  — 1 

+ tp  (5) 
for  « — 1 

+ ({5) 
for  « — 1 

+ (1)  (2) 

1 

0.02 

0 

1 

0 

0 

0 

0 

0 

0 

0 

2 

0.015 

10 

1 

0 

0.15 

0 

0 

0 

0 

0 

3 

0.03 

20.1502 

1.04775 

1.5 

0.754776 

0 

—0.04927 

—0.01478 

0 

—0.001478 

15 

6 

7 

8 

9 

BI  X 10-* 

Si  = (C)  + 1 (7)  Tg 

- (7)  + ®if(8) 

Sf'  X 10-*  = (8) 

X 10-«=  (9)»-i 

n 

= ?(4) 

-h? 

+ + Up  (9) 

torn  — 1 

+ tp  (9) 
forn  — 1 

+1(9) 

(or  n — 1 

+ (1)  (3) 

1 

0 

1 

0 

0 

0.02 

0 

0 

0 

0 

0 

2 

—0.00200802 

1.02H>2 

O.OOG3G6 

0.2 

0 0353183 

—0.00410338 

— O.OOG5GS 

—0.001970 

0 

—0.00009852 

3 

0 

1.18300 

0.030352 

0.553183 

0 0708983 

0 

— 0.0B7681 

—0.009424 

—0.0009852 

—0.00182895 

10 

11 

12 

13 

14 

F 

6 ■=  (11)  +l  (12) 

/ “ (12) 

(5'  X 10-*  ■=  (13) 

e X 10-*  (14)»-I 

n 

10« 

4 Si,  (13)  + 0^.  04) 
forn  — 1 

+«i,  (13) 
+ tp  (14) 
for  n — 1 

+l  (19) 
forn  — 1 

+ (10)  +(1)(11) 

1 

0.001 

0 

0 

0 

0.001 

0 

0 

0 

0 

0 

2 

— o.ooori 

O.OOlOGlll 

0.0003183 

0.01 

0.00051592 

— 0.0008GG 

—0.0003284 

—0.00009852 

0 

— O.OOOS7092G 

3 

—0.0005 

0.0070S91G 

0.0010334 

0.0151592 

0.00024G59 

O.OOOSGG 

—0.0033925 

— O.OOOG23G 

— O.OOS792G 

— 0.00010G70 

I 


i 

I 


• 3 

' ! I 


'I 

i j 


: ? 
;? 
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TABLE  2 


MARCH,  1953 


1 : 

; 

n 

m 

1 

Ujf  X 10* 

u,  X 10* 

tu  X 10* 

X w 

1 , 

1 1 

0 

25 

0.2720 

1.105 

0.01062 

0.1330 

I i 

o.2r» 

16 

0.04776 

0.238 

0.00637 

O.Ci78 

1 

0.4 

20 

0.08430 

0.669 

0.00850 

0.0852 

1 4 

0.85 

10 

0.0212 

0.0711 

0.00425 

0.0213 

li 

! 6 

: ^ 

0.3 

0 

30 

0.19130 

1.9060 

0.01275 

0.1912 

h 

TABLE  3 

ii 

1 

2 

. 8 

4 

mg* 
10 -* 


0 

2.5 
4.0 

5.5 
3 
0 

16 

V -p(2)—R. 
X I0-‘(6)  ' 
+ (11) 


» (2)  + I (3) 
+ «j*'  (4) 

+ «f  (6) 

torn  — 1 

0 

25 

54.875 

374.582 

987.116 

16909.5 


6 

(6)  + I (7) 

■‘It  (8) 


+ Vjf  xwj 

+ «,  (9) 
for  n — 1 


0 

0.01747 

0.00044 

—0.00089 

—0.00508 

0 

10 


0 

1.1050 

6.1892 

S5.4888 

90.7200 

1552.38 

11 


F 

7 - (11)  + 1 (12) 

10* 

+ «if  (13) 
+ (14) 

forn  — 1 

0 

0 

0.01 

0 

—0.05 

0.00283 

0.03 

0.0073168 

0.02 

—0.00907910 

0 

—0.0820867 

"(3)  +.,,(4) 
+ V (5) 
tor  n — 1 


1 

1 

3.9876 

35.9826 

97.8087 

1256.64 


/Jt  - (U  o 

+ »jr  (8) 

+ Vr  (9) 
for  n — 1 
0 

0.1330 

0.4721 

3.2534 

8.8516 

115.679 

12 

. / - (12) 

+ vu  (18)  + »i-(14) 

lorn  — 1 


0 

0 

0.000478 
—0.000843896 
—0.00226196 
—0  00149708 


+ 1(6) 
for  n — 1 


0 

0 

937.5 

6677.6 

22507.9 

169139.6 


F X 10-* 
0 

0.01 

—0.05 

0.03 

0.02 

0 


5 

(4)  0 X 10-*  - (5)».  1 

+ (1)  (2) 


0 

62.5 

282.0 

1593.04 

4554.39 

4554.39 


8 

('  X 10-*  » (8) 
+ 1(9) 

lor  n — 1 

0 

25 

81.4375 

571.8255 

2059.13 

14685.8 

13 

0'  X 10-*  -»  (13) 
+ 1 (14) 
forn  — 1 


0 

0 

0.15 

—0.4596 

—0.208312 

0.328433 


9 

Og  X 10-*  - (9)b-  1 
+ (1)  (6) 


1 

3.7625 

24.5194 

148.73 

420.890 

420.890 


14 


O X 10-* 
+ (10) 


(14)n-i 
+ (1)  01) 


0 

0.01 

—0.03048 

0.0251288 

0.0178916 

0.0178915 


With  these  values  the  deflections  are  worked  out  in  column  15 
of  Table  3 and  there  appears  to  be  a node  very  close  to 
station  3. 

It  is  interesting  to  compare  the  defler  >ns  y with  the  corre- 
sponding values  of  the  eccentricity  p,  wf  .,  values  are  easily  found 
tobep:  = 0.004  in.,  p,  = — 0.0125  in.,  p,  = 0.00857  in.,  andpi 
•=  0.00667  in.  The  center.s  of  gravity  of  the  disks  then  move  in 
circles  with  radii  pi  + y>  = 0.02147  in.,  Pi  -1-  ya  = — 0.01206  in., ' 
Pt  + 1)4  = 0.00108  in.,  and  ps  -f-  yt  = 0.00099  in.,  where  a negative 


radius  merely  means  a phase  shift  of  180  deg.  If  the  stationary 
shaft  were  Io.aded  with  the  static  forces  »nw*  (p  -{-  y)  the 
curve  bhould  be  identical  to  that  obtained  in  column  15  of  Table 
3,  which  fact  may  be  used  as  a check  on  the  calculationr . 

In  the  present  example  all  the  exciting  forces  were  in  phase  and 
damping  was  neglected.  If  the  eccentricities  of  the  disks  had 
been  in  different  directions  it  would  be  necessary  to  use  complex 
amplitudes  and  the  deflections  would  then  be  out  of  phas9  with 
each  of  , just  as  in  Example  1. 


END  OF  REFERENCE 
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Matrix  Solution  for  the  Vibration  of 
Nonuniform  Beams 


By  W.  T.  THOMSON.*  MADISON.  WIS. 


A matrix  method  for  the  determination  of  natural 
frequencies  of  any  nonuniform  beam  is  presented.  It 
accomplishes  the  same  task  as  that  of  Mykicstad’s  tabular 
method  with  the  added  advantage  of  simplicity  of  formu* 
lation.  Included  is  a procedure  for  the  case  where  the 
nonuniform  beam  is  represented  by  a series  of  uniform 
sections. 

Nombnciature 

The  following  nomenclature  is  used  in  the  paper: 

St  shear  at  position  just  to  the  left  of  station  i 
Mt  moment  at  t 
9t  slope  at  i 
Vt  ■>  deflection  at  t 

agt,  ant  **  nngulm'  displacement  of  t with  respect  to  a tangent  at 
1 + 1.  due  to  unit  shear  and  unit  moment  at  i 
dgt,  dnt  “ linear  displacement  of  t with  respect  to  a tangent  at 
i + 1,  due  to  unit  shear  and  unit  moment  at  t 
trit  ” mass  at  i 
ti>  » frequency  in  radians/sec 
1^  length  of  section  i 


Intkoduction- 

^fyk1eBtad’s  tabular  method*  is  probably  the  most  successful 


beam  by  the  area-moment  principle  (see  Computation  Proce- 
dure). The  geometric  and  equilibrium  equations  arc  then  trans- 
formed to  a tabular  computational  scheme  by  somewhat  tedi- 
ous algebraic  substitutions  which  can  be  avoidcHl  by  the  matrix 
method. 

The  Matrix  Method 

In  problems  of  beam  vibrations,  the  four  quantities  involved 
iu  the  solution  arc  the  shear,  moment,  slope,  and  deflection  at 
any  point  along  the  beam.  In  the  matrix  method,  these  quanti- 
ties at  any  station  t -b  1 must  be  expressed  in  terms  of  corre- 
sponding quantities  at  the  adjacent  station  t. 

From  the  diagram  of  Fig.  1 the  quantities  of  interest  cun  be 


expressed  by  the  following  equations.*’* 

Si+t  ^ Sf  + nu-i-i  w*yt+i in 

Mi+X  - /jSi  + J/. ....[21 

ft+i  “ —astSt  — aiiiUft  -1-  Oj 13) 

»«+i  " —dstSt  — dmlif t — fift+i  -b  Pi 14) 


yt+t  and  9>h-i  on  the  right  side  of  Equations  [I]  and  [4]  are  now 
replaced  by  quantities  at  i by  substituting  Equation  [3 1 in  [4], 
and  then  Equation  (4)  in  |1).  Arranged  in  matrix  form,  these 
equations  become 


1 -b  m.-+i  «*(aajfj  — dg,) 

»m-bi«*(“jirA  — 

— f,m<q.iw* 

h 

1 

0 

0 

Mt 

—agt 

— ««»• 

1 

0 

(agtlj  dgt) 

(“Af  A — 

-li 

1 J 

Ly.J 

151 


method  of  determining  the  natural  frequencies  of  nonuniform 
beams.  The  method  is  used  successfully  in  the  vibration  analysis 
of  airplane  wings  and  fuselages,  bridges,  critical  sptteds  of  shafts, 
and  so  forth.  The  uniqucne.ss  of  the  method  lies  in  the  fact  that 
the  shape  of  the  vibration  curve  need  not  be  assumed  and  higher 
modes  of  vibration  arc  obtained  readily. 

Myklestad’s  method  icssumes  the  mass  distribution  to  lie  repre- 
sented by  concentrated  imusses  at  several  stations  along  the  beam. 
The  stiiTness  coeflicient.s  fur  each  section  of  the  beam  iietwcen 
stations  are  determined  from  the  actual  stiiTness  curve  of  the 


* Associate  Professor  of  Mechanics.  Department  of  Mechanics, 
College  of  Engineering,  University  of  Wisconsin.  Mem.  ASME. 

* "New  Method  of  ('alculating  Natural  Modes  of  Uncoupled  Uund- 
ing  Vibrations."  by  N.  O.  Mykiostud,  Journal  of  the  Aeronautical 
Sciencet,  vol.  11,  1044,  pp.  lS:i  102. 

Contributed  liy  the  Applied  Meclmnics  Division  and  presented 
at  the  Annual  Meeting.  New  York.  N.  Y.,  November  27-Decembor  2, 
1049,  of'TiiE  AMEKtcAN  Sut'iKTY  ov  MerUAKic-Ai.  Enoineerb. 

Discussion  of  tliia  paper  should  bo  addrcH-sed  to  the  .Secretary, 
ASME,  20  West  30th  Street.  New  York,  N.  V..  and  will  bo  accepted 
until  Octolrcr  10,  lOcU,  for  publication  at  a later  date.  Discussion 
received  after  the  closing  diite  will  bo  returned. 

Note;  Statements  and  c pinions  advanced  in  papers  arc  to  be 
understood  as  individual  expressions  of  their  authors  and  not  those 
of  the  Society.  Paper  No.  40 — A-11. 


Tiic  shear,  moment,  sloiio,  mid  deflection  at  t -b  1 arc 
ROW  in  terms  of  corresponding  quantities  ut  t,  and  the  quantities 
in  the  square  matrix  are  all  in  terms  of  ino-ss,  length,  and  stilTiie.ss 
of  the  section  for  any  chosen  frequency  u.  Having  determined 
the  square  matrix  for  each  section,  the  quantities  at  t may  be  re- 
placed by  quantities  at  i — 1,  etc.,  the  final  equation  becoming 


rSnl 

".III  Alt  A\a  /lii” 

rSo-i 

M, 

At\  Atj  An  /!«< 

.u„ 

e- 

A 32  An 

Ly»  -J 

-Ail  Ait  Aa 

-yo  - 

The  square  matrix  of  I'iquation  [ti]  is  obtained  by  multiplying  all 
the  square  matrices  of  the  form  shown  in  Eiiuation  (.'ll  wiiere  the 
ij-term  is  obtained  by  multiplying  the  ith  row  by  the  jth  column. 

Equation  [ti|  holds  for  any  boundary  conditions,  some  of  which 
are  discus.sed  in  the  section  which  follows. 

Cantilever  Beam.  With  the  fri*e  and  fixed  ends  at  0 and  n, 
re.spectivcly,  the  boundary  cuiulitions  become 

So  <•  Afo  " y,  ••  0 
Substituting  into  Equation  (6] 

* "Mechanical  Vibrations,”  by  W,  T.  Thomson,  Prentice  Hail, 
Inc  New  York.  N.  Y’„  1948,  p.  1?2. 
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Fia.  1 Frgb-Body  Diagram  op  Section  t* 

Ai]9o  + /Ijii/o  “•  0 
AaOo  + Aiij/o  “•  0 

Eliminating  9a  and  j/a,  tiic  frequency  equation  becomes 


Beams  With  Hinged  Ends.  The  boundary  conditions  are 
Mo  “ Af,  “ 2/0  " y»  •»  0 
Thus  from  Equation  (6) 

AjiSo  + An9a  •*  0 
AiiSb  + il4}9«  " 0 

and  tlic  frequency  equation  becomes 


Computation  Procedure- 

Numerical  computations  are  carried  out  l>y  first  assuming  a 
frequency  u and  computing  the  elements  of  the  square  matrix, 
Equation  |5),  for  each  section  of  the  beam.  It  should  be  noti'd 
that  only  the  first  row  of  Equatioq  |5]  depends  on  u.  Multi- 
plying nut  the  square  matrices  from  n to  0,  the  matrix  elements 
Aij  of  Equation  (6|  are  obtained  and  substituted  into  the  fre- 
(jtiency  equation.  Kepcating  with  other  values  of  u,  the  natural 
frequencies  are  determined  where,  the  curve  for  the  frequency 
eiiuntion  posses  through  zero. 


Stiffneaso  The  stiiTiio.'^s  cuelficieiits  are  determined  by  the 
area-moment  principle.  Referring  to  Fig.  2,  they  are  * 


+ An  "■  0. 


An  Airplane  Wing.  Placing  station  0 at  the  wing  tip  and  the 
fuselage  at  n,  the  boundary  conditions  for  the  symmetric  and  anti- 
symmetric modes  become 
(a)  Symmetric  modes 


From  Equation  [6] 


5*0  “ Mo  Sn  " 0 

] 

AijR)  + ^i<y«  »■  0 
Aji9o  -{-  Ajtgo  ■“  0 


and  the  frequency  equation  is 


(&)  .Antisymmetric  modas 

So  “ Mo  “ Mk  " ■ 

Equation  [61  then  yiclib 

Aa9o  + -Ajillo  0 
An9o  *i"  Anp^  •»  0 

leading  to  the  frequency  equation 


Jo  El 


Equations  (9}  and  [lO]  correspond  to  5,  » 0 and  « 0,  i.o., 
the  shaking  force  and  shaking  moment  necessary  to  maintain 
vibration  at  resonance  is  zero. 


If  the  &'/-curve  between  stations  is  assumed  to  be  a straight  line 
these  equations  reduce  to  the  expres.>iions  of  Mykiestad.* 
Nonunifonn  Bean  Representeit  bg  a Series  of  Uniform  Sections. 
If  the  beam  is  represented  by  a series  of  uniform  sections  as 
in  Fig.  3,  the  differential  cqu.*:tmn  for  the  ith  section  becomes 

with  the  solution 

JK+i  ••  I (cosh  0ifi  -I-  cos  -I-  i (siiih  0tlf  -F  sin 

+ (cosh  — cos  (sinh  ftfj  — sin  0ilt)g/" 

Differentiating,  the  quantities  at  t -{- 1 can  be  expressed  in  terms 
of  corresponding  quantities  at  i by  tlie  matrix  equation 

[s«+i  1 r®  fy*  1 

y'«+i  1 _ 1 M o 6/ft  c/ft>  I I y'<  j 

y"»+>  1 ft*c  ftd  O 6/ft  I j y’\  I 

Lft*6  ft*c  fts/  a J Ly'",J 
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o ^ (cosh  + cos  fi/lf) 
6 ^ (sinh  ftlj  + sin 


e ">  I (cosh  ft/j  — 003  0(h) 
d j (sinh  0(l(  — sin  0(h) 

m 

Thus  the  solution  can  bo  put  in  the  form  of  Equation  (t>]  with 
the  corresponding  frequency  equations. 
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• ■ a ft's. 


More  Accurate  Balancing  for 


HIGH-SPEED  ROTORS 


When  balanced  components  are  assembled  into  high-speed 
rotors,  subsequent  balancing  of  the  assembly  can  do  more  harm 
than  good.  It  can  distrurb  component  balance  which  leads  to 
excessive  shaft  bending  at  operational  speeds.  This  article 
shows  how  and  when  random  selection  of  individually  b;  1- 


anced  components  can  provide  better  balanced  rotors,  partial- 
larly  at  high  speed,  than  rotors  balanced  after  assemlfeMhS 


DAVID  L.  SATCHWELL 

Sr.  Developmant  Engineer 
Garrett  Corp. 

AiReseorch  Industrial  Div.,  Los  Angeles,  Colif. 
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IN  balancing  high-speed  rotating  machinery,  it  is 
common  practice  it.  balance  separately  tlie 
individual  compont...,^  of  a rotor  assembly, 
and  then  to  balance  the  rotor,  when  completely 
assembled,  in  a process  :alled  “assembly  balanc- 
ing”. Assembly  balancing  may  be  sufficient 
when  operational  speeds  are  low.  However,  as 
operational  speeds  increase,  unbalances  in  indi- 
vidual rotor  members,  created  during  assembly 


balancing,  cause  bending  forces  significantly  larger 
ti  m at  (lower)  balancing  speed. 

For  example,  consider  a wheel  in  a high-speed 
rotor  assembly.  Fig.  1.  After  the  wheel  is  balanced 
separately,  it  is  fixed  in  place  in  the  assembly 
where  its  un-normal  faces  cause  a displacement  e 
of  its  center  of  mass.  ('‘Un-normal”  faces  are  out 
of  normal  with  respect  to  the  axes  of  parts  of  which 
they  are  features.)  The  assembly  is  out  of  bal- 


Fig.l-  Effect^  of  tua-Jnormal, 
surfaces  on  rotor  wheel.  ! 


Un-normal 

surfaces 


Centerline  of 
rotaticn 


mm 


September  16,  1965 


Cfrcfe  22-H  on  Page  19  for  exfra  copy. 
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ance  an  amount  equal  to  the  weight  of  the  wheel 
times  the  displacement  e in  a plane  through  the 
center  of  mass  and  normal  to  the  rotational  axis 
of  the  assembly,  Plane  I,  Fig.  2. 

To  balance  the  assembly,  material  should  be 
removed  from  the  plane  of  the  eccentric  mass 
on  the  heavy  side  of  the  assembly — in  this  case, 
from  Plane  I in  the  wheel.  But  often  it  is  difficult 
to  remove  material  in  the  plane  of  the  eccentric 
mass,  so  material  is  removed  from  some  convenient 
plane — in  this  case.  Plane  II,  Fig.  2.  The  assembly 
appears  to  be  balanced  statically  when  mounted 
on  knife  edges.  It  may  even  appear  to  be  balanced 
dynamically  at  balancing  machine  speeds.  But  the 
wheel  itself  is  heavy  in  two  distinct  planes  (I  and 
II)  and  forms  a couple  such  that  the  bending  mo- 
ment equals  the  distance  L between  the  unbalance 
planes  times  the  weight  of  unbalance.  At  operat- 
ing speed,  this  bending  moment  will  cause  bending 
of  thfi  shaft.  This  will  cause  the  center  of  mass 
of  the  wi'eel  to  be  displaced  still  farther  from 
the  centerline  of  rotation. 

Much  of  this  undesirable  shaft  bending  can  be 
eliminated  by  a simple  method  which  involves  com- 
ponent balancing  alone.  Individual  components  are 
balanced  separately  to  good  accuracy  in  the  same 
configuration  in  which  they  will  operate,  they  are 
selected  arbitrarily  and  assembled  squarely,  and 
then  no  further  balancing  is  done. 

In  practice,  component  balancing  has  been  found 
to  reduce  not  only  the  functional  unbalance,  but 
to  reduce  bearing-system  energy  loss.  It  allows 
interchangeability  of  parts  and  provides  simplified 
parts  handling.  In  tests,  the  level  of  unbalance 
that  results  from  component  balancing  has  been 
less,  at  operational  speeds,  than  the  unbalance 
that  results  when  assembly  balancing  follows  bal- 
ancing of  individual  parts. 

Differences  between  individual  parts  require  vari- 


ations in  the  method  of  component  balancing  and  in 
the  amount  of  remaining  unbalance,  but  an  example 
is  given  here  to  describe  a typical  method  of  bal- 
ancing and  to  show  how  accurately  parts  must 
be  balanced. 

A double  overhung  rotor.  Fig.  3,  must  operate 
at  speeds  through  and  beyond  the  first  critical 
shaft  speed.  For  this  example,  D is  rotor  diameter, 
in.,  and  N is  rotational  speed,  rpm.  When  DN"  is 
greater  than  2 x 10*®,  component  balancing  is 
recommended.  An  increase  in  shaft  stiffness,  to 
place  the  first  critical  shaft  resonance  speed  above 
the  operational  speed,  will  allow  the  increase  of 
DN-  value  and  still  allow  assembly  balancing. 

When  parts  are  biplanar  balanced  (that  is,  bal- 
anced in  each  of  two  planes  by  separating  those 
planes  on  a balancing  machine) , successful  opera- 
tion is  obtained  when  center-of-gravity  displace- 
ment hrom  the  centerline  of  rotation  does  not  ex- 
ceed 0.0002  in.  in  each  plane. 
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ABSTRACT 


Axial  thrust  characteristics  of  two  oxidizer  turbopump  assemblies  are  pre- 
sented and  evaluated  over  a representative  range  of  speed,  flow,  and  suction  pressure. 
Estimates  of  thrust  changes  resulting  from  impeller  backvane  modifications  and  thrust 
verification  tests  conducted  with  a idiree-eighths  size  subscale  pump  are  discussed. 

All  tests  were  conducted  with  liquid  nitrogen  as  the  pumping  fluid  and  either  gaseous 
nitrogen  or  gas  generator  (H2O2)  turbine  drive.  The  turbopump  consists  of  a centri- 
fugal pump  directly  driven  by  a single-stage  impulse  turbine.  The  shaft  is  supported 
in  rolling  contact,  propellant  cooled  bearings.  The  27,000  shp  turbopump  has  a 
nominal  head  generating  capability  of  3^00  ft.  The  28. 5- in.  unshrouded  impeller  pro- 
duced a maximum  thrust  of  approximately  70,000  lb  towards  suction.  Net  thrust  was 
measured  using  calibrated  sleeve-mounted  strain  gages. 
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ft. 


during  turbopump  operation  when  high  energy  vibrations  are  available  to  reduce  the 
apparent  coefficients  of  friction  in  the  system.  Knowledge  of  the  post-test  no-load 
transmitter  output  and  the  shape  of  the  calibration  curve  allowed  construction  of  an 
accurate  calibration  curve  for  each  test  and  the  measured  values  of  thrust  were 
determined  upon  that  basis. 

C.  THRUST  CALCULATION 
1.  Pump  Thrust 

The  net  axial  ptamp  thrust  is  equal  to  the  difference  between  the 
total  integrated  frontside  pressure  force  and  the  total  backside  force.  The  force 
resulting  from  the  change  in  momentum  of  the  flow  passing  through  the  impeller  eye 
is  often  neglected  because  of  its  relatively  minor  effect  upon  the  net  thrust.  The 
momentum  force  acts  away  from  suction  and  if  considered  in  calculations  it  must  be 
added  to  the  pressure  load  of  the  frontside. 

The  momentum  force  can  be  expressed  as  follows; 

F...  = — V T Equation  (4) 

Mt  g m,l  \ / 

At  the  typical  data  point  presented  in  Table  I is  l680  lb.  This  amounts  to 
2.7^  of  the  thrust  calculated  by  pressxire  integration. 

During  the  first  test  series,  pump  thrust  was  determined  by  graphical 
integration  of  pressure  profiles.  The  products  of  pressure  and  radius  for  each  pres- 
sure tap  location  (see  Figure  13)  were  plotted  versus  radius  and  the  points  for  the 
frontside  and  backside  were  fitted  with  a smooth  curve  as  shown  in  Figure  l4.  The 
shaded  differential  area  of  the  two  profiles  was  then  determined  with  a planimeter 
and  the  thrust  was  calculated  by  applying  the  proper  scale  factor  to  convert  square 
inches  into  pounds. 


In  equation  form 


P = 2 TT 

AX, pump 


./ 

^SH 


Pfi^Cr)  r dr  - 


‘ 

•^r\ 


PncCr)  r dr 


(Thrust  towards  suction  is  considered  positive.) 

Because  speed  levels  were  increased  during  later  tests  and  thrust 
values  approached  appreciable  magnitudes,  the  need  ■f’or  a more  rapid  method  of  thrust 
computations  became  necessary  for  post-test  evaluation  and/or  making  quick  decisions 
prior  to  retesting.  The  method  devised  is  based  upon  straight  line  point-to-point 
pressure  profiles.  Frontside  and  backside  forces  were  determined  by  numeilcal  inte- 
gration of  the  area  elements.  The  procedure  is  set  up  in  tabulated  form  and  presented 
in  Table  III. 


r dr  ; r dr 
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TABLE  III  (Sheet  1 of  2) 


PUMP  THRUST  CALCULATION  BY  NUMERICAL  INTEGRATION 
OF  STRAIGHT  LINE  PRESSURE  PROFILES 


INPUT  DATA 


Test  No. 

Test  No. 

Test  No 

Parameter 

Units 

9A 

9C 

lOB 

Time 

sec 

4.43 

~ 8,500 

10.400 

10.900 

POS  6 

psia 

111.7 

102.0 

103.5 

POHC  1 

psia 

110.0 

106.6 

136.5 

POHC  2 

psia 

118.0 

132.5 

156.6 

POHC  3 

psia 

150.5 

198.5 

255.5 

POHC  k 

psia 

261.0 

465.7 

569.0 

POHC  5 

psia 

343.4 

675.0 

810.0 

POBV  1 

psia 

125.1 

154.5 

193.0 

POBV  2 

psia 

136.0 

190.2 

239.7 

POBV  3 

psia 

166.0 

270.0 

337.3 

POBV  4 

psia 

228.7 

407.0 

507.4 

POBV  5 

psia 

308.3 

596.0 

726.3 

POBV  6 

psia 

353.4 

708.5 

858.0 

RPF  0 

_ 

9.75  X POS  6 

Ib/in. 

1090 

994 

1010 

RPF  1 

= 

9.75  X POHC  1 

Ib/in. 

1072 

io4o 

1330 

RPF  2 

= 

10.21  X POHC  2 

Ib/in. 

1210 

1353 

1599 

RPF  3 

= 

11.04  X POHC  3 

Ib/in. 

1665 

2190 

2820 

RPF  4 

= 

12.46  X POHC  4 

Ib/in. 

3255 

5800 

7090 

RPF  5 

ss 

14.25  X POHC  5 

Ib/in. 

4890 

9630 

11530 

RPB  0 

= 

2.5  X POBV  1 

Ib/in. 

312.5 

387 

483 

RPB  1 

= 

5.75  X POBV  1 

Ib/in. 

720.0 

890 

1100 

RPB  2 

8 X POBV  2 

lb/ in . 

1089 

1520 

1915 

RPB  3 

= 

9.9  X POBV  3 

Ib/in. 

1643 

2670 

3340 

RPB  4 

= 

11.8  X POBV  4 

Ib/in. 

2700 

4800 

5980 

RPB  5 

= 

13.75  X POBV  5 

Ib/in. 

4240 

8200 

10000 

RPB  6 

= 

14.42  X POBV  6 

lb/ in. 

5090 

10200 

12400 
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TABLE  III  (Sheet  2 of  2) 


PUMP  THRUST  CALCUIATION  BY  NUMERICAC.  INTEGRATION 
OF  STRAIGHT  LINE  PRESSURE  PROFILES 

PROCEDURE 


Test  No. 

9A 

9C 

lOB 

Equation 

4.43 

io.4oo 

Time 

~ 8.500 

10.900 

FRONTSIDE  FORCE,  FF 

1.  4.875  RPF  0 

5320 

4850 

4920 

2.  0.23  (RPF  1 + RPF  2) 

526 

550 

673 

3.  0.415  (RPF  2 + RPF  3) 

1193 

1470 

1830 

4.  0.71  (RPF  3 + RRF  4) 

3500 

5660 

704o 

5.  0.895  (RPF  4 + RPF  5) 

7280 

13800 

16680 

6.  2 (1  to  5) 

17819 

26330 

31143 

7.  FF  = 27T2(1  to  5)  (lb) 

112000 

165500 

195800 

BACKSIDE  FORCE j FB 

8.  1.625  (RPB  0 + REB  1) 

1680 

2075 

2570 

9.  1.125  (RPB  1 + RPB  2) 

2035 

2710 

3390 

10.  0.95  (RPB  2 + RPB  3) 

2590 

3980 

5000 

11.  0.95  (RPB  3 + RPB  4) 

4125 

7100 

8850 

12.  0.975  (RPB  4 + RPB  5) 

6760 

12690 

15580 

13.  0.25  c 0.746  (RPB  6 - RPB  5) 

+ 2RPB  5] 

2275 

4470 

5290 

14.  2 (8  to  13) 

33025 

4o68o 

15.  FB  = 27t2(8  to  13)  (lb) 

207500 

255500 

16.  F^  = FB  - FF  (lb) 

10200 

42000 

59700 
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A third  and  fourth  method  were  derived  from  the  above  method  to 
determine  the  effect  of  smoothed  pressure  profiles  on  axial  thrust.  Because  curve 
fitting  of  the  inflected  frontside  presstire  profile  by  analytical  methods  is  rather 
complex,  the  pressure  force  of  the  impeller  frontside  was  calculated  from  straight 
line  pressure  profiles  according  to  the  second  method.  In  the  third  method,  the 
backside  pressure  force  was  calculated  from  a curve-fitted  profile  consisting  of 
two  parabolic  sections  for  the  vaned  and  vaueless  sections.  In  the  fourth  method, 
the  backvane  pressure  profile  was  based  upon  parabolic  sections  representing  the 
theoretical  hydraulic  gradient  between  the  measured  pressures.  All  thrust  data 
plotted  was  obtained  from  the  computer  program  for  data  reduction.  The  computer 
method  used  for  computation  of  axial  thrust  was  based  upon  curve  fitted  frontside 
and  backside  pressure  profiles.  The  procedures  and  results  of  the  various  methods 
are  summarized  in  Table  IV. 

The  lower  magnitudes  obtained  with  the  third  and  fourth  methods 
reflect  the  combina,tion  of  curve  fitted  backside  and  straight  line  frontside  pres- 
sure profiles.  Results  of  the  first,  second,  and  fifth  methods  fall  within  2.6^  of 
their  average  value. 

2.  Turbine  Thrust 

Turbine  thrust  is  dependent  upon  inlet  pressure,  turbine  flow  rate, 
pressure  ratio,  and  the  properties  of  the  drive  gas.  In  general,  axial  thrust  of 
an  impulse  turbine  is  relatively  low  at  design  conditions.  However,  under  off- 
design  conditions,  as  in  the  case  of  this  turbine  operating  with  gaseous  nitrogen 
drive,  thrust  magnitudes  can  be  significant. 

Turbine  thrust  was  computed  from  pressure  forces  on  both  sides  of 
the  rotor  disc.  The  thrust  caused  by  gas  friction  in  the  rotor  blades  was  neglected 
because  it  was  in  all  cases  smaller  than  1000  lb  for  gas  generator  (hydrogen-oxygen) 
drive  and  smaller  than  500  lb  for  gaseous  nitrogen  drive. 

a.  Thrust  with  Gaseous  Nitrogen  Turbine  Drive 

Test  results  from  the  first  test  series  confirmed  evidence 
of  an  expected  rotor  exit  swirl,  which  caused  large  pressure  losses  in  the  exhaust 
cone  and  consequently,  a lower  than  desired  pressure  ratio  across  the  turbine.  The 
swirl  created  a large  pressure  gradient  behind  the  disc  and  thereby  caused  a thrust 
component  downstream.  This  partly  compensated  for  the  decrease  in  turbine  thrust 
caused  by  the  decrease  in  pressure  ratio.  A similar  exit  swirl  was  experienced  on 
the  Model  II  scale  turbine  tested  by  MSA/LeRC.  Test  data  indicated  a large  reduc- 
tion in  pressure  towards  the  center  of  the  exhaust  side  of  the  disc  and  a large 
thrust  downstream.  No  provision  was  made  during  initial  tests  of  the  first  series 
to  measure  such  a pressure  distribution;  therefore,  the  representative  pressure  on 
the  downstream  side  of  the  disc  was  determined  from  the  pressure  gradient  measured 
on  the  scale  turbine. 


The  pressure  force 
estimated  from  the  single  pressure  probe 
disc.  Rad:'al  equilibrium  was  assmed  at 


acting  on  the  inlet  side  of  the  rotor  was 
PqOtp  (Figure  15)  in  the  hub  area  of  the 
the  nozzle  exit  and  the  nozzle  discharge 
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TABLE  IV 


PUMP  THRUST  CALCULATIONS 
COMPARISON  OF  METHOES  AND  RESULTS 


PUMP:  OTPA, 

B/U  2,  N = 3652  rpm,  Q/N  = 

5.2,  Pg  = 103.5  psia 

Method 

Procedure 

Pressure  Profiles 

Frontside 

Force 

(lb) 

Backside 

Force 

(Ih) 

Thrust 

(lb) 

1 

Graphical 

Integration 

Curve  fitted  frontside 
and  backside. 

— 

— 

59,900 

2 

Numerical 

Integration 

Straight  lines  frontside 
and  backside. 

195,800 

255,500 

59,700 

3 

Numerical 

Integration 

Straight  lines  on  front- 
side, parabolic  sections 
on  backside. 

195,800 

252,847 

57,047 

4 

Numerical 

Integration 

Straight  lines  on  front- 
side, curve  fitted  back- 
side. 

195,800 

251,370 

55,750 

5 

Computer 

Integration 

Curve  fitted  frontside 
and  backside. 

— 

— 

61,500 

(l)  Momentum  force  neglected. 

Pressure  profiles  to  above  data  point  are  presented  in  Figure  l4  in 
terms  of  radius  times  pressure. 
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Figure  15 

M-1  OOFA  MDISL  I TOREIllE  BDTOR  MAIN  DIMERSIOIIS 
AND  INSmMENTATION  LOCA!nONS 
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pressure  was  calculated  by  multiplying  the  measured  pressure  Pqqtd  ^ radial 

equilibrim  factor  of  1.11.  PqotD  considered  representative  of  the  mean  pres- 
sure acting  against  the  upstream  side  of  the  disc  because  the  pressure  tap  is  located 
close  to  the  appropriate  center  of  pressure. 

The  pressure  force  towards  the  pump  was  determined  for 
Test  Wo.  1 through  6 of  the  first  test  series  from  the  wall  static  pressure  PoteI 
in  the  exhaust  cone.  The  swirl  effect  was  considered  by  multiplying  the  pressure 
force  obtained  by  a correction  factor  K_  of  0.855  determined  from  MSA  scale  turbine 
data.  ■^u 

t 

Pressure  force  towards  the  pump,  uncorrected,  P = P«m«T 

’ u 2 OTEl 


Pressure  force  towards  the  pump,  corrected  for  swirl  effect,  = Kp,  Ag 

■^u 


Pressure  force  towards  the  exhaust,  F^^  = A^  P^  ^1 

wet  turbine  thrust  = F^  - F^^  = Kp.  A^  Pq^^-  P^  - A^  P^ 

u 

Whereby:  (see  Figure  I5) 


(Djj^  - Dg^)  = 647.5  in.^  (Hub  area,  inlet  side) 

^GOTD  inlet  pressure,  hub,  inlet  side) 

1.11  P„„nm  (Rotor  inlet  pressure  at  the  mean  diameter) 
uUiJJ 

2 

7TD^  ^ = 375  in.  (blade  area) 

P P 

7t/4  Dy  = 1060  xn . (Total  area,  exhsust  sxde) 


Test  Wo.  7 through  10  of  the  first  series  were  conducted  with  a circular  rake 
installed  on  the  exhaust  side  of  the  rotor  hub  with  pressure  pickups  located  on 
a 7 "IS- in.  radius. 
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A linear  pressure  profile  was 
assumed  through  PQipEt  and  Pq^qd 
the  pressure  force  towards  suction 
was  then  determined  by  integration 
of  the  profile. 


The  pressure  force  towards  suction  for  a specific  case  (Test  6.0-04-EHP-9)  determined 
by  the  different  methods  described  above  compare  as  follows: 


Pressure  force  towards  suction,  xmcorrected. 


= 67,300  lb 


Pressure  force  towards  suction,  corrected 
for  sv7irl  effect  on  the  basis  of  NASA  data. 


Fu^  = 57,500  lb 


Pressure  force  towards  suction,  based  upon 
circular  rake  data  and  wall  static  exhaust 
pressure. 


F = 5^,000  lb 

u^ 

2 


The  correction  factor  K_  , applicable  to  this  data  was  verified  from  the 
above  results  '^u 

F 

u„ 

K_  = — f = 0.805 

u F 


When  straightening  vanes  were  installed  on  Buildup  Wo.  2 to 
eliminate  the  exit  swirl,  additional  static  taps  were  provided  to  measure  the  pres- 
sure distribution  on  the  downstream  side  of  the  disc.  With  these  new  instrumenta- 
tion stations,  the  computation  of  the  pressure  force  towards  suction  was  greatly 
simplified  and  yielded  more  representative  magnitudes.  The  force  was  calculated  as 
follows: 

^u  -^2H  ^GTDD  ^ ^^TRET  ^TKBH^ 

mean 

Whereby:  = tt  /4  ^ and  Ag  = IT  h 
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Test  results  from  the  second  test  series  showed  no  significant 
variation  of  the  three  pressure  measurements  behind  the  turbine  disc.  This 

indicated  that  the  swirl  was  eliminated.  Thus,  the  mean  value  of  the  three  pressures 
%TDD  i^sed  for  calculating  turbine  thrust.  Turbine  pressures  are  listed  for  a 
typical  data  point  in  Table  I. 

b.  Thrust  with  Gas  Generator 

(Hydrogen-Oxygen)  Turbine  Drive 

The  turbine  operated  with  a pressure  ratio  of  approximately 
2,k  with  gas  generator  drive  and  the  small  exhaust  orifice  (240-in.2) . A comparison 
of  the  mean  exhaust  pressure  with  the  calculated  inlet  pressure  based  upon  radial 
equilibrium  indicated  impulse  conditions  P]_  = P2.  Under  those  circumstances,  thrust 
was  directly  computed  from  the  pressure  forces  acting  upon  the  turbine  disc.  Thrust 
resulting  from  some  negative  reaction  at  the  disc  and  some  positive  reaction  at  the 
blade  tip  partly  cancelled  each  other  so  that  their  difference  was  considered  insig- 
nificant. The  thrust  equation  was  reduced  to: 


^AX  ^2H  ^GTDD  - A^„  P_._ 
mean  IH  GOTO 


Under  impulse  conditions,  thrust  was  always  positive  or  directed  towards  the  pump 
because  of  the  effect  of  radial  equilibrium  upon  the  upstream  side  of  the  rotor. 


Pressure  ratios  of  approximately  3*5  were  obtained  with  the 
large  exhaust  orifice  of  31^-in.^.  The  rotor  operated  with  some  reaction  because 
of  the  high  pressure  ratio.  New  radial  equilibrium  factors  were  calculated  for  the 
upstream  side  of  the  disc  for  gas  generator  Tests  No.  I3  and  l4.  A correction  factor 
was  obtained  that  was  nearly  identical  to  the  one  obtained  for  gaseous  nitrogen  tur- 
bine drive  (l.ll).  Axial  thrust  was  computed  similar  to  the  method  derived  for 
gaseous  nitrogen  drive. 


AX  2H  2 ^ ^^TRET  ^TREH^  ' ^GOTD  ^^IH 


Whereby: 


K = i-adial  equilibrium  factor. 
3 . Thrust  Predictions 


a.  Initial  Estimates 

The  thrust  direction  predicted  for  the  interim  impeller  was 
towards  the  pump.  However,  for  gaseous  nitrogen  turbine  drive,  a downward  turbine 
thrust  direction  was  expected.  The  net  thrust  of  these  two  estimates  was  predicted 
to  be  towards  the  pump,  even  though  downward  thrust  was  possible  at  low  pump  speeds. 
A bearing  orientation  to  give  load  sharing  towards  the  piamp  was  then  chosen  for  the 
following  reasons. 


(1)  Net  thrust  was  predicted  in  a direction  towards  pump  suction. 
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(2)  Poor  performance  of  the  backvane  diffuser  would  result 
in  increased  thrust  towards  pump  suction. 

(3)  Tests  with  gas  generator  drive  as  intended  for  this  unit 
would  have  no  turbine  thrust,  and,  hence,  net  thrust  toward  the  pump.  At  these 
higher  speeds,  thrust  prediction  errors  would  be  better  accommodated  -with.the  bearing 
orientation  chosen. 


b.  The  Ideal  Pump  Thrust 

Pump  thrust  predictions  for  full  speed  operation  (with  gas 
generator  turbine  drive)  were  based  upon  thrust  values  established  from  low  speed 
tests  (with  gaseous  nitrogen  turbine  drive)  and  on  the  following  assumptions: 

(1)  Affinity  laws  hold  true  (static  headrise  varies  directly 
with  speed  squared;  efficiency  remains  constant) . 


(2)  Fluid  Temperature  remains  constant  (no  change  in  friction 

losses) . 

(3)  Fluid  density  is  not  .dependent  upon  pressure. 

(4)  Reynolds  number  effects  are  negligible. 

The  idealized  thrust  was  calculated  from  front  and  backside 
pressure  forces  derived  as  follows: 


Page  33 


Frontside  pressure  force 


p = p + Ap  = P + K ^ N 
F s F s F f F 

Backside  pressure  force; 


R, 


J p (r)  r dr 


Fb  = Fc  + APg  = % 


J 


BH 


Rr 


Y g (r)  r dr 


As  explained  in  Section  III. A.  the  cavity  pressure  P is 
equal  to  the  suction  pressure,  plus  the  pressure  rise  of  the  frontside,  plus  the 
pressure  difference  at  the  discharge,  and  minus  the  pressure  rise  of  the  backside. 

P = P + Ap„  + Ap^^„  - Ap„ 
c s F TIP  B 

The  pressure  difference  at  the  discharge  APrp_  = - Pniirc; 

is  assumed  to  stay  proportional  with  R^.  Ob 


Thus; 


P-  = P^  + K „ ^^„R^  + K 
C S p,F  F 


Y R^  K 
■p,TIP  TIP  ■ p,B 


Yb  r2 


Pg  + R^  -^F  + Y , Y^) 


p,TIP  TIP  p,B  ■ B' 


Substituting  this  expression  into  the  equation  for  the  backside  pressure  force; 
^B  [^s  ^ ^^p,F  ^F  S,TIP  ^^TIP  " SjB  ^B^]  ^ 


+ K, 


f,B 


r2  j 


R. 


R, 


Yg  (r)  r dr 


SH 
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Neglecting  the  momentiim  force 


~ r^s  ^ ^^p,F  '^^F  ■*■  ^PjTIP  ’^'tIP  ■ ^p,B  ^^B^ 


" ^f,B  ^ 


®2  («^2 
J (r)  r dr  - P^A^  - K^  J 'l^p(r)  r 


dr 


H, 


SH 


^ ^SjF  ^F  S,TIP  ^^TIP  " ^p,B  ^B^ 


r^2 

+ J g (r)  r dr- 

®SH 


J (r)  r d^ 


Equation  (5) 


This  equation  shows  that  if  Ag  = Ap,  the  thrust  is  directly  proportional  to  and 
suction  pressure  Pg  cancels  out.  The  thrust  component  caused  hy  suction  pressure 
F^g  can  be  expressed  in  terms  of  the  shaft  area  Agg  = A^  - Ag 


Thus 


• ^SH  ~ ^s  ^s' 


Thrust,  Fgjj,  can  be  removed  from  Equation  (5)  so  that  the  resulting  expression  becomes 
directly  a function  of  speed  squared. 

^AX  ^SH  " ^AX  ^SH  = ^ ) 

Knowing  Fgjj  and  a thrust  value  at  low  speed,  the  ideal  thrust  at  full  speed  can  be 
calculated  from  the  foJ.lowing  relationship; 


^AX2  * ^SH 
''aXI  ''s  *SH 


= c^-] 


and 


AX2 


I-  w_  3 (^AXl  * 


Equation  (6) 
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The  ideal  pump  thrust  based  upon  actual  measured  or  estimated  values  (Fj|\xi) 
prespin  speed  of  2100  rpm  is  plotted  versus  speed  for  85*^,  100^,  and  120%  of  design 
Q/W  on  Figure  l6.  The  characteristics  shown  are  exponential  curves  with  (n) 

approaching  2 at  high  magnitudes  of  Fj^.  This  reflects  the  effect  of  the  thrust 
component  caused  by  suction  pressure  P„  A„„,  which  becomes  negligible  at  very  high 
thrust  values. 


The  scale  factors  to  relate  ideal  thrust  at  full  speed  from 

thrust  data  at  prespin  = 2100  rpm,  ^2  = 3635  rpm,  and  constant  suction  pressure 

P = 115  psia)  are: 
s 

I,  2.135 

^iUC2  DES  Q/H  = X [— ] = 17,500  lb) 

r-  N,  1 2.17 

''AX2  ™ = ^AXl  * L— J It) 

pi  -]  2.22 

''K2  ^ Q/U  = X L^J  (F^^  = 12,000  lb) 

4.  Accuracy 

When  calculating  pump  thrust,  a very  accurate  analytical  procedure 
could  yeild  an  axial  thrust  value  far  from  the  value  obtained  experimentally.  For 
example,  if  an  axial  balance  of  3O5OOO  lb  towards  the  impeller  eye  is  desired  and 
a frontside  force  of  approximately  230,000  lb  is  underestimated  by  as  little  as  yjo 
and  a backside  force  of  approximately  260,000  lb  is  overestimated  by  3^j  the  measured 
thrust  could  be  off  by  50%  of  the  analytical  estimate.  This  can  also  apply  to  tur- 
bine thrust,  although  pressure  forces  on  the  rotor  are  of  much  smaller  magnitudes; 
however,  they  are  acting  upon  larger  areas. 

The  above  is  an  example  that  perfect  agreement  between  predicted 
and  measured  thrust  is  strictly  incidental,  especially  if  pressure  distributions 
or  thrust  values  at  different  operating  points  are  unknown.  For  large  pumps,  where 
margins  between  nominal  and  maximum  safe  operating  thrust  loads  result  in  lower 
percentages  than  with  smaller  size  pumps,  it  becomes  necessary  to  conduct  a partial 
speed  test  to  verify  estimates  before  attempting  full  speed  operation. 

Variations  in  the  magnitudes  of  pressure  forces  could  result  from 
circumferential  pressure  variations.  As  illustrated  in  Figures  17,  I8,  and  19,  the 
pressures  Pohc  6 A - F ^'long  the  impeller  periphery  show  a variation  of  approximately 
+ 10%.  However,  it  was  believed  that  the  thrust  calculated  from  pressure  forces  is 
representative  because  the  tip  pressures  PoHC  5 ^OBV  6 were  measured  in  areas  of 
average  circumferential  pressure  (Figures  I7  through  19) . 
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Figure  16 

M-1  OTPA  IDEAL  PUMP  THRUST  VS  SPEED 
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Figure  17 


impeller  iium-uiUi!:  NOIMAL  STATIC  PRESSURE  RISE  VS 
decrees  of  CIRCljMFERENCE  AT  8^^  OF  LESION  Q/N 
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Figure  18 

IMPKLLER  FRONTSIDE  STATIC  PRESSURE  RISE  NORMALIZED  vs  DEGRI'S 
OF  CIRCUMFERENCE  AT  120%  OF  DESIGN  Q/N 
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Figure  19 

IMPELLER  FRONTSIDE  STATIC  PRESSURE  RISE  NORMALIZED  vs  DEGREES 
OF  CIRCUMFERENCE  AT  100%  OF  DESIGN  Q/N 
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VI  Pump  Technology 


Attention  is  focused  in  this  discussion 
i-  on  some  of  the  technological  advances  in 
turbomachinery  research  and  development 
which  the  petroleum  indi’otry,  with  its  widely 
diverse  technblogy,  might  find  useful.  The  re- 
search and  development  on  turbomachinery  be- 
ing conducted  by  the  NASA  Lewis  Research 
Center  and  supported  by  this  center  through 
contract  to  industry  and  universities  include  ef- 
fort on  such  components  as  compressors,  turbines, 
and  pumps  and  on  materials  used  in  their  con- 
struction. Because  of  the  large  total  effort  in- 
volved, the  following  discussion  is  limited  to  only 
a selected  portion  of  the  overall  effort  in  order 
that  the  work  can  be  described  in  sufficient 
detail  to  reveal  its  scope  and  quality. 

The  subject  chosen  is  that  of  high-performance 
pumps  and  the  role  of  cavitation  in  defining 
pump  performance  limits.  NASA  interest  in  this 
subject  stems  from  the  need  to  minimise  the 
structural  weight  of  space  vehicles  to  provide 
a corresponding  increase  in  payload  capability. 
The  dependence  of  payload  capability  on  pump 
performance  can  be  illustrated  by  considering 
the  principal  components  of  a typical  upper 
stage  of  a space  vehicle  shown  in  figure  VI- 1. 
The  largest  components  by  far  are  the  propel- 
lant tanks,  the  wall  thickness  of  which  is  deter- 
mined primarily  by  tank  pressure,  although  other 
factors  are  involved.  For  space  vehicles  in  which 
the  tank  wall  thickness  is  determined  by  propel- 
lant pr':<isure,  lower  tank  pressures  allow  lower 
vehicle  weights. 

In  order  to  prevent  propellant  boiling,  the  tank 
pressure  must  be  greater  than  the  vapor  pressure 
of  the  propellant.  Propellants  that  have  a high 
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Fiqi'be  VI-1. — Liquid-fueled  rocket  vehicle. 


vajxir  pressure,  for  example,  liquid  hydrogen, 
are  often  carried  at  a tank  pressure  only  a few 
pounds  per  square  inch  greater  than  the  vapor 
pressure.  Under  these  conditions,  the  propellant 
IS  in  a near-boiling  state. 

The  difficulty  in  pumping  a near-boiling  liquid 
can  be  described  by  use  of  a simplified  diagram 
of  a rocket  stage,  as  illustrated  in  figure  VI-2, 
which  shows  one  propellant  tank,  the  thrust 
chamber,  and  the  pump  which  delivers  the  pro- 
pellant from  the  tank  to  the  thrust  chamber. 
A portion  of  a typical  centrifugal  pump  rotor 
(and  blading)  often  used  in  liquid  rocket  sys- 
tems is  also  shown.  The  propellant  ta  ik  is  as- 
sumed to  contain  a near-boiling  liquid.  The 
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Fioubb  VI-2. — Pump  in  liquid  rocket  system. 


static  pressure  drop  experienced  by  the  liquid  as 
it  flows  from  the  tank  to  the  pump  and  into  the 
pump  passages  usually  causes  a portion  of  the 
liquid  to  flash  to  vapor  (boil)  within  the  pump 
passages.  This  vapor  formation,  called  cavita- 
tion, if  sufSciently  extensive,  can  cause  a loss  in 
pump  performance.  In  rocket  systems,  this  loss  in 
pump  performance  can  be  catastrophic. 

The  degree  of  flow  disturbance  that  can  be 
produced  by  cavitation  is  illustrated  in  figure 
VI-3,  which  shows  a pump  operating  under  cavi- 
tating  conditions.  The  photograph  was  taken 
through  a transparent  pump  housing  with  the 
pump  operating  at  a speed  of  3000  rpm.  Pump 
cavitation  can  be  categorized  into  two  basic 
tyi>es  according  to  location,  blade-tip  cavitation 
and  blade-surface  cavitation.  The  first  type  is 
vapor  formation  that  occurs  because  of  flow 
through  the  clearance  region  between  the  blade 
tip  and  the  pump  casing  (fig.  VI-3).  In  general, 
blade-tip  cavitation  does  not  appreciably  affect 
pump  performance;  however,  blade-surface  cav- 
itation can  degrade  pump  performance  severely. 
The  blade-surface  cavitation  shown  in  ^gure 
VI-3  disturbed  the  flow  in  the  carefully  de.  ^ed 
flow  passages  of  the  pump  sufliciently  to  degrade 
pump  performance  severely. 

The  requirement  that  rocket  propellants  be 
pumped  under  the  conditions  of  lowest  possible 
tank  pressure  (i.  e.,  in  a near-boiling  state)  can 
be  discussed  with  reference  to  the  Centaur  space 
vehicle  shown  in  figure  VI-4.  Centaur  will  be 


used  as  an  upper  stage  on  an  Atlas  booster  to 
lift  Surveyor  to  the  Moon.  Surveyor  is  designed 
to  soft-land  an  instrumented  package  on  the 
Moon  to  sample  and  to  analyze  the  surface  of 
the  Moon  and  to  make  other  measurements  in 
preparation  for  manned  landing  a few  years 
hence.  The  Centaur  vehicle  is  10  feet  in  diameter 
and  about  16  feet  long  (cylindrical  portion  only) 
and  uses  liquid  hydrogen  as  fuel.  The  fuel  tank 
pressure  is  only  2.0  pounds  per  square  inch 
greater  than  the  vapor  pressure  of  liquid  hydro- 
gen. This  additional  pressure  above  the  vapor 
pressure  is  provided  by  the  injection  of  helium 
gas  at  the  top  of  the  tank.  Helium  is  used  be- 
cause it  does  not  liquefy  at  the  very  low  tem- 
perature of  liquid  hydrogen  (about  —423®  F). 
The  helium  is  carried  separately  in  heavy  high- 
pressure  spheres  at  the  bottom  of  the  vehicle 
(fig.  VI-4).  If  the  tank  pressure  had  to  be 
raised  an  additional  2.0  pounds  per  square  inch 
to  avoid  pump  cavitation  and  assure  good  liquid- 
hydrogen  pump  performance,  the  extra  thick- 
ness of  tank  wall  required  to  support  the  added 
pressure  and  the  additional  helium  plus  the  he- 
lium system  would  raise  the  structural  and  sys- 
tem weight  several  hundred  pounds.  This  extra 
weight  would  reduce  the  payload  by  an  equal 
amount  and  make  it  too  low  for  the  Surveyor 
mission. 

The  discussion  presented  herein,  therefore, 
deals  with  the  problems  of  pumping  near-boil- 
ing liquids  with  modem  high-performance  pumps. 


Fiocu  VI-3. — Pump  caviutioa. 
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Kioube  Vl-4. — Centaur  apace  vehicle. 


erally  driven  by  a turbine.  Pumping  work  is 
done  on  the  fluid  by  the  rotor  as  the  fluid  flows 
radially  outward  through  passages  between  the 
blading.  The  fluid  is  collected  in  a volute  and 
delivered  at  high  pressure. 

Within  limits,  the  work  done  on  the  fluid  and 
thus  the  pressure  at  the  discharge  can  be  in- 
creased by  increasing  the  rotational  speed  of  the 
pump.  If  the  desired  pressure  is  higher  than  that 
which  can  be  achieved  by  a single  rotor,  it  is 
necessary  to  pass  the  propellant  through  addi- 
tional rotor  stages.  Staging  centrifugal  pump  ro- 
tors, however,  requires  elaborate  ducting  and  an 
increased  number  of  bearing  supports,  and  heavy 
pumps  result.  A sketch  of  a typical  multistage 
centrifugal  pump  is  presented  in  figure  VI-6. 
Thus,  when  the  required  discharge  pressure  is 
greater  than  can  be  attained  by  use  of  a single 


Subjects  covered  include  the  limiting  effects  of 
cavitation  on  pump  performance,  the  approach 
to  pump  design  that  helps  to  overcome  some  of 
these  limitations,  methods  for  predicting  pump 
performance  under  cavitating  conditions  for  var- 
ious liquids,  cavitation  damage,  and  pump  flow 
instabilities  with  and  without  cavitation. 

TYPES  OF  ROCKET  PUMP 

One  of  the  two  principal  types  of  pumps  used 
for  handling  rocket  propellants  is  the  centrifugal 
punip  shown  in  figure  VI-6.  Basically,  the  cen- 
trifugal pump  consists  simply  of  a set  of  blades 
mounted  on  a rotating  hub  or  rotor  which  is 
supported  by  a shaft  and  bearings  and  is  gen- 


Fiouu  VI-£. — Centrifugal  pump. 

4 


Fioubb  VI-4t. — Multistage  centrifugal  pump. 
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Fiauu  VI-7. — Multistage  sxial-flow  pump. 


Fiodu  VI-8. — Pump  blades. 


rotor,  it  is  often  advantageous  to  use  an  axial- 
flow  pump,  which  can  be  easily  staged.  The  axial- 
flow  pump  (fig.  VI-7),  which  is  also  used  in 
modem  rocket  engines,  consists  of  a succession 
of  rows  of  rotor  blades  and  stator  blades.  The 
rotor  blades,  all  of  which  are  mounted  on  the 
same  rotating  drum,  do  work  on  the  fluid  being 
pumped,  and  the  stator  blades  turn  the  flow 
into  the  desired  direction  for  the  next  rotor  stage. 
Although  the  pressure  rise  per  stage  of  the  axial 
pump  is  less  than  that  of  a centrifugal  stage,  the 
ease  with  which  successive  stages  can  be  added 
to  the  axial-flow  type  allows  a more  compact 
high-pressure  pump. 

PUMP  FLOW  ANALYSIS 

Before  the  discussion  of  the  manner  in  which 
cavitation  degrades  pump  performance  and  the 
approach  to  design  that  is  used  to  achieve  a high 
degree  of  cavitation  tolerance  in  pumps,  it  may 


be  appropriate  to  review  the  manner  in  which 
pumps  do  useful  work  on  the  fluid  to  produce 
flow  and  pressure  rise. 

Rotors  from  the  two  types  of  pumps  are  shown 
in  figure  VI-8,  centrifugal  in  the  upper  left  and 
axial  flow  in  the  lower  left.  The  sketch  at  the 
right  of  the  figure  represents  a two-dimensional 
view  of  the  blades  for  either  type  pump  as  they 
would  appear  unwrapped  from  the  hub  and 
viewed  from  the  blade  tips.  The  similarity  to  a 
series  of  aircraft  wings  can  be  noted.  On  con- 
ventional aircraft  (fig.  VI-9),  the  wing  is  so 
shaped  that  the  air  flowing  immediately  under  it 
is  slowed  to  less  than  flight  speed  and,  con- 
sequently, experiences  a rise  in  pressure  with 
respect  to  that  of  the  approaching  air,  as  denoted 
by  plus  signs.  The  air  adjacent  to  the  top  sur- 
face of  the  wing  experiences  a drop  in  pressure 
with  respect  to  that  of  the  approaching  air,  as 
denoted  by  minus  signs.  This  difference  in  pres- 
sure on  the  upper  and  the  lower  wing  surfaces 
produces  the  lift  force  that  supports  the  aircraft. 

The  flow  around  pump  blades  is  similar  to 
that  around  a wing,  as  shown  schematically  in 
figure  VI-10.  The  pressure  variation  along  the 
surfaces  of  a typical  pump  blade  is  also  presented. 
The  differences  in  pressure  existing  on  the  upper 
and  the  lower  blade  surfaces  result  in  a force  on 
the  blade  which  is  proportional  to  the  area  be- 
tween the  pressure  distribution  curves.  Con- 
versely, an  equal  reaction  force  is  exerted  on  the 
fluid  by  the  pump  blade,  and,  because  the  blade 
moves  in  the  direction  of  force,  work  is  done  on 
the  fluid.  This  work  produces  flow  and  a pres- 
sure rise  across  the  blade  row. 

It  is  important  to  note  that  smooth  flow  must 
exist  over  the  entire  blade  surface  to  produce  the 
desirable  large  pressure  differences.  On  the  high- 
pressure  side  (lower  surface),  smooth  flow  can 
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Fiovu  VI-9. — Wing  analogy. 
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that  portion  of  the  blade  where  separation  occurs. 
This  loss  is  reflected  by  a change  in  the  pressure 
distribution  diagram.  A comparison  of  the  pres- 
sure distribution  diagrams  of  figure  VI-11  for 
smooth  flow  and  separated  flow  shows  that  the 
area  within  the  diagram  is  always  less  with  flow 
separation.  Because  the  suction  on  the  top  sur- 
face of  the  blade  accounts  for  al>out  half  the 
force  on  the  blade,  partial  loss  of  this  suction 
reduces  the  blade  force;  hence,  the  pump  work 
capability  of  the  blade  decreases.  This  decrease 
in  pump  work  appears  as  a lowered  pressure  rise 
across  the  pump.  Because  flow  separation  dis- 
turbs the  entire  flow  within  the  pump  passage, 
the  pressure  distribution  on  the  pressure  surface 
of  the  blade  is  also  affected,  as  noted  in  figure 
VI-11. 


IN  FLOW 

(a)  Normal  flow,  (b)  Separated  flow. 

Fioubb  VI-II. — Pump  blade  pressure  distribution  for 
normal  and  separated  flow. 


be  easily  maintained,  because  this  surface  faces 
the  oncoming  flow  which  must  stream  around 
it.  Maintaining  smooth  flow  over  the  upper  sur- 
face of  the  blade,  however,  is  a critical  matter. 
The  flow  adheres  to  the  upper  surface  under  the 
influence  of  low  pressures,  or  suction,  which 
exist  on  this  surface.  The  flow  over  the  upper 
surface  of  a pump  blade  can  be  easily  disturbed 
and  may  detach,  or  separate,  from  the  surface, 
as  illustrated  in  figure  VI-11.  The  desired  suc- 
tion on  the  upper  surface  is  then  partly  lost  over 


PUMPING  NEAR  BOIUNG  FLUIDS 

As  mentioned  previously,  the  presence  of  ex- 
tensive amounts  of  vapor  (cavitation)  in  the 
pump  limits  pump  performance.  This  problem 
of  cavitation  and  its  effect  on  pump  performance 
becomes  increasingly  more  critical  as  the  fluid 
entering  the  pump  approaches  the  near-boiling 
condition.  In  order  to  illustrate  the  effects  of 
cavitation  on  flow  conditions  about  pump  blades, 
blade  pressure  distributions  with  and  without 
cavitation  are  compared  in  figure  VI-12.  The 


(a)  Noncavitatina.  (b)  Limited  cavitation. 

Ficvu  VI-13. — Blade  preaaure  diatributiona  with  and 
without  cavitatioa. 
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horiiontal  dashed  line  represents  the  vapor  pres- 
sure of  the  incoming  fluid.  If  the  inlet  pressure 
is  sufficiently  high,  the  blade  surface  pressures 
are  everywhere  greater  than  the  liquid  vapor 
pressure.  However,  if  inlet  pressure  is  reduced 
sufficiently,  local  pressures  on  the  suction  surface 
of  the  blade  are  reduced  to  the  fluid  vapor  pres- 
sure, and  cavitation  occurs.  Because  the  pressure 
on  the  suction  surface  of  the  blade  cannot  be 
less  than  the  vapor  pressure  of  the  liquid  imme- 
diately adjacent  to  the  vapor  cavity,  a loss  in 
blade  force  results.  This  loss  corresponds  to  the 
reduced  area  of  the  pressure  distribution  diagram, 
as  illustrated  by  the  right-hand  diagram  of  figure 
VI-12. 

As  inlet  pressure  is  further  reduced,  the  cavi- 
tated  region  on  the  suction  surface  of  the  blade 
grows  until  the  flow  adjacent  to  the  vapor  cavity 
can  no  longer  follow  the  sharp  curvature  at  the 
downstream  end  of  the  vapor  cavity,  as  illus- 
trated by  the  right-hand  diagram  of  figure  VI-13. 
As  noted  in  the  figure,  the  flow  separates  from 
the  blade,  and  a large  part  of  the  highly  desirable 
suction  is  lost.  The  presence  of  cavitation  causes 
a decrease  in  blade  pressures  on  the  lower  sur- 
face because  of  disturbed  flow  in  the  channel 
between  blades,  as  was  the  case  for  separated 
flow  without  cavitation  (fig.  VI-11).  The 
greatly  reduced  area  of  tiie  pressure  diagram  is 


(a)  Limited  cavitation,  (b)  Severe  cavitation. 

Fiouaa  VI-13. — Blade  preaaure  distributions  with  two 
degrees  of  cavitation. 


Fioi  u VI-14. — Pump  performance. 


indicative  of  the  large  decrease  in  pumping 
work  that  can  occur  with  extensive  cavitation. 

For  fixed  operating  conditions,  the  difference 
between  the  pressure  of  the  fluid  entering  the 
pump  and  the  liquid  vapor  pressure  is  the  factor 
which  determines  whether  cavitation  will  occur 
in  a given  pump.  The  pressure  rise  provided 
by  a high-performance  pump  for  various  values 
of  inlet  pressure  above  the  vapor  pressure  is  pre- 
sented in  figure  VI-14.  If  the  margin  of  inlet 
pressure  above  vapor  pressure  is  adequate,  cav- 
itation is  avoided  and  the  desired  pressure  rise 
is  attained.  Reduction  in  inlet  pressure  below  a 
critical  value  first  produces  cavitation  of  an  ex- 
tent just  sufficient  to  cause  a slight  decrease  in 
pump  performance,  as  represented  by  the  center 
pressure  diagram  of  figure  VI-14.  Further  reduc- 
tion in  inlet  pressure  leads  to  rapid  deterioration 
of  pump  performance  because  of  extensive  cavi- 
tation and  accompanying  flow  separation  from 
the  suction  surface  of  the  blade. 

Photographs  of  pump  flow  corresponding  to 
the  three  regimes  of  operation  depicted  in  figure 
VI-14  are  presented  in  figure  VI-15.  Cavita- 
tion-free flow,  moderate  cavitation  at  the  point 
of  performance  dropoff,  and  extensive  cavitation 
associated  wrl''-  a large  performance  loss  are  illus- 
trated in  figures  VI-15  (a),  (b),  and  (c),  re- 
spectively. With  moderate  cavitation  (fig.  VI- 
15(b))  where  the  pump  operated  just  above  the 
point  of  severe  performance  falloff,  both  blade- 
tip  cavitation  and  suction-surface  cavitation  are 
evident.  Although  the  blade-tip  cavitation  is 
quite  prominent,  it  had  no  appreciable  effect  on 
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grow,  as  shown  in  figure  VI-15  (c).  With  this 
large  amount  of  vapor  present  on  the  suction 
surface,  the  pump  no  longer  operated  effectively. 

Unfortunately,  for  high-pressure-rise,  high- 
speed pumps,  the  falloff  in  performance  with 
extensive  cavitation  occurs  at  pump  inlet  pres- 
sures considerably  greater  than  the  low  tank 
pressures  required  for  some  rocket  applications. 


INDUCERS 

The  problem  of  pumping  from  low-pressure 
tanks  (i.  e.,  near-boiling  fluids)  has  been  alle- 
viated to  a large  extent  through  the  design  of  a 
prepumping  stage,  which  operates  satisfactorily 
even  under  conditions  of  extensive  cavitation. 
Such  a prepumping  stage  is  called  an  inducer. 
A typical  inducer  is  presented  in  figure  VI-16. 
The  three  exceptionally  long  blades  are  mounted 
on  the  hub  in  a manner  approximating  a helix. 
Inducers  are  generally  located  immediately  up- 
stream from  the  main  pump  and  rotate  on  the 
same  shaft  as  the  main  stage  rotor.  A typical 
inducer — axial-flow-pump  combination  is  shown 
in  figure  VI-17  and  the  pressure  rise  through  the 
various  stages  is  illustrated  schematically  in  fig- 
ure VI-18.  The  inducer  is  only  required  to  pro- 
duce a pressure  rise  sufficient  to  allow  the  first 
axial-flow  stage  to  operate  free  of  cavitation. 


Fiovu  AAl-MJ. — Inducer. 


pump  blade  performance.  As  inlet  pressure  was 
reduced,  blade-surface  cavitation  continued  to 


(a)  Cavitation-free  flow. 

(b)  Moderate  cavitation. 

(c)  Extensive  cavitation. 


Pisure  VI-IS. — Various  degrees  of  cavitation. 
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Fioubb  VI-17. — Axial-flow  pump  with  inducer. 
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Fmuu  Vl-18.— Preasure  line  in  axial-flow  p;unp  with 

inducer 

The  basis  for  the  large  cavitatiou  tolerance  of 
the  inducer  is  illustrated  qualitatively  in  figure 
Vl-ld.  The  long  blades  are  shown  in  simplified 
form.  The  noncavitating  pressure  distribution 
indicates  that  with  proper  design  the  pressures 
on  the  suction  side  of  the  blade  do  not  dip  very 
deeply;  the  inlet  pressure  is  thus  allowed  to  ap- 
proach close  to  liquid  vapor  pressure  before 
cavitation  is  encountered.  The  diagram  also 
shows  that  the  largest  pressure  differences  exist 
on  the  forward  portion  of  the  blade;  thus,  when 


operating  without  cavitation,  the  forward  part  of 
the  blade  does  most  of  the  pumping  work.  At  low 
inlet  pressures,  cavitation  and  flow  separation 
occur  on  the  forward  port.ion  of  the  blade,  but, 
because  of  the  length  and  the  hydrodynamic 
design  of  the  blades,  the  separated  flow  reattaches 
to  the  blade  surface  behind  the  cavity  to  reestab- 
lish the  desired  blade  force.  Although  the  pres- 
sure forces  on  the  forward  portion  of  the  blade 
have  decreased,  the  forces  exerted  by  the  rear 
portion  of  the  blade  have  increased.  This  com- 
pensating effect  results  in  the  same  total  area 
within  the  pressure  diagram,  denoted  by  the 
erosshatched  areas;  hence,  blade  pumping  per- 
formance is  maintained  despite  extensive  cavi- 
tation. In  order  to  illustrate  the  performance 
gains  realised  by  use  of  an  inducer,  a compari- 
son of  the  cavitation  performance  limit  of  a 
pump  with  and  without  an  inducer  is  presented 
in  figure  VI-20.  The  addition  of  an  induce:  low- 
ered the  inlet  pressure  requirement  for  ttie  pump 
to  a value  much  closer  to  the  liquid  vapor  pres- 
sure. Like  the  pump,  however,  the  inducer  is 
also  limited  by  cavitation,  as  shown  by  the  drop- 
off in  performance. 

An  example  of  the  amount  of  cavitatiou  an 
inducer  can  tolerate  with  no  appreciable  loss  in 
performance  is  .^hown  in  figure  VI-21.  The 
cavitation-free  flow  noted  in  the  rearward  chan- 
nels between  blades  is  associated  with  the  pres- 
sure rise  through  the  inducer,  which  causes  the 
vapor  to  condense.  In  most  cases,  the  use  of 


(a)  NoocaviUting.  (b)  CaviUting. 
Fioubb  VI-IS. — Inducer  blade  pressure  distributions. 
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inducers  in  rocket-engine  pumps  has  allowed  a 
reduction  in  propellant  tank  pressure  sufficient 
to  permit  reasonable  structural  weights. 

TYPICAL  ROCKET  PUMPS 

Pump  technology  has  made  great  strides  in 
recent  years.  The  liquid-hydrogen  rocket-engine 
pump  shewn  in  figure  VI-22,  for  example,  pro- 
vides a fiow  rate  of  8000  gallons  per  minute  and 
a pressure  rise  of  1400  pounds  per  square  inch 
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Fiousi  VI-20. — Pump  performance 


Fnuu  Vl-21. — Ca  vita  ting  inducer. 


Fioube  VI-22. — Centrifugal  pump  with  inducer. 


Fiuuas  VI-23. — Axial-flow  liquid-hydrogen  pump. 

and  requires  about  9000  horse|X)wer.  The  pres- 
sure rise  across  the  pu.np  is  equivalent  to  raising 
the  hydrogen  to  a height  of  over  50  000  feet. 
The  technical  sophistication  of  this  pump  can  be 
realised  from  the  fact  that  the  9000  horsepower 
is  absorbed  in  useful  work  by  a pump  rotor 
that  is  about  8 inches  in  diameter  and  8 inches 
long. 

An  axial-fiow  rocket  pump  for  handling  liquid 
hydrogen  is  shown  in  figure  VI-23.  This  pump, 
developed  for  an  advanced  1.5-million-pound- 
thrust  engine,  consists  of  an  inducer  and  se\’eral 
axial-fiow  stages  and  is  about  17  inches  in  diam- 
eter. It  pumps  65  000  gallons  cf  liquid  hydro- 
gen per  minute  to  a pressure  in  excess  of  1500 
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pounds  per  square  inch.  The  drive  turbine,  which 
produces  over  90000  horsepower,  is  directly 
connected  to  the  pump  shaft.  If  a cavitating 
inducer  of  the  type  shown  could  net  be  utilized, 
the  pump  rotational  speed  would  have  to  be 
substantially  reduced,  and  many  more  stages 
would  have  been  required  to  obtain  the  desired 
discharge  pressure.  In  addition,  the  pump  diam- 
eter would  have  had  to  be  increased  to  about 
5 feet.  Because  the  pump  would  have  been  re- 
quired to  rotate  more  slowly  than  the  drive 
turbine,  a massive  speed-reduction  gear  box 
capable  of  transmitting  90  000  horsepower 
would  have  been  required. 

EFFECTS  OF  FLUID  PROPERTIES  ON 
CAVITATION  PERFORMANCE 

The  aerospace  program  has  provided  high- 
performance  pumps  that  operate  well  when  near- 
boiling fluids  are  bandied.  For  the  most  part, 
these  pumps  were  proven  with  the  use  of  rocket 
propellants  such  as  kerosene,  liquid  oxygen,  liq- 
uid hydrogen,  and  liquid  fluorine.  Because  the 
cavitating  performance  of  a pump  can  change 
with  the  liquid  being  pumped,  the  industrial 
designer  is  faced  with  the  problem  of  having  to 
determine  cavitating  performance  with  other  liq- 
uids, that  is,  liquids  of  his  interest.  Specifically, 
the  problem  is  that  of  predicting  the  lowest  pos- 
sible inlet  pressure  that  can  be  established  at  the 


pump  inlet  while  maintain'np  good  pump  per- 
formance. 

The  Lewis  Research  Center  is  presently  en- 
gaged in  several  experimental  and  theoretical 
studies  directed  toward  so'  ing  this  prediction 
problem.  Before  the  results  of  these  studies  are 
discussed,  some  basic  observations  with  regard 
to  pumps  which  handle  different  liquids  under 
cavitating  conditions  should  be  noted  in  the 
interest  of  clarity. 

Consider  the  schematic  diagram  of  figure 
VI-24,  which  shows  an  inlet,  pump  inducer,  and 
main  pump  of  either  axial  or  centrifugal  type. 
It  is  assumed  that  the  volume  flow  and  the  pump 
rotational  speed  for  which  the  pump  performs 
well  are  specified.  It  is  also  assumed  that  the 
inducer  is  operating  under  the  condition  of  max- 
imum tolerable  cavitation;  that  is,  any  further 
reduction  of  inlet  pressure  would  result  ’a  un- 
acceptable pump  performance.  Pump  inlet  pres- 
sure is  measured  by  a manometer  containing  the 
same  liquid  as  that  being  pumped.  A similar 
manometer  symbolically  measures  the  pressure 
on  the  suction  surface  of  the  blade  in  the  cavita- 
tion zone.  The  basic  observation  is  that  the  dif- 
ference in  level  A between  the  two  manometers 
shown  is  the  same  for  all  liquids  for  a given 
pump  operating  under  the  conditions  specified. 
This  observation  is  supported  by  theory  and 
experience  with  cavitating  pumps  in  which  liq- 
uids of  widely  diverse  physical  properties  were 
used.  Once  the  pressure  head  difference  A is 
established  by  some  prior  experience  with  the 
pump,  it  can  be  considered  known. 

Because  the  manometer  on  the  inducer  is  in 
the  cavitation  zone,  it  measures  the  vapor  pres- 
sure of  the  local  liquid.  For  some  liquids,  this 
vapor  pressure  is  essentially  the  same  as  the  va- 
por pressure  of  the  liquid  entering  the  pump, 
which  is  known.  For  this  case,  the  inlet  pressure 
required  is  simply  the  sum  of  the  head  difference 
A and  the  known  liquid  vapor  pressure.  With 
some  fluids,  however,  there  is  a beneficial  effect, 
which  is  derived  from  the  local  cooling  of  the 
fluid  adjacent  to  the  cavitation  zone.  This  cool- 
ing allows  lov/er  than  expected  inlet  pressure 
requirements  for  these  fluids.  The  difference  in 
inlet  pressure  requirements  with  and  without 
cavitation  cooling  is  illustrated  in  figure  VI-25. 
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(a)  No  cavitation  cooling,  (b)  Cavitation  cooling. 

Figdbb  VI-26.— Cavitation  cooling  effect  on  pump  inlet 

pressure. 

Since  the  vapor  pressure  decreases  with  the  lower 
temperature,  the  manometer  on  the  inducer  would 
read  a vapor  pressure  which  is  lower  than  that 
of  the  incoming  liquid  by  an  amount  B.  Under 
these  conditions,  the  inlet  pressure  can  be 
lowered  a corresponding  amount,  since  it  is  suf- 
ficient to  maintain  the  fixed  pressure  head  dif- 
ferential A greater  than  the  vapor  pressure  of 
the  cooler  liquid. 

The  cooling  that  occurs  with  cavitation  present 
on  the  suction  surface  of  an  inducer  blade  is 
illustrated  in  figure  VI-26.  Heat  is  required  to 
generate  the  vapor  that  fills  the  cavity,  and  this 
heat  must  be  drawn  from  the  surrounding  liquid. 
Because  of  the  high  fluid  velocities  involved,  the 
time  required  for  the  liquid  and  the  vapor  to 
traverse  the  cavitated  region  on  the  blade  is 
very  short.  As  a result,  the  amount  of  liquid 
which  supplies  the  heat  to  form  vapor  is  actually 
confined  to  a thin  liquid  film  adjacent  to  the 
cavity,  as  shown.  Because  the  amount  of  liquid 
involved  is  relatively  small,  a substantial  cooling 
of  the  liquid  film  can  occur  in  some  cases.  This 
cooling  causes  a drop  in  the  vapor  pressure  of 
the  liquid  and  a corresponding  drop  in  the  cavity 
pressure.  As  the  temperature  is  decreased  from 
that  of  the  bulk  liquid  to  that  of  the  cooled  film, 
a vapor-pressure  drop  occurs,  as  shown  in  the 
vapor-pressure — ^temperature  curve  of  figure 
VI-26. 

The  magnitude  of  the  vapor-pressure  drop  can 
be  estimated  by  setting  up  a heat  balance  be- 
tween the  heat  required  for  vaporization  and  the 


heat  drawn  from  the  surrounding  liquid  film,  as 
follows; 

Heat  required  for  vaporization = Heat  drawn 
from  liquid  film 


(AT)  Ahpr,CL  (1) 


Vapor-pressure  drop 


=k(^^ 

\PlCi. 


m 


U” 


(2) 


The  mass  of  vapor  generated  is  the  product  of  the 
vapor  volume  and  vapor  density  p„.  This 
product  multiplied  by  the  heat  of  vaporization 
L is  the  heat  required  for  vaporization.  The  heat 
drawn  from  the  liquid  film  is  equal  to  the  mass  of 
the  film,  given  by  the  film  area  A,  its  average 
thickness  k,  and  liquid  density  p^,  multiplied  by 
its  specific  heat  and  the  film  temperature 
drop  AT. 

The  average  thickness  of  the  cooled  liquid 
film  depends  on  the  heat-transfer  process  and  can 
be  expected  to  change  with  fluid  pioperties  and 
flow  conditions.  By  introducing  these  heat-trans- 
fer effects  and  expressing  the  temperature  drop 
AT  in  terms  of  a vapor-presisure  drop  through  the 
vapor-pressure — temperature  relations,  equation 
(1)  can  be  expressed  as  in  equation  (2).  The 
term  K is  a proportionality  constant  that  depends 
on  the  hydrodynamic  characteristics  of  the  flow 
device,  such  as  a pump  or  inducer.  The  term 
dp/dt  is  the  slope  of  the  vapor-pressure — tem- 
perature curve  at  the  bulk  liquid  temperature  of 
interest.  The  last  two  terms  are  heat-transfer 
factors.  The  first  of  these  is  the  inverse  of  the 
liquid  thermal  diffusivity  and  contains  the  ther- 


Figube  VI-26. — Cavitation  cooling. 
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msl  conductivity  of  the  liquid  k,  liquid  density, 
and  specific  heat.  The  term  U isa  characteristic 
velocity,  which  can  be  the  average  velocity  of  the 
liquid  relative  to  the  blade.  The  exponents  m 
and  n depend  on  the  heat-transfer  process  ac- 
companying cavitation. 

Because  the  minimum  volume  of  vapor  neces- 
sary to  cause  performance  dropoff  for  a given 
pump  is  essentially  the  same  for  all  liquids, 
comparisons  of  vapor-pressure  drop  are  made 
on  the  basis  of  the  same  cavity  size.  For  this 
case,  a fixed  relation  exists  between  vapor  vol- 
ume and  film  area  A ever  which  vaporization 
occurs.  The  terms  and  A,  therefore,  do  not 
appear  explicitly  in  the  vapor-pressure  drop 
equation  but  are  included  in  the  constant  K. 
Except  for  the  constant  K and  velocity  U,  all 
terms  are  fluid  properties. 

In  order  to  check  the  validity  of  this  theo- 
retical equation,  it  was  necessary  to  conduct 
cavitation  studies  in  such  a way  that  the  pres- 
sures and  the  temperatures  within  the  cavitated 
region  of  various  liquids  could  be  measured 
directly.  Because  of  the  difiiculty  of  making 
such  measurements  on  a rotating  pump  blade,  a 
venturi  was  used  (fig.  VI-27).  The  inside  walls 
of  the  venturi  are  shaped  to  approximate  the 
suction  surface  of  a pump  blade.  With  noncavi- 
tating  flow,  the  pressure  distribution  on  the  ven- 
turi wall  (lower  part  of  fig.  VI-27)  is  a useful 
approximation  of  the  distribution  on  a pump 
blade.  When  the  inlet  pressure  is  lowered  suffi- 
ciently to  cause  cavitation,  vapor  cavities  are 
formed  in  the  region  of  lowest  pressure;  the 
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Fiodbe  VI-27.— Venturi. 


Figure  VI-28. — Venturi  with  cavitation. 


cavities  thwi  collapse  downstream  where  the 
pressure  increases,  as  shown  schematically  in  fig- 
ure VI-28.  Temperatures  and  pressures  within 
the  annulus  of  vapor  formed  under  cavitating 
conditions  were  measured  simultaneously  by 
means  of  thermocouples  that  protruded  into  the 
cavity  and  pressure  taps  located  on  the  adja- 
cent wall. 

The  fluids  used  in  these  studies  were  Freon 
114,  liquid  nitrogen,  and  water  in  order  to  provide 
a wide  spread  in  physical  properties  of  the  test 
fluids.  Each  fluid  was  studied  over  a range  of 
flow  velocity,  temperature,  and  cavity  length. 
Cavity  length  was  determined  by  direct  observa- 
tion through  the  transparent  walls  of  the  venturi. 

For  all  conditions  studied,  the  measured  cavity 
pressures  corresponded  to  the  vapor  pressure  at 
the  measured  temperatures.  Cavity  pressures  as 
much  as  6 pounds  per  square  inch  less  than  the 
vapor  pressure  of  the  incoming  fluid  were  mea- 
sured. This  drop  in  vapor  pressure  corresponded 
to  a 10°  F drop  in  temperature  accompanying 
cavitation. 

Some  of  the  measu''ed  vapor-pressure-drop 
data  obtained  with  Freon  114  in  the  venturi 
study  were  used  to  evaluate  the  exponents  and 
the  constant  K in  the  theoretical  vapor-pressure- 
drop  equation.  The  experimentally  determined 
values  for  m,  n,  and  K,  respectively,  are  0.5, 
0.85,  and  0.0C3;  thus,  the  vapor-pressure-drop 
equation  for  the  venturi  is 


Vapor-pressure  drop =0.00sf  — ^ 

\PL  L al  f 


“ C/o  w (3) 
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Figure  VI-29. — ^Prediction  of  vapor-piessure  drop. 


With  m,  71,  and  K established  by  experiment,  the 
vapor-pressure  drop  in  the  cavity  can  be  com- 
puted for  any  liquid,  the  physical  properties  of 
which  are  known.  The  equation  was  used  to 
predict  the  vapor-pressure  drop  for  liquid  nitro- 
gen, water,  and  Freon  114  at  Afferent  values  of 
flow  velocity  and  liquid  temperature  for  the 
venturi.  Some  typical  results  are  presented  in 
figure  VI-29,  which  compares  the  measured  and 
the  predicted  vapor-pressure  drops  from  equa- 
tion (3).  Some  measured  values  of  cavitation 
vapor-pressure  drop  for  Freon  114  and  liquid 
nitrogen  at  various  temperatures,  and  flow  veloc- 
ities are  listed  in  table  VI-1.  All  the  values 
listed  are  for  a fixed  cavity  size.  For  conditions 
studied,  room-temperature  water  showed  essen- 


tially no  vapor-pressure  drop.  In  fact,  all  the 
water  data  obtained  covering  the  temperature 
range  from  40°  to  120°  F can  be  represented  by 
the  single  datum  point  shown  at  the  extreme  low 
end  of  the  curve  (fig.  VI-29).  The  solid  sym- 
bols are  representative  Freon  114  data  used  to 
evaluate  the  unknowns  in  the  equation.  These 
points,  of  course,  fall  on  the  curve.  The  good 
agreement  obtained  between  predicted  and  mea- 
sured values  indicates  the  equation,  with  the 
experimentally  determined  exponents  of  0.5  and 
0.85,  to  be  quite  general.  The  constant  K, 
however,  must  still  be  evaluated  for  each  differ- 
ent flow  device. 

The  equation  was  used  to  predict  the  cavita- 
tion vapor-pressure  drop  for  other  liquids  (fig. 
VI-30).  The  bar  graph  shows  predicted  vapor- 
pressure  drops  for  several  liquids,  computed  for 
the  liquid  temperatures  shown.  The  75°  F water 
and  the  liquid-nitrogen  results  are  repeated  from 
figure  VI-29  for  comparative  purposes.  Al- 
though room-temperature  water  showed  essen- 
tially no  vapor-pressure  drop,  and  drop  for  450°  F 
water  is  quite  large,  about  130  feet  of  water. 
This  drop  is  due  primarily  to  the  large  increase 
in  vapor  density  and  slope  of  the  vapor-pressure 
— temperature  curve  at  the  higher  temperatures. 
The  vapor-pressure  drop  for  two  commercial  liq- 
uids, liquid  methane  at  the  normal  boiling  point 
and  methyl  alcohol  at  180°  F,  is  about  the  same 
as  for  nitrogen.  Liquid  hydrogen,  which  is  of 
interest  as  a rocket  fuel,  shows  large  vapor-pres- 
sure drops;  from  130  feet  of  hydrogen  at  its 
normal  boiling  point  of  —423°  F (37°  R)  to  more 


Table  VI-1. — Measured  Vapor-Pressure  Drop 


Liquid 

Tempera- 

ture, 

°F 

Flow 

velocity, 

ft/sec 

Measured 
vapor- 
pressure 
drop, 
ft  of  liquid 

Freon 

6 

32 

0.9 

Freon  114 

2S 

32 

1.8 

Freon  114 

59 

32 

5.1 

Freon  114 

79 

32 

8.5 

Nitrogen 

-320 

32 

8.8 

Freon  114 

78 

44 

lOi! 

Nitrogen 

—320 

42 

12.3 

PREDICTED 
V.P.  DRCP, 
FT  OF 
LIQUID 
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Figure  VI-30.— Predicted  vapor-pressure  drops  for  Ven- 
turi. 
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Figure  VI-31. — Pump  performance  with  water  and 
methyl  alcohol. 
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Figure  VI-32. — Pump  performance  with  water  and  liquid 
hydrogen. 


than  300  feet  of  hydrogen  at  —418“  F (42°  R), 
an  increase  in  temperature  of  only  5“  F. 

The  utility  of  the  vapor-pressure-drop  equa- 
tion for  pumps  was  checked  by  using  it  to  pre- 
dict the  cavitating  performance  limit  for  a small 
centrifugal  pump  handling  hot  water  and  methyl 
alcohol.  A comparison  of  pump  performance 
obtained  with  these  liquids  at  various  tempera- 
tures but  for  the  same  operating  conditions  is 
presented  in  figure  VI-31,  which  shows  pump 
pressure  rise  plotted  as  a function  of  inlet  pres- 
sure above  vapor  pressure.  The  performance 
data  obtained  for  the  pump  operated  at  75°  and 
250°  F water  were  used  to  evaluate  the  constant 
K in  the  equation 


Vapor-pressure  drop=x(  — ^ ^ 

\pE  Oi 

plClY’> 

k ) 

which  uses  the  exponents  of  0.5  and  0.85  estab- 
lished in  the  venturi  study.  This  equation  was 
then  used  to  predict  the  inlet  pressure  require- 
ments (for  the  same  small  loss  in  pressure  rise) 
for  275°  water  and  180“  and  200“  F methyl 
alcohol.  The  predicted  values,  shown  by  the 
solid  symbols,  are  in  good  agreement  with  the 
experimental  results. 

The  vapor-pressure-drop  equation  predicted 
a large  drop  in  vapor  pressure  for  cavitating 
liquid  hydrogen  as  compared  with  room-temper- 
ature water  (fig.  VI-30).  Figure  VI-32  shows 
the  performance  of  a pump  operated  at  the  same 
flow  conditions  in  both  water  and  liquid  hydro- 
gen. As  anticipated  from  the  cavitation-cooling 
studies,  the  margin  of  inlet  pressure  above  vapor 
pressure  at  which  the  pump  performance  declined 
is  much  lower  for  the  liquid  hydrogen  than  for 
the  cold  water.  For  the  same  rotational  speed 
and  fiow  rate,  the  analysis  also  predicted  that 
an  increase  of  only  5“  F in  liquid-hydrogen 
temperature  (from  —423“  to  —418“  F)  would 
enable  satisfactory  operation  of  this  pump  at 
zero  margin  of  inlet  pressure  above  vapor  pres- 
sure, that  is,  with  the  incoming  liquid  at  its 
boiling  point  This  predicted  point  is  indicated 
by  the  solid  symbol.  When  the  pump  was  oper- 
ated under  these  conditions,  pump  performance 
was  sustained  when  the  hydrogen  entering  the 
inlet  was  boiling,  as  indicated  by  the  solid  line. 
Measured  and  predicted  pump  performance  are 
thus  in  good  agreement. 


Figure  VI-33. — Hydrogen-pump  test  arrangement. 
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Photographs  of  the  pump  operating  at  20  000 
rpm  under  cavitating  conditions  in  — 418‘  F liq- 
uid hydrogen  were  obtained  with  the  experi- 
mental arrangement  shown  in  figure  VI-33.  The 
pump,  encased  in  a transparent  housing,  was 
photographed  through  an  evacuated  window 
tube,  which  was  directly  immersed  in  the  tank 
of  liquid  hydrogen.  Figure  VI-34(a)  shows  the 
pump  operating  with  a moderate  degree  of  cavi- 
tation. It  was  impoesible  to  obtain  good  photo- 
graphs of  inducer  cavitation  for  the  condition  of 
sero  margin  of  inlet  pressure  above  vapor  pres- 
sure. As  the  tank  pressure  (or  pump  inlet 
pressure)  is  progressively  reduced,  the  tank  pres- 
sure reaches  the  vapor  pressure  of  the  hydrogen. 
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U)  Moderate  cavitation, 
b)  Operation  with  boiling  liquid  hydrogen. 

Fiouas  VI-34. — Inducer  cavitation  in  liquid  hydrogen  at 
—418°  F. 


Fioraa  VI-35. — Turbogenerai or  space  power  system. 


and  the  liquid  boils  throughout  the  tank.  The 
resulting  vapor  bubbles  occurring  between  the 
window  and  the  pump  housing  restrict  the  view 
of  the  inducer  as  shown  in  figure  VI-34(b). 
Under  the  condition;,  shown  in  figure  VI-34(bi, 
the  pump  continued  to  produce  a satisfactory 
pressure  rise  (fig.  VI-32) . 

The  present  method  for  predicting  pump  cavi- 
tation performance  for  various  liquids  has  lieen 
examined  with  only  a limited  number  of  liquids; 
however,  because  the  test  liquids  had  widely 
diverse  physical  properties,  the  general  utility  of 
the  method  is  regarded  with  confidence.  Present 
Lewis  |)rograms  are  exploring  this  subject  further. 

CAVITATION  DAMAGE 

Another  and  perhaps  more  familiar  aspect  of 
cavitation  in  industrial  pumps  is  the  structural 
failure  that  it  can  cause.  In  pumps  used  for 
rocket  engines,  cavitation  damage  is  not  a prob- 
lem because  the  duration  of  the  engine  opera- 
tion is  so  short.  Pumps  used  in  turbogenerator 
electric  power  systems  on  space  vehicles,  how- 
ever, will  be  required  to  operate  continuously 
unattended  fur  a year  or  more.  A schematic 
diagram  of  such  a system  is  shown  in  figure 
VI-35.  The  system  generates  electrical  power  by 
means  of  a turbine-driven  generator  and  uses  a 
metal  vapor,  such  as  sodium  or  potassium,  as 
the  working  fluid.  After  leaving  the  turbine,  the 
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Fiouu  VI-36. — Pump  bUde  cavitation  damage. 


Fiovas  VI-37. — Vapor  bubble  coUapae  mode.  (Courtesy 
A.  T.  Ellis,  California  Institute  of  Technology,  and 
T.  B.  Benjamin,  University  of  Cambridge.) 


spent  vapor  is  condensed  in  the  radiator.  The 
condensate  is  returned  to  the  boiler  by  a purap. 
Since  this  condensate  is  in  a near-boiling  condi- 
tion, a cavitation  problem  also  exists  with  liquid 
sodium  or  potassium.  That  a cavitation-dam- 
age  problem  exists  is  evident  from  the  photo- 
graph of  a pump  blade  presented  ir  figure  VI-36. 
The  view  shows  the  blade  surface  near  the  out- 
let of  a mixed-flow  impeller.  The  pump  was  tested 
at  the  Pratt  & Whitney  CANEL  installation  under 
cavitating  conditions  in  liquid  potassium  at  a 
temperature  of  1400°  F for  350  hou*^.  If  the 
severe  pitting  shown  had  been  allowed  to  con- 
tinue, blade  failure  would  have  eventually  re- 


sulted. The  need  for  cavitation  damage  re- 
search is  clear. 

Cavitation  damage  occurs  on  a fluid-contain- 
ment surface,  such  as  a pump  blade,  where 
adjacent  vapor  cavities  rapidly  collapse.  Al- 
though various  studies  have  shown  that  pure 
vaporous  cavities  can  collapse  rapidly  and  at 
high  energy  levels,  the  basic  mechanics  of  dam- 
age by  imploding  vapor  bubbles  is  not  clearly 
established.  Recent  research,  however,  has  re- 
vealed one  way  in  which  cavitation  damage 
occurs.  Figure  VI-37  shows  the  successive  phases 
of  an  imploding  cavitation  bubble  near  a solid 
surface.  The  first  photograph  shows  a cavitation 
bubble  adjacent  to  a surface  somewhat  as  it 
would  appear  moving  along  the  suction  surface 
of  a pump  blade.  As  the  bubble  moves  into  A 
sone  of  higher  pressure,  the  vapors  within  con- 
dense rapidly.  The  collapsing  bubble  takes  odd 
shapes.  In  collapsing  (photographs  2,  3,  and  4) , 
a jet  of  liquid  is  formed,  which  pierces  the  bubble 
and  impinges  on  a small  area  of  the  adjacent 
blade  surface.  Careful  scrutiny  of  the  photo- 
graphs of  the  impinging  jet  suggests  that  the  jet 
is  in  rapid  rotation.  The  center  of  the  jet  appears 
in  the  photographs  as  a dark  core  which  extends 
above  the  bubble. 

Lewis  has  sponsored  research  on  materials  that 
resist  cavitation  damage,  ^studies  of  cavitation 
damage  with  the  use  of  alkali-metal  pumps  are 
supplemented  by  work  with  a magnetostrictive 
vibratory  device  which  closely  simulates  pump- 
blade  damage.  This  device  (fig.  VI-38 j consists 
of  two  principal  parts,  a magnetostrictive  vibra- 
tor, and  a test  specimen  which  is  driven  by  the 
vibrator.  Cavitation  damage  is  produced  on  the 


SPECIMEN  SURFACE 


Ficuss  Vl-38. — Magnctostnctive  csvitaboo  damage  ap- 
paratus. 


PTJMP  TECHNOLOGY 


97 


surface  of  the  0.5-inch-diameter  circular  speci- 
men, which  is  submerged  in  liquid  and  caused  to 
vibrate  at  high  frequency.  On  each  upstroke, 
vapor  bubbles  are  formed  near  the  surface  of  the 
specimen.  These  bubbles  collapse  with  high 
energy  on  the  ensuing  downstroke.  The  device 
provides  a practical  method  for  making  rapid, 
accurate,  and  detailed  measurements  of  the  rate 
of  weight  loss  for  a given  material. 

The  cavitation  erosion  rates  for  a number  of 
materials,  tested  over  a range  of  conditions,  are 
presented  in  figures  VI-39  and  VI-40.  Rate  of 
weight  loss  in  milligrams  per  hour  is  plotted  as 
a function  of  exposure  time  in  hours.  The  curve 
of  figure  VI-39  is  for  304L  stainless  steel  tested 
in  80°  F water;  the  curve  of  figure  ’"’I-IO  is  for 
316  stainless  steel  tested  in  400°  F liquid  sodium. 
The  curves  are  similar  in  that  the  damage  rate 
is  small  initially,  rises  sharply,  and  then  falls  off 
to  a constant,  steady-state  rate.  Comparisons 
between  various  materials  are  made  in  the  steady- 
state  zone.  The  damage  rate  differs  for  the  vari- 
ous materials.  In  water,  for  example,  soft  alumi- 
num is  eroded  by  cavitation  about  60  times 
faster  than  stainless  steel.  The  resistance  of  sev- 
eral refractory  alloys,  TZM,  T-222,  and  colum- 
bium  132M  has  been  studied  in  liquid  sodium. 
These  alloys  maintain  their  strength  at  the  high 
temperatures  of  interest  in  space  power  systems. 
In  400°  F sodium,  the  resistance  of  these  mate- 
rials to  cavitation  damage  (based  on  steady- 
state  values)  is  comparable  with  that  of  316 
stainless  steel.  Stellite  6B,  a cobalt-base  alloy,  is 
remarkably  resistant  to  damage.  After  14  hours 


Figure  VI-39.— Cavitation  damage  rate  in  water  at 
80°  F. 


Figure  VI-40. — Cavitation  damage  rate  in  liquid  sodium 
at  400°  F. 


of  exposure,  weight  loss  was  only  beginning  to 
become  measurable.  Because  of  its  high  cost 
and  ditSculty  of  fabrication,  it  is  impractical  to 
fabricate  an  entire  pump  rotor  of  Stellite.  An  in- 
lay of  Stellite  in  the  most  damage-prone  area  of 
the  blading,  however,  might  greatly  extend  pump 
life. 

In  order  to  determine  which  physical  proper- 
ties of  the  material  are  important  in  determining 
the  resistance  to  cavitation  damage,  it  is  impor- 
tant to  consider  the  mechanism  of  damage.  Ba- 
sically, the  containment  material  is  exposed  to 
the  jet  impingement  and  pressure  shock  waves 
of  imploding  bubbles  on  or  very  near  its  sur- 
face. Damage  resistance,  then,  is  a measure  of 
the  capacity  of  a material  to  absorb  this  me- 
chanical attack  before  fracture  or  pitting  occurs. 
Thus,  high  values  of  yield  strength,  ultimate 
tensile  strength,  hardness,  and  ductility  (per- 
centage of  elongation  to  fracture)  are  beneficial 
in  providing  resistance  to  cavitation  damage. 

In  space  powerplant  systems,  operation  at 
high  temperature  levels  is  desirable;  thus,  it  is 
important  to  consider  the  effect  of  fluid  tempera- 
ture on  the  rate  of  cavitation  damage.  The  rate 
of  damage  for  three  materials  immersed  in  liq- 
uid sodium  at  temperatures  of  400°,  1000°,  and 
1500°  F are  compared  in  figure  VI^l,  All  the 
data  presented  were  obtained  with  the  liquid 
sodium  at  atmospheric  pressure.  The  greatly  re- 
duced rate  of  damage  observed  at  1500°  F occurs 
despite  the  fact  that  the  specimen  materials  have 
less  strength  at  this  higher  temperature.  This 
reduced  damage  is  attributed  to  the  high  vapor 
pressure  of  sodium  at  1500°  F,  which  causes  the 
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Figure  VI-41. — Effect  of  temperature  on  cavitation  dam- 
age rate  in  liquid  sodium. 

cavitation  bubbles  to  collapse  with  less  violence. 
For  space  power  systems,  it  may  be  desirable 
to  pump  sodium  at  1500“  F or  greater;  thus,  the 
reduced  damage  rate  at  high  temperature  is 
favorable. 

Cavitation-damage  data  obtained  thus  far  al- 
low the  arrangement  of  materials  in  the  order  of 
their  resistance  to  cavitation  damage  with  some 
degree  of  confidence.  Further  studies  are  being 
conducted  to  obtain  a better  understanding  of 
the  basic  phenomena  as  well  as  the  practical 
problems  associated  with  cavitation  damage. 

FLOW  INSTABIUTY 

Cavitation  can  cause  pump  damage  in  an  en- 
tirely different  manner;  it  can  lead  to  flow  in- 
stabilities, which  produce  strong  pressure  fluctu- 
ations in  the  pump.  These  pressure  fluctuations 
can  vibrate  some  of  the  pump  parts  to  failure. 

Photographs  of  flow  oscillations  induced  by 
cavitation  in  a pump  inducer  (operating  in  water) 
were  obtained  by  use  of  the  arrangement  shown 
in  figure  VI-42.  The  inducer  was  encased  in  a 
transparent  housing,  and  nylon  tufts  attached  to 
the  housing  wall  were  used  to  indicate  local  flow 
direction.  A photograph  showing  the  arrange- 
ment of  tufts  and  inducer  blading  is  also  shown 
in  the  fij^ure.  Under  normal  flow  conditions,  the 
tufts  ahead  of  the  rotor  indicate  flow  directly  into 
the  inducer.  Tufts  in  the  rotor  area  indicate  the 
flow  turned  in  the  direction  of  inducer  rotation. 
Flow  oscillations  that  can  occur  with  cai  itation 
are  presented  in  figure  VI-43.  With  the  inducer 


operating  at  a tolerable  level  of  cavitation  (fig. 
VI-43(a)),  steady  flow  is  indicated.  As  inlet 
pressure  is  reduced  (fig.  VI-43(b)),  cavitation 
becomes  more  severe  and  the  flow  unsteady, 
as  indicated  by  oscillations  of  those  tufts  ahead 
of  the  rotor.  A further  reduction  of  inlet  pres- 
sure results  in  extreme  cavitation  (fig.  VI-43 (c) ) , 
and  the  entire  flow  pulses  violently.  In  some 
instances,  periodic  flow  reversals  were  indicated 
by  all  the  tufts. 

Figure  VI-44  shows  an  inducer  blade  failure 
which  occurred  after  a few  minutes  of  operation 
in  the  presence  of  severe  flow  instability.  These 
studies  indicate  that  while  inducers  can  operate 
satisfactorily  with  some  degree  of  cavitation, 
flow  instabilities  caused  by  extreme  cavitation 
can  result  in  pump  failure. 

Pump  instabilities  can  also  occur  in  the  ab- 
sence of  cavitation,  and  in  some  instances,  these 
instabilities  may  lead  to  an  erroneous  diagnosis 
of  difficulties  in  ).<imping  systems.  The  manner 
in  which  these  instabilities  arise  in  cavitation- 
free  flow  can  be  illustrated  by  an  examination  of 
the  flow  in  the  channels  between  pump  blades. 
Dit^grams  of  the  flow  streamlines  and  the  velocity 
profile  in  the  flow  channels  of  a centrifugal  pump 
are  presented  in  figure  VI-15.  The  advancing 
face  of  the  blade  is  the  pressure  surface  (denoted 
by  +),  and  the  trailing  face  is  the  suction  sur- 
face (denoted  by  — ) ; thus,  the  pressure  varies 
across  the  flow  channel.  A corresponding  varia- 
tion in  flow  velocity  across  the  channel  exists 
as  diagramed  with  the  highest  velocities  corre- 
sponding to  the  lowest  pressures.  The  velocity 
distribution  shown  is  for  a well-designed  pump 


Fiourk  VI-42. — Experimertal  arrangement  for  flow  in- 
stability study. 
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(a)  F'low  strcamlinoa.  (b)  WlocK.v  profilr. 
Figure  VI-45. — Flow  between  pump  blade*. 


o|)erated  at  ihsign  conditions.  Velocity  distribu- 
tion can  be  controlled  by  varying  the  hub  con- 
tour, blade  height  and  thickness,  circumferential 
spacing,  and  blade  curvature 

In  a i>uinp  of  |>oor  design,  the  flow  velocity 
may  drop  to  lero  or  even  become  negati\’e  on 
the  bigl-pressure  side  of  the  flow  passage,  as 
shown  in  figure  VI-46.  A negative  velocity  means 
that  the  local  flow  is  opposed  to  the  main  stream 
direction.  These  local  flow  reversals  produce  a 
whirling  eddy,  which  disturbs  the  flow,  as  indi- 
cated by  the  marked  distortion  of  the  stream- 
lines. Unfortunately,  these  eddies  are  unstable. 
Eddies  are  continually  generated,  grow  as  they 
move  outward  through  the  blade  passage,  and 
are  then  washed  downstream  to  produce  a rhyth- 
mic fluctuation  in  pump  delivery  pressure  and 
flow  rate.  Such  oscillations  can  build  to  de  l. 'Mo- 
tive magnitudes  in  pumps  and  associated  plumb- 
ing systems. 


Figure  VI-44 


. — Inducer  blade  failure. 
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(a)  Mild  cavitation. 

(b)  Severe  cavitation, 
(c)  Extreme  cavitation. 


Figure  VI-43. — Cavitation-induced  flow  instability. 
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(a)  Velocity  profile,  (b)  Flow  streamlines. 
Figure  VI-46.— Eddy  flow. 


Instabilities  can  also  occur  in  a well-designed 
pump,  if  it  is  operated  too  far  below  the  design 
flow  rate.  At  low  flow  rates,  eddlos  form  and 
flow  oscillations  occur  in  a manner  similar  to 
that  for  a poorly  designed  pump.  The  stream 
flow  field  within  a pump  rotor  can  be  determined 
by  theoretical  calculation  procedures.  Such  a cal- 
culation can  be  used  to  determine  the  useful 
operating  range  of  a well-designed  pump;  that 
is,  the  point  of  onset  of  flow  oscillation  that 
may  occur  as  the  flow  is  throttled  can  be  pre- 
dicted. 

This  analytical  prediction  technique  has  been 
programed  in  FORTRAN  language  for  digital 
computing.  Some  pump  manufacturers  have  ob- 
tained this  program  from  Lewis  and  have  used  it 
to  design  and  analyze  the  flow  conditions  within 
their  pumps.  The  computer  deck  and  necessary 
instructions  are  available  upon  request.  It  is 
referred  to  as  a “Quasi-three-dimensional  flow 
solution  for  centrifugal  pump  impellers.”  The 
anal}rtical  program  is  sufficiently  flexible  to  allow 
calculation  of  velocity  distributions  in  other  in- 
ternal flow  devices,  such  as  inlets,  diffusers,  or 
elbows. 


CONCLUDING  REMARKS 

The  foregoing  discussion  of  the  role  of  cavita- 
tion in  defining  pump  performance  treats  one 
phase  of  NASA  work  on  high-performance 
pumps.  Companion  work  includes  studies  on  the 
design  of  high  pressure-rise  blading  for  centrift- 
ugal  and  axial-flow  pumps  and  high-work  tur- 
bines for  driving  these  pumps.  These  studies 


make  extensive  use  of  the  compressor  and  tur- 
bine technology  developed  earlier  for  jet  engines. 
Most  of  this  work  is  documented  in  NASA  re- 
ports dating  from  1958. 

Present  NASA  work  on  rotating  machinery 
extends  from  large  components  for  aircraft  jet 
engines  to  small,  high-speed  turbines  and  com- 
pressors suited  for  turbogenerated  electrical 
power  systems  in  space  that  use  gases  such  as 
argon  and  neon  as  the  working  fluid.  The  high 
efficiencies  attained  in  turbines  and  compressors 
ranging  in  size  to  one  as  small  as  3 inches  in 
diameter  represents  a new  advance  in  the  tech- 
nology of  these  machines.  The  wide  range  of 
information  developed  should  include  many  areas 
of  interest  to  the  machine  designers  who  serve 
the  petroleum  industry. 
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ABSTRACT 


A method  for  predicting  the  cavitation  performance  of  pumps  with  various  liquids, 
Uquid  temperatures,  and  rotative  speeds  is  presented.  Both  theoretical  and  experimen- 
tal studies  used  in  formulating  the  method  are  discussed.  Good  agreement  was  obtained 
in  comparisons  between  experimental  and  predicted  results  of  cavitation  performance 
for  several  pumps  operated  in  liquids  that  exhibit  a wide  range  of  physical  properties. 
Use  of  the  method  requires  that  two  sets  of  test  data  be  available  for  the  pump  and 
operating  conditions  of  interest,  but  these  data  need  not  be  for  the  same  liquid,  tempera- 
ture, or  pump  speed.  Numerical  examples  are  presented. 


METHOD  FOR  PREDICTION  OF  PUMP  CAVITATION  PERFORMANCE  FOR 
VARIOUS  LIQUIDS,  LIQUID  TEMPERATURES,  AND  ROTATIVE  SPEEDS 
by  Robert  S.  Ruggerl  and  Royce  D.  Moore 
Lewis  Research  Center 

SUMMARY 

A method  that  predicts  the  cavitation  performance  for  pumps  and  inducers  is  pre- 
sented. The  present  study  shows  that  the  method  consistently  provided  good  agreement 
between  experimental  and  predicted  performance  for  an  inducer  and  five  different  pumps 
operated  with  a variety  of  liquids  that  have  widely  diverse  physical  properties.  Use  of 
the  method  requires  that  two  sets  of  appropriate  test  data  be  available  for  each  pump 
and  operating  condition  of  interest.  These  test  data  need  not  necessarily  be  for  the 
same  liquid,  liquid  temperature,  or  rotative  speed.  At  least  one  set  of  data,  however, 
must  provide  measurable  thermodynamic  effects  of  cavitation.  From  these  reference 
tests,  accurate  predictions  of  cavitation  performance  for  a given  pump  can  be  made  for 
other  liquids,  liquid  temperatures,  and/or  rotative  speeds.  Predictions  are  made  on 
the  basis  of  flow  similarity  with  cavitation  and,  thus,  predicted  values  apply  to  the  same 
conditions  of  flow  coefficient  and  pump  cavitation  performance  level  used  in  obtaining  the 
reference  test  data. 


INTRODUCTION 

Cavitation,  which  is  the  formation  and  collapse  of  vaporous  cavities  in  flowing  li- 
quids, can  degrade  the  performance  of  pumps  and  other  hydraulic  equipment.  Because 
cavitation  is  a vaporization  process  that  involves  heat  and  mass  transfer,  the  physical 
properties  of  the  liquid  and  its  vapor  and  the  flow  conditions  can  affect  the  cavitation  pro- 
cess and  thus  the  cavitation  performance  of  hydraulic  equipment  as  well.  The  combinad 
effects  of  fluid  properties,  flow  conditions,  and  heat  transfer,  termed  thermodynamic 
effects  of  cavitation,  can  improve  cavitation  performance.  For  example,  cavitation  stud- 
ies with  pumps  and  venturis  (refs.  1 to  10)  have  shown  that,  for  certain  liquids  and/or 
liquid  temperatures,  the  net  positive  suction  head  (NPSH)  requirements  can  be  signifi- 


cantly  less  than  that  obtained  for  room -temperature  water.  (NPSH  is  defined  as  the  total 
pressure  above  vapor  pressure  at  the  inlet  to  a pump. ) This  improvement  (decrease)  in 
inlet  pressure  requirements  is  attributed  to  the  varying  degrees  of  evaporative  cooling 
associated  with  the  cavitation  process.  Because  of  the  evaporative  cooling,  the  cavity 
pressure  and  the  vapor  pressure  of  the  liquid  adjacent  to  the  cavity  are  decreased  relative 
to  the  vapor  pressure  of  the  bulk  liquid.  This  decrease  in  cavity  pressure  retards  the  rate 
of  further  vapor  formation,  thereby  allowing  the  pump  to  operate  at  lower  values  of  NPSH 
than  would  otherwise  be  possible.  The  NPSH  requirement  for  a pump  operating  at  a given 
head  rise  and  flow  condition  is  reduced  by  the  amount  corresponding  to  the  decrease  in 
cavity  pressure.  The  accurate  prediction  of  thermodynamic  effects  of  cavitation  is 
therefore  essential  to  an  optimum  flow  system  that  is  designed  to  operate  with  cavitation. 

Various  analyses  that  relate  thermodynamic  effects  of  cavitation  to  pump  performance 
have  been  proposed  (refs.  1 to  7).  Although  these  studies  are  useful  in.  predicting  trends, 
thei«'  applicability  is  somewhat  limited  because  eithe?*  (1)  the  analysis  does  not  predict 
quantitative  values  or  (2)  the  e^^rimenlal  data  used  did  not  adequately  cover  the  range 
of  fluid  properties  and  flow  conditions  of  current  interest,  particularly  in  the  aerospace 
field.  Also,  existing  analyses  do  not  account  for  effects  of  heat  transfer,  flow  velocity 
(and  its  relation  to  heat  transfer),  or  pump  scale. 

Subsequent  to  the  studies  of  references  1 to  7,  several  investigations  have  been  con- 
ducted to  study  in  detail  the  thermodynamic  effects  of  cavitation  and  its  relation  to  the 
cavitation  performance  of  various  flow  devices  such  as  venturis,  pumps,  and  pump 
inducers  (refs.  9 to  12).  From  venturi  studies,  a method  for  predicting  thermodynamic 
effects  of  cavitation  as  a function  of  the  liquid  used,  liquid  temperature,  flow  velocity, 
and  body  scale  for  a given  venturi  design  was  formulated  in  references  10  and  11.  Use  of 
the  method  requires  reference  data  obtained  by  experiment.  The  method,  based  primarily 
on  Freon-114  cavitation  results,  was  later  demonstrated  to  be  applicable  to  the  prediction 
of  cavitation  performance  for  pumps  and  inducers  (refs.  9,  13,  and  14).  The  applica- 
bility of  the  method  was  extended  over  a wide  range  of  fluid  properties  and  flow  condi- 
tions by  conducting  a subsequent  cavitation  study  using  liquid  hydrogen  (ref.  15)  in  a 
venturi  of  identical  design  to  that  previously  used.  These  hydrogen  data  were  then  used 
in  conjunction  with  other  available  cavitation  data  for  the  same  venturi  design  to  re- 
evaluate the  ejq)onents  of  the  prediction  equation.  The  new  exponents,  which  are  now 
based  on  a wider  range  of  variables,  are  reported  in  reference  16.  The  resulting  slight 
changes  have  little  effect  on  predicted  results  of  references  9,  13,  and  14. 

The  objective  of  this  study  was  to  present,  in  a comprehensive  and  detailed  manner, 
a method  for  the  prediction  of  cavitation  performance  for  pumps  and  inducers.  The 
method  presented  is  based  on,  and  is  an  extension  of,  the  method  already  reported  in 
reference  16  for  venturis.  It  is  applicable  to  various  liquids,  liquid  temperatures,  and 
pump  rotative  speeds.  A prerequisite  to  this  prediction  method  is  that  similarity  of  the 
cavitating  flow  over  the  suction  surface  of  the  blade  be  maintained  for  all  conditions  to 
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which  the  method  is  applied.  Use  of  the  method  requires  that  two  sets  of  appropriate  test 
data  be  available  for  each  pump  and  operating  condition  of  interest. 

Cavitation  performance  data  for  several  research  and  commercial  pumps,  obtained 
with  a variety  of  liquids  over  a range  of  conditions,  are  compared  with  predicted  results 
using  the  derived  method.  Selective  data  for  an  inducer  and  two  centrifugal  pump  impel- 
lers operated  with  liquid  hydrogen  are  presented  and  compared  with  predictions  to  show 
m^nitude  changes  in  thermodynamic  effects  of  cavitation  with  hydrogen  temperature, 
pump  speed,  flow  coefficient,  and  geometric  design.  A discussion  on  the  implementation 
of  the  method,  including  numerical  examples,  is  also  presented. 

ANALYSIS 

Development  of  Basic  Relations 

Cavitation  similarly  parameters.  - The  conventional  cavitation  parameter  for  dyna- 
mic similarity  of  cavity  flow  is  of  the  form 
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where  free-stream  static -pressure  head  hQ  and  free-stream  velocity  Vq  are  those 
required  to  produce  a given  amount  of  cavitation,  and  h^  is  the  vapor  pressure  head 
corresponding  to  free-stream  temperature.  (Symbols  are  defined  in  appendix  A. ) Equa- 
tion (1)  is  based  on  the  assumption  that  the  cavity  surface  is  at  a constant  pressure  equal 
to  free-stream  vapor  pressure.  However,  because  of  the  thermodynamic  effect  of  cavi- 
tation, cavity  pressure  can  be  significantly  less  than  free-stream  vapor  pressure.  In 
the  case  of  liquid  hydrogen,  cavity  pressures  can  be  less  than  free-stream  vapor  pres- 
sure by  several  hundred  feet  of  liquid  (refs.  15  and  16).  Thus,  a more  general  cavita- 
tion parameter  is  one  in  which  h^  in  equation  (1)  is  replaced  by  the  actual  cavity  pres- 
sure h_.  However,  venturi  cavitation  studies  have  shown  that,  within  a given  fixed  cavi- 
ty,  the  pressure  varies  with  axial  distance  (refs.  10,  12,  and  16),  and  thus  it  becomes 
necessary  to  specify  a particular  reference  cavity  pressure.  Herein,  as  in  references 
10,  11,  and  16,  the  minimum  cavity  pressure  head  h_  „.  , which  occurs  near  the 
cavity  leading  edge,  is  used  to  define  a modified  cavitation  parameter  for  developed 
cavities;  namely. 
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In  the  absence  of  thermodynamic  effects  of  cavitation,  cavity  pressure  corresponds 

<• 

to  free -stream  vapor  pressure  (Ah^  = 0)  and  thus  = K.  The  usefulness  of 

Kc  as  a similarity  parameter  has  been  demonstrated  by  the  studies  of  references  10 
and  16  wherein  it  was  shown  that,  for  fixed-size  cavities  in  a given  venturi  design 
(AX/D  = Constant),  the  modified  parameter  remained  essentially  constant  for 

different  liquids,  liquid  temperatures,  flow  velocities,  and  venturi  scales,  whereas  the 
corresponding  K values,  which  are  based  on  stream  vapor  pressure,  varied  widely. 

For  constant  values  of  K^,  and  Vq  in  equation  (2),  a change  in  the  minimum  cavity 
pressure  h^  (maximum  depression)  results  in  an  equal  change  in  stream  static 
pressure  under  conditions  of  flow  similarity.  As  discussed  later  in  this  section,  this 
direct  correspondence  between  h^  and  h^  provides  the  basis  for  use  of  equation  (2) 
in  the  prediction  of  cavitation  performance  (free-stream  static -pressure  requirements) 
for  devices  such  as  pumps  and  inducers. 

The  magnitude  of  cavity  pressure  depression  is  a complex  function  of  body  geometry, 
flow  velocity,  and  the  heat-  and  mass -transfer  processes  involved,  as  well  as  the  physi- 
cal properties  of  the  liquid  and  its  vapor.  Because  of  the  complexity  of  the  cavitation 
process,  the  value  of  h.  or  Ah,  is  not  generally  known  or  predictable  for  any 
arbitrary  flow  device,  liquid,  and/or  flow  situation.  However,  performance  predictions 
for  a given  flow  device  can  be  made  indirectly  by  experimentally  determining  a refer- 
ence value  of  Ah  and,  thus,  K . by  using  practically  any  convenient  combination 

V mxii 

of  test  liquid,  liquid  temperature,  or  flow  velocity  that  yields  a measurable  Ah^.  Then 
by  use  of  the  method  detailed  in  references  10,  11,  16,  and  herein,  predicted  values  of 
Ah^,  relative  to  the  reference  test  value,  are  calculated  for  other  liquids,  liquid  tem- 
peratures, and/or  flow  velocities  of  interest.  With  the  experimentally  determined  value 
of  K-  which  remains  constant  for  geometrically  similar  cavities,  the  free-stream 
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static -pressure  requirement  hQ  is  predicted  by  use  of  equation  (2). 

Geometric  similarity  of  the  cavitated  region  is  essential  to  the  use  of  K.  for 
prediction  purposes.  In  a given  pump  or  inducer,  cavitation  performance  is  of  course 
dependent  on  the  vapor  cavity  volume  present  within  the  blade  passages,  although  the 
presence  of  small  vapor  cavities  on  the  suction  surface  of  the  blade  will  not  necessarily 
affect  the  performance.  It  is  reasonable  to  assume  that,  for  operation  of  a pump  at  a 
constant  flow  coefficient  (similarity  of  entering  flow),  the  cavity  on  the  suction  surface 
of  the  blade,  and  thus  the  vapor  volume  corresponding  to  a specified  head -rise  coefficient 
ratio  is  essentially  constant  irrespective  of  the  liquid,  liquid  temperature, 

and/or  rotative  speed.  This  criterion  of  fixed -vapor  cavity  volume,  together  with  the 
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previously  discussed  constancy  of  allows  the  prediction  method  developed  for 

venturis  to  be  extended  to  pumps  and  inducers.  The  prediction  method,  as  applied  to 
pumps,  is  described  in  the  following  section. 

Similarity  relations  for  pumps.  - Pump  cavitation  performance  is  generally  pre- 
sented in  terms  of  the  net  positive  suction  head  (NPSH)  required  at  a specified  ratio  of 
the  head-rise  coefficient  with  cavitation  to  that  without  cavitation  The  NPSH 

is  defined  as  the  margin  of  fluid  total  head  above  fluid  vapor  pressure  head  at  the  purdp 
inlet;  or  in  terms  of  inlet  static -pressure  head  and  velocity  head. 


NPSH  = hQ  + 


2g 


-h. 


■y 

Ih  terms  of  net  positive  suction  head,  equation  (2)  may  be  written  as 


V? 

— (K 

2g 


or 


K 


NPSH  + Ah, 


c,  min 


!i 

2g 


-1.0 


(3) 


where  in  the  preceding  equations  is  analogous  to  Vq  for  venturis.  Because  the 
value  of  K-  _ is  constant  for  geometrically  similar  cavities  in  a given  flow  device, 

Uxxu 

it  follows  (from  eq.  (3))  that 


NPSH^  * (Ahy)^^  pVj) 


NPSH  + Ah, 


ref 


1 J 


(4) 


where  the  subscript  ref  denotes  a reference  value  that  must  be  established  by  experi- 
ment. With  flow  similarity,  the  fluid  velocity  at  the  pump  inlet  is  proportional  to  pump 
rotative  speed  N,  and  thus  equation  (4)  may  be  expressed  as 


NPSH_f+(Ah  ) 

ref 

NPSH  + Ahy 


(5) 
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Equation  (5)  may  be  used  to  predict  the  required  NPSH  for  a particular  pump  opera- 
ted with  cavitation  at  a fixed  flow  coefficient  and  head  coefficient  ratio  but  with  changes 
in  liquid,  liquid  temperature,  and/or  rotative  speed.  For  a fixed  rotative  speed,  equa- 
tion (5)  reduces  to 


NPSH^gf  - NPSH  = Ah^  - (Ah  ) (6) 

''  ref 

which  states  that  a change  in  NPSH  requirements  for  different  liquids  and/or  liquid 
temperatures  is  equal  to  the  change  in  the  maximum  pressure  depression  Ah^  within 
die  cavitated  region. 

The  procedure  for  estimatii^  Ah^,  required  for  use  in  equations  (5)  and  (6),  is  dis- 
cussed in  the  following  section. 


Determination  of  Cavity  Pressure  Depressions 

Thermodynamic  effects  of  cavitation.  - A method  for  estimating  values  of  Ah^  for 
untested  liquids  and  conditions  from  known  reference  values  was  previously  reported  for 
venturis  in  references  10,  11,  and  16.  However,  the  pertinent  results  that  lead  to  the 
development  of  the  prediction  method  for  pumps  presented  herein  are  included  for  con- 
venience and  clarity. 

The  previously  mentioned  reduction  in  pressure  (below  free-stream  vapor  pressure) 
within  cavitated  regions  of  various  liquids  is  attributed  to  evaporative  cooling  of  a thin 
layer  of  liquid  adjacent  to  the  cavity.  This  cooling  causes  a decrease  in  the  vapor  pres- 
sure of  the  affected  liquid  layer  and  a corresponding  decrease  in  cavity  pressure  pro- 
vided that  the  liquid  and  its  vapor  are  locally  in  thermodynamic  equilibrium  and  no 
permanent  gases  are  present. 

Heat  balance.  - The  magnitude  of  cavity  pressure  depression  can  be  estimated  by 
setting  up  (as  an  initial  step)  a heat  balance  between  the  heat  required  for  vaporization 
and  the  heat  drawn  from  the  liquid  surrounding  the  cavity;  that  is, 

Pyir^L  = p^y"^Cj(AT)  (7) 

where  represents  the  volume  of  the  thin  layer  of  liquid  that  is  cooled  during  vapori- 
zation. The  cooled  layer  liquid  is  only  a fraction  of  ihe  total  liquid  flow.  For  small 
changes  in  temperature  of  the  liquid  layer,  the  temperature  drop  AT  may  be  expressed 
as 
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where  dh^/dT  is  the  slope  of  the  vapor  pressure -temperature  curve.  With  the  use  of 
this  relation  equation  (7)  becomes 


Ah„ 


Pi  ^i  W 


(8) 


An  accurate  solution  of  equation  (8),  which  accounts  for  changes  in  fluid  properties 
as  the  equilibrium  temperature  drops  because  of  vaporization,  is  presented  in  refer- 
ence 10.  Values  of  Ah^  as  a function  of  the  vapor-  to  liquid -volume  ratio  based  on  the 
solution  of  reference  10  are  presented  in  figure  1 for  liquid  hydrogen,  water,  butane,  and 


Hydrogen 

temperature, 

T, 

°R(K) 


(a)  Liquid  hydrogen 

Figure  1.  - Vapor  pressure  depression  as  function  of  vapor-  to  iiquid- 
volume  ratio  for  various  liquids  and  liquid  temperatures. 
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Figure  I.  -Concluded. 


methyl  alcohol  at  various  temperatures.  For  a given  value  of  i(^/  the  depression  in 
cavity  pressure  can  vary  by  several  orders  of  magnitude  depending  on  liquid  and  liquid 
temperature. 

An  approximate  solution  of  equation  (8)  is  obtained  through  the  use  of  the  Clausius - 
Ciapeyron  equation  to  approximate  the  slope  of  the  vapor  pressui*e -temperature  curve. 
The  Clausius -Ciapeyron  equation  states  that 

J L ^c 
AT  T(i/y  - g 

where  and  are  the  specific  volume  of  the  vapor  and  liquid,  respectively, 
near  the  critical  temperature,  and  thus  can  be  neglected.  Setting 

and  substituting  for  Ah^/AT  (eq.  (9))  in  equation  (8)  gives 


(9) 


Except 
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This  expression  provides  a useful  and  close  approximation  of  the  curves  presented  in 
figure  1. 

The  vapor-  to  liquid -volume  ratio  I’eal  flow  situation  is  not  known  and 

cannot  be  measured  directly,  and  thus  the  values  of  this  ratio  from  figure  1 are  used 
only  in  a relative  sense.  Useful  predictions  for  geometrically  similar  cavities  have 
been  made  by  experimentally  establishing  an  effective  or  reference  value  of 
through  the  determination  of  cavity -pres  sure  depressions  Ah^  for  one  flow  device, 
liquid,  temperature,  and  velocity.  Then  values  of  for  other  geometrically  simi- 

lar flow  devices,  liquids,  liquid  temperatures,  and  flow  velocities  are  estimated  rela- 
tive to  this  reference  value,  as  described  subsequently.  With  these  predicted  values  of 
and  figure  1,  determination  of  Ah^  relative  to  reference  data  is  possible. 

Estimation  of  vapor-  to  liquid-volume  ratio  and  cavity -pressure  depression.  - Theo- 
retical analyses,  coupled  with  experimental  venturi  cavitation  results  (refs.  10,  11, 
and  16),  led  to  the  development  of  the  following  expression  relating  the  reference  and 
predicted  values  of  vapor-  to  liquid -volume  ratio: 


As  previously  discussed  in  the  section  Similarity  relations  for  pumps,  pump  inlet  velocity 
Vj  is  proportional  to  pump  rotative  speed  N under  conditions  of  flow  similarity.  Also, 
for  a given  pump  operated  at  a constant  flow  coefficient  <p  and  a constant  value  of 

cavity  length  (AX  of  eq.  (11))  is  considered  to  remain  essentially  constant  for 
various  liquids,  liquid  temperatures,  and  pump  rotative  speeds.  Thus,  when  applied  to 
a particular  pump,  equation  (11)  becomes 


(12) 


With  established,  relative  to  the  known  reference  value,  the  cor  res - 

^ ^ pred 

pondii^  Ah^  value  may  be  determined  from  either  equation  (10)  or  from  the  curves  of 


Ah^  against  similar  to  those  of  figure  1 for  any  liquid  or  liquid  temperature  of 

interest.  With  Ah^  known,  the  NPSH  requirements  may  then  be  predicted  by  use  of 
equation  (5)  (eq.  (6)  if  N = constant).  It  should  be  emphasized  that,  because  of  the  im- 
plied assumption  of  flow  similarity  used  in  this  analysis,  a predicted  value  of  required 
NPSH  applies  only  to  the  particular  pump  and  the  specific  operating  conditions  of  <p  and 
obtain  the  required  test  data. 

For  pumps,  the  direct  measurement  of  (Ah  ) , needed  for  use  in  the  prediction 

^ ref 

equations,  is  not  feasible.  However,  an  estimate  of  Ah^  is  possible  without  measurii^ 

cavity  pressure  directly.  For  a particular  pump,  this  estimation  requires  that  two  sets 

of  experimental  data  be  obtained  to  determine  the  NPSH  requirement  at  each  value  of 

i^/j//Nc  flow  coefficient  cp  of  interest.  These  tests  need  not  necessarily  be  for  the 

same  liquid,  liquid  temperature,  or  pump  rotative  speed;  however,  at  least  one  of  these 

must  yield  measurable  thermodynamic  effects  of  cavitation.  Measured  values  of  NPSH 

and  rotative  speed  N from  one  of  the  two  test  conditions  are  arbitrarily  chosen  as  the 

reference  values  in  equation  (5).  Because  both  Ah„  and  (Ah„)  are  unknown,  an  iter- 

^ ^ref 

ative  procedure  is  required  for  the  solution  of  equation  (5).  First,  a value  of  (Ah  ) 

^ ref 

is  assumed.  The  corresponding  ('V.J'V,)  can  be  obtained  from  equation  (10)  (or  equi- 

^ ^ ref 

valent  curves  of  fig.  1).  The  predicted  f°^  the  second  test  condition  is  then  cal- 

culated from  equation  (12),  and  the  corresponding  value  of  Ah^  is  then  obtained  from 
equation  (10)  (or  equivalent  curves  of  fig.  1).  Successive  calculations  are  made  until 

the  values  of  Ah„  and  (Ah„)  satisfy  equation  (5).  With  the  value  of  (Ah„)  once 

^ ref  ^ ref 

determined,  values  of  Ah^  and,  consequently,  the  NPSH  requirements  can  be  predicted 

for  other  liquids,  liquid  temperatures,  or  pump  rotative  speeds  by  the  use  of  equation  (5). 

As  indicated  in  the  preceding  paragraph,  the  predicted  values  apply  only  to  a particular 

pump  and  specific  values  of  used  to  obtain  the  necessary  test  data  (i.  e. , values 

of  and  <p  corresponding  to  Ah^ 

Further  details  on  the  implementation  of  the  prediction  method  are  presented  in 

appendix  B.  Numerical  examples,  which  use  test  data  obtained  under  various  conditions, 

are  included. 


APPARATUS  AND  PROCEDURE 

The  test  rotors  used  in  the  present  study  are  shown  in  figure  2.  Some  of  the  geome- 
tric features  of  feach  rotor  are  also  presented  in  the  figure.  The  flat -plate  helical  inducer 
(fig.  2(a))  is  the  same  as  that  described  fully  in  reference  9.  The  centrifugal  pump  im- 
peller with  the  2. 67 -inch  (6. 78 -cm)  inlet  blade  tip  diameter,  herein  termed  impeller  A 
(fig.  2(b)),  is  described  in  reference  17.  The  other  centrifugal  impeller  (inlet  blade  tip 


10 


f'  *7-423  C-67-1782 


(al  Flat-plate  helical  Iralucer.  Tip  diameter,  4. 986  inches 
(12.66  cm);  hub  diameter,  2.478  inches  (6.29  cm);  number 
o(  blades,  3;  inlet  tip  blade  ang(e,  84°  (from  axial  directlonl. 


(b)  Impeller  A,  centrifugal  pump.  Inlet  Made  tip  diameter, 
2.67  inches  (6.78  cm);  hub  diameter  at  Inlet,  1.87  inches 
14. 7S  cm);  overall  diameter,  4.56  inches  (11.58  cm); 
number  of  Mades,  12;  number  of  splitter  vanes,  12  primary 
and  24  secondary;  inlet  tip  blade  angle,  71. 3°  (from  »lal 
direction).  __  ! 

fO-7/,3  ' . 


33B 


(d  Impeller  B,  centrifugal  pump.  Inlet  blade  tip  diameter, 
3.86  Inches  (9.80  cm);  hub  diameter,  1.54  inches  (3.91  cm); 
overall  diamter,  7.44  inches  (18.90  cm);  number  of  blades, 

7;  number  of  skitter  vanes,  7 primary  and  14  secondary; 
inlet  tip  Made  angle,  68°  (from  axial  direction). 

Figure  2.  Test  rotors. 
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diam,  3. 86  in.  or  9. 80  cm),  herein  termed  impeller  B,  is  shown  in  figure  2(c)  and  is 
described  in  reference  18.  The  impellers  used  for  this  study  were  those  for  which  suf- 
ficient data  were  available  to  check  the  prediction  method.  They  do  not  necessarily  re- 
present the  best  designs  for  good  cavitation  performance.  The  rotors  were  tested  in  the 
liquid-hydrogen  test  facilities  located  at  the  NASA  Plum  Brook  Station. 

The  test  procedure  used  to  obtain  the  data  was  the  same  for  the  three  rotors. 
Throughout  each  test  run,  the  liquid  temperature,  rotative  speed,  and  flow  coefficient 
were  held  constant.  The  NPSH  was  steadily  reduced  from  a value  corresponding  to  non- 
cavitating  conditions  = 1. 0)  to  a value  that  corresponds  to  about  = 0. 7. 

This  same  procedure  was  used  for  each  liquid  temperature,  rotative  speed,  and  flow  coef- 
ficient studied. 


RESULTS  AND  DISCUSSION 

The  prediction  method  was  applied  to  an  axial -flow  inducer  and  several  centrifugal 
pump  impellers.  These  rotors  were  operated  in  several  different  liquids  at  various  liquid 
temperatures.  Experimental  and  predicted  cavitation  performance  results  are  compared 
for  (1)  an  inducer  operated  in  liquid  hydrogen  at  various  temperatures,  (2)  two  centrifugal 
pump  impellers  operated  at  various  values  of  flow  coefficient  and  rotative  speed  in 
constant-temperature  hydrogen,  and  (3)  several  small  commercial  centrifugal  pumps 
operated  in  a variety  of  liquids,  each  over  a temperature  range.  Experimental  data  for 
the  commercial  pumps  are  taken  from  references  1 and  2. 


Inducer  Cavitation  Performance 

The  cavitation  performance  for  the  4. 986-inch-  (12. 664-cm-)  diameter  research 
inducer  shown  in  figure  2(a)  is  presented  in  figure  3.  The  data  are  for  liquid  hydrogen  at 
temperatures  from  27.  5°  to  36. 6°  R (15. 3 to  20. 3 K)  and  for  constant  values  of  flow 
coefficient  and  rotative  speed.  As  expected,  for  a given  value  of  the  head-rise  coefficient 
ratio  the  required  NPSH  decreases  rapidly  with  increasing  hydrogen  tempera- 

ture. The  performance  results  obtained  at  27.  5°  and  31. 7°  R (15. 3 and  17. 6 K)  were 
arbitrarily  chosen  as  reference  test  data  to  predict  the  NPSH  requirements  for  hydrogen 
at  34. 3®  and  36. 6®  R (19. 1 and  20. 3 K).  The  predicted  NPSH  requirements  (dashed 
lines  of  fig.  3)  agree  with  experimental  results. 

The  magnitude  of  the  thermodynamic  effects  of  cavitation  realized  at  the  various 
temperatures  for  of  0. 9 and  0. 8 are  listed  in  table  I.  For  both  values  of 

the  Ah^  values  increased  rapidly  with  increasing  temperature. 
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Figure  3.  - Comparison  of  experimental  and  predicted  inducer  cavitation  performance  for  an  inducer  in  hydrogen 
at  constant  rotative  speed  of  20  000  rom  and  flow  coefficient  of  0.074,'^/^^  A-idbJi 

The  data  of  table  I also  show  that  the  values  of  Ahjl  increase  with  decreasing  values 
of  the  head  coefficient  ratio  \}//\1/^q.  A decrease  in  the  value  of  implies  an 

increase  in  the  lei^th  of  cavity  present  within  the  blade  passages.  The  analysis  shows 
that  Aii^  should  increase  with  cavity  length  AX  under  otherwise  fixed  conditions  (see 
eq.  (11)).  Thus,  the  trend  noted  in  table  I is  expected. 

At  a relatively  low  value  of  NPSH,  depending  on  the  pump  design  and  mode  of  opera- 
tion, a condition  can  be  reached  where  the  static  pressure  in  the  inlet  line  becomes  equal 
to  the  vapor  pressure  of  the  entering  liquid.  As  a result,  vapor  forms  in  the  inlet  line. 


TABLK  I.  - INDUCER  CAVITY-PRESSURE 
DEPRESSION  VALUES 

[Rotative  speed,  20  000  rpm;  flow  coefficient,  0.074.] 


Head-rise 

Hydrogen  temperature,  T,  °R  (K) 

co6ffici@nt 

ratio^ 

27. 5 (15. 3) 

31.7  (17.6) 

34. 3 (19. 1) 

36. 6 (20. 3) 

Cavity-pressure  depression,  Ah^, 
ft  of  liquid  (m  of  liquid) 

0.9 

.8 

2.0  (0.6) 
2. 2 (0. 7) 

8. 1 (2. 5) 
11.5  (3.5) 

17. 3 (5. 3) 
24. 0 (7. 3) 

35.0  (10.7) 
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and  any  further  reductions  in  NPSH  produce  increasing  amounts  of  vapor  ttxat  are  ingested 
by  the  pump.  For  the  inducer  performance  data  of  figure  3,  this  condition  of  boiling  in 
the  inlet  line  occurred  at  an  NPSH  of  about  17  feet  (5. 2 m).  The  data  for  36. 6°  R (20. 3 K) 
show  that  the  test  inducer  was  capable  of  pumping  boiling  hydrogen  while  maintaining 
about  85  percent  of  the  noncavitating  head -rise  coefficient. 

With  vapor  present  in  the  inlet  line,  the  requirement  of  flow  similarity  with  respect 
to  reference  test  conditions  is,  in  general,  not  met;  and  thus  the  present  method  is  not 
applicable  to  this  mode  of  operation.  The  subject  of  two -phase  flow  in  the  inlet  line  and 


its  effect  on  inducer  cavitation  performance  in  hydrogen  is  discussed  in  references  19 


Net  positive  suction  head,  NPSH,  m 
(a)  Flow  coefficient,  0. 225. 


Figure  4.  - Comparison  of  experimental  and  predicted  cayrtation  performance  fbr  impeller  A 
in  liquid  hydrogen.  ^ 
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Rgure4.  -Concluded. 
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(20. 7 K)  is  presented  in  figure  4 for  speeds  from  25  000  to  40  000  rpm  and  flow  coef- 
ficients of  0. 225,  0. 245,  and  0. 260.  The  predicted  cavitation  performance  curves 
(dashed  lines)  are  all  in  excellent  agreement  with  the  experimental  data. 

The  values  of  Ah^  realized  for  this  impeller  (from  data  of  fig.  4)  are  listed  in 
table  II  for  a head-rise  coefficient  ratio  of  0. 9.  Thermodynamic  effects  of  cavitation  in- 
creased significantly  with  increasing  pump  rotative  speed.  At  a flow  coefficient  of  0. 245, 
the  Ah^  value  for  N = 27  700  rpm  is  lower  than  the  Ah^  value  for  N = 25  000  rpm. 
This  apparent  lower  value  of  Ah^  is  the  result  of  the  lower  test  liquid  temperature  for 
this  particular  set  of  performance  data  (see  fig.  4(b)). 

The  thermodynamic  effects  of  cavitation  also  varied  considerably  with  changes  in 
flow  coefficient  (table  EE).  This  trend  was  also  observed  in  reference  9.  The  results  of 


15 


TABLE  U.  - IMPELLER  A CAVITy-PRESSURE 


DEPRESSION  VALUES 


[Nominal  hydrogen  temperature,  37. 2°  R (20. 7 K); 
head-rise  coefficient  ratio,  0. 9.] 


Flow 

coefficient, 

(P 

Nominal  rotative  speed,  N,  rpm 

25  000 

27  700 

30  000 

40  000 

Cavity-pressure  depression,  Ah^, 
ft  of  liquid  (m  of  liquid) 

0.225 

.245 

.260 

98  (29.9) 
112  (34.1) 
110  (33.5) 

103  (31.4) 
111  (33.  8) 
114  (34.8) 

106  (32.  3) 
127  (38. 7) 
122  (37.2) 

133  (40. 5) 

reference  21  indicate  that  the  magnitude  of  thermodynamic  effects  of  cavitation  is  a func- 
tion of  the  noncavitating  wall  pressure  distribution.  Since  changes  in  flow  coefficient 
affect  the  pressure  distribution  on  the  pump  blades,  this  variation  in  thermodynamic  ef- 
fects with  flow  coefficient  is  to  be  expected. 

Because  of  the  rapid  change  in  the  physical  properties  of  hydrogen  with  temperature, 
the  seemingly  small  variation  in  temperature  of  about  0. 3®  R (0. 2 K)  between  the  various 
performance  curves,  as  in  figure  4(a),  must  be  accounted  for  if  reasonably  accurate  pre- 
dictions are  to  be  realized.  For  N = 40  000  rpm  and  = 0. 9,  for  example,  the 

predicted  value  of  NPSH  would  have  been  380  feet  (115. 8 m)  of  hydrogen  instead  of 
361  feet  (110. 0 m)  if  the  temperature  for  all  the  performance  curves  of  figure  4(a)  had 
been  assumed  to  be  constant  at  37. 1°  R (20, 6 K). 

Impeller  B.  - Experimental  and  predicted  results  for  the  3. 86-inch-  (9. 80-cm-) 
inlet  diameter  impeller  operated  in  hydrogen  at  nearly  constant  temperature  for  three 
rotational  speeds  are  presented  in  figure  5.  The  predicted  cavitation  performance 
(dashed  line)  is  in  good  ^reement  with  the  experimental  data.  As  with  pump  impeller  A, 
the  thermodynamic  effects  of  cavitation  increase  significantly  with  pump  speed,  as  can 
be  noted  by  the  Ah^  values  listed  in  table  m.  However,  for  a comparable  hydrogen 
temperature,  the  m^nitudes  of  the  thermodynamic  effects  for  this  impeller  exceed  the 
largest  value  noted  for  either  the  inducer  or  impeller  A.  The  reason  for  these  large 
changes  in  thermodynamic  effects  of  cavitation  with  rotor  design  is  not  known  at  present. 

An  examination  of  the  Ah  values  of  tables  I to  in  show  conclusively  that  thermo- 
dynamic effects  of  cavitation  in  liquid  hydrogen  are  substantial.  These  effects  depend 
on  liquid  temperature,  rotor  type  and  geometric  design,  rotative  speed,  flow  coefficient 
and,  to  some  extent,  head -rise  coefficient  ratio 
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Head-rise  coefficient  ratio, 


Rotative  Hydrogen 
speed,  temperature, 
N,  T, 
rpm  °R  (K) 

O 8815  37.3(20.7) 

□ 11770  37.5(20.8) 

O 14600  37. 7 (a  9) 

Reference  data 

Predicted  vaiues 


I I I I I I I 

100  150  200  SO  300  350  400 


Net  positive  suction  head,  NPSH,  m 

Figure  5.  - (}omparison  of  experimentai  and  predicted  cavitation  performance  for  impeller  B in  liquid  hydro- 
gen. Flow  coefficient,  0.44. 


TABLE  m.  - IMPELLER  B CAVITY- PRESSURE 

DEPRESSION  VALUES 

(Flow  coefficient,  0. 44;  head-rise 
coefficient  ratio,  0. 9^ 


Rotative 

speed, 

N, 

rpm 

Hydrogen  temperature, 
T 

Cavity -pressure 
depression, 

Ahy 

°R 

K 

ft  of  liquid 

m of  liquid 

. 8 815 

37.3 

20.7 

141 

43.0 

11  770 

37.5 

20.8 

171 

52.1 

14  600 

37.7 

20.9 

199 

60.7 
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Commercial  pumps.  - The  prediction  method  was  also  used  to  predict  the  cavitation 
performance  for  several  small  commercial  pumps  operated  in  a variety  of  liquids  at 
various  temperatures.  The  measured  and  predicted  NPSH  requirements  for  three 
single-stage  centrifugal  units  pumping  water,  methyl  alcohol,  butf»ne,  and  Freon-11  are 
compared  in  table  IV.  The  NPSH  values  listed  are  taken  from  references  1 and  2.  All 
values  are  for  a head-rise  coefficient  ratio  of  0. 97,  a pump  speed  of  about 

3550  rpm,  and  the  operating  point  of  best  efficiency.  The  two  reference  test  values  of 

TABLE  IV.  - COMPARISONS  OF  MEASURED  AND  PREDICTED 
PUMP  CAVITATION  PERFORMANCE 


[Nominal  rotative  speed,  3550  rpm;  head-rise  coefficient  ratio,  0.97.] 


Pump 

Liquid 

Temperature,  T 

Net  positive  suction  head,  NPSH 

K 

ft 

1X1 

Measured 
OtO.  5 ft) 

Predicted 

Measured 
(±0.2  in) 

Predicted 

I (ref.  2) 

Water 

534 

297 

^17.5 

_ 

*^5.3 

— 

600 

333 

17.5 

17.5 

5.3 

5.3 

670 

372 

17.5 

17.4 

5.3 

5-3 

710 

394 

^17.0 

— 

^5.2 

— 

735 

408 

16.0 

16.5 

4.9 

5.0 

756 

420 

13.3 

15.6 

4.1 

4.8 

Methyl 

560 

311 

17.5 

17.4 

5.3 

5.3 

alcohol 

611 

339 

16.7 

16.8 

5. 1 

5.1 

641 

356 

15.5 

15.3 

4.7 

4.7 

663 

368 

13.5 

13.3 

4.1 

4.1 

n (ref.  1) 

Water 

530 

294 

12.3 

11.8 

3.7 

3.6 

710 

394 

^11.0 

— 

*^3.4 

— 

760 

422 

8.6 

8.7 

2.6 

2.7 

Butane 

495 

275 

9.8 

10.2 

3.0 

3.1 

515 

286 

^8.8 

— 

^2.7 

— 

540 

300 

5.1 

5.6 

1.6 

1.7 

550 

306 

3.5 

3.4 

1.1 

1.0 

Freon- 11 

545 

303 

10.2 

10.5 

3.1 

3.2 

580 

322 

8.4 

8.1 

2.6 

2.5 

ni(ref.  1) 

Water 

530 

294 

^12.0 



®3.7 

--- 

750 

417 

^9.5 

— 

®2.9 

— 

785 

436 

6.0 

6.0 

1.8 

1.8 

870 

483 

•^2.0 

0 

0.6 

0 

^Reference  test  data. 

'^Estimated  accuracy  of  2. 0 ft  (0. 6 m). 
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NPSH  listed  for  each  pump  (noted  by  (a))  were  arbitrarily  chosen  to  determine  reference 

values  of  vapor-  to  liquid -volume  ratio  ifiJ'Vj)  and  subsequently  (Ah, ) for  use  in 

^ ^ ref  ^ ref 

the  prediction  method.  The  predicted  results  are  in  excellent  agreement  with  the  experi- 
mental data.  In  fact,  except  for  the  756°  R (420  K)  water  data  for  pump  I,  the  predicted 
values  are  all  within  the  experimental  accuracy  of  measured  NPSH  values. 

For  pump  in  operated  in  870°  R (483  K)  water,  the  predicted  NPSH  value  is  zero, 
which  implies  that  this  pump  should  have  been  capable  of  satisfactory  operation  at  an 
NPSH  value  sufficiently  low  to  cause  vapor  to  form  in  the  inlet  line.  Reference  2 states 
that  there  were  indeed  indications  of  flashing  in  the  inlet  line  at  rated  flow. 

As  a consequence,  the  listed  NPSH  value  of  2. 0 feet  (0. 6 m)  of  water  was  actually 
determined  by  extrapolation  of  performance  data  obtained  at  less-than-design  flow  rates. 
This  set  of  data,  as  well  as  the  hydrogen  data  of  figure  3,  illustrates  that  it  is  possible 
to  pump  boiling  liquids  satisfactorily  if  the  fluid  being  pumped  has  sufficiently  high  ther- 
modynamic effects  of  cavitation. 


CONCLUDING  REMARKS 

The  method  for  predicting  the  cavitation  performance  of  pumps  presented  herein 
provided  consistently  good  agreement  between  predicted  and  experimental  results  for 
several  different  pumps  operated  in  liquids  having  widely  diverse  physical  properties. 

Use  of  the  method  requires  that  two  sets  of  test  data,  at  least  one  of  which  provides 
measurable  thermodynamic  effects,  be  available  for  the  pump  and  operating  conditions 
of  interest.  However,  the  test  data  need  not  necessarily  be  for  the  same  liquid,  liquid 
temperature,  or  pump  rotative  speed.  From  these  reference  tests,  accurate  predictions 
of  cavitation  performance  for  a given  pump  can  be  made  for  any  liquid,  liquid  tempera- 
ture, and  pump  rotative  speed  provided  that  a condition  of  flow  similarity  is  maintained. 

The  method  also  has  useful  application  in  the  generalization  of  experimental  data 
obtained  with  liquids  that  exhibit  substantial  thermodynamic  effects  of  cavitation.  Pump 
studies  involving  a particular  liquid,  for  example,  need  not  be  conducted  at  precise  values 
of  liquid  temperature  or  rotative  speed  since,  by  use  of  the  present  method,  the  data  can 
be  normalized  or  adjusted  to  any  convenient  liquid  temperature  or  pump  speed.  Use  of 
tlie  prediction  method  may  provide  substantial  reductions  in  the  cost  and  development 
time  required  for  new  pump  designs,  particularly  for  those  used  in  the  aerospace  field. 

It  should  be  possible  to  conduct  development  testii^  at  reduced  speed  using  convenient  or 
easy -to -handle  liquids  that  exhibit  thermodynamic  effects  of  cavitation,  such  as  Freon 
or  high -temperature  water;  from  these  tests,  the  cavitation  performance  for  the  liquid 
and  operating  condition  of  interest  may  be  predicted. 
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Although  additional  studies  are  required  to  prove  Uie  validity  of  the  method  to  size 
effects  for  geometrically  similar  pumps,  additional  substantial  savings  are  possible  if  the 
method  can  be  used  to  accurately  predict  the  cavitation  performance  for  a full-scale  pump 
from  test  results  obtained  ior  smaller  prototypes, 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  March  27,  1969, 

128-31-32-12-22. 
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SYMBOLS 

specific  heat  of  liquid,  Btu/(lbm)(°R);  J/(kg)(K) 

characteristic  body  dimension,  in, ; cm 

local  acceleration  due  to  gravity,  32, 163  ft/sec  ; 9, 80  rn/sec 

dimensional  constant,  32, 174  (ft)(ibm)/(sec^)(lbf);  1, 0 (m)(kg)/(sec^)(N) 

pump  or  inducer  head  rise,  ft  o£  liquid;  m of  liquid 

pressure  in  cavitated  region,  ft  of  liquid  abs;  m of  liquid  abs 

free -stream  or  pump  inlet  static  pressure,  ft  of  liquid  abs;  m of  liquid  abs 

vapor  pressure  corresponding  to  free -stream  temperature,  ft  of  liquid  abs;  m 
of  liquid  abs 

decrease  in  vapor  pressure  due  to  vaporisation,  ft  of  liquid;  m of  liquid 
mechanical  equivalent  of  heat,  778  (ft)(lbf)/Btu 

developed  cavitation  parameter  based  on  free -stream  vapor  pressure, 

(l'0-»vV'(V^2g) 

developed  cavitation  parameter  based  on  minimum  cavity  pressure, 

thermal  conductivity  of  saturated  liquid,  (Btu)(ft)/(hr)(ft^)(°R);  J/(m)(sec)(K) 

latent  heat  of  vaporization,  Btu/lbm;  J/kg 

rotative  speed,  rpm 

free-stream  liquid  temperature,  °R;  K 

decrease  in  local  equilibrium  temperature  due  to  vaporization,  °R;  K 
blade  tip  velocity,  ft/sec;  m/sec 
free-stream  velocity,  ft/sec;  m/sec 
mean  axial  inlet  velocity,  ft/ sec;  m/ sec 
volume  of  saturated  liquid,  cu  ft;  cu  m 
volume  of  saturated  vapor,  cu  ft;  cu  m 
length  of  cavitated  region,  in, ; cm 
thermal  diffusivity,  k/p^C^,  ft^hr;  rn^/hr 
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specific  volume  of  saturated  liquid,  cu  ft/lbm;  cu  m/kg 
specific  volume  of  saturated  vapor,  cu  ft/lbm;  cu  m/kg 
saturated  liquid  density,  Ibm/cu  ft;  kg/cu  m 

p^  saturated  vapor  density,  Ibm/cu  ft;  kg/cu  m 

<p  flow  coefficient,  Vj^/U,p 

j//  head-rise  corfficient,  AH/U^ 

Subscripts: 
min  minimum 

NC  noncavitating 

pred  predicted  value 

ref  reference  value  obtained  from  experimental  tests 
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APPENDIX  B 


NUMERICAL  EXAMPLES 

Example  1 - Prediction  Based  on  Test  Data  Obtained  for  a 
Givan  Liquid  at  Various  Temperatures 

Cavitation  perfOi^iiauce  curves  are  available  for  an  inducer  operated  at  a constant 
flow  coefficient  ami  rotative  speed  in  liquid  hydrogen  at  27.  5°  and  31. 7°  R (15. 3 and 
17. 6 K);  see  figure  3. 

To  be  determined  is  the  inducer  NPSH  required  for  36. 6°  R (20. 3 K)  liquid  hydrogen 
at  a head-rise  coefficient  ratio  of  0. 9 for  the  same  operating  conditions. 

From  the  analysis  presented  earlier, 


and 


(Bl) 


(B2) 


With  27.  5°  R (15. 3 K)  hydrogen  data  arbitrarily  chosen  for  reference  conditions,  the 
values  of  NPSH  for  a head -rise  coefficient  ratio  of  0. 9 (from  fig.  3)  are 


NPSHref  = ® ^ "^ref  " ^ 


NPSH  = 57. 4 ft  (17.  5 m)  for  T = 31. 7°  R (17. 6 K) 


For  this  example,  N^^j  = N;  = 
0!  = 7. 23x10”^  square  feet  per  hour 
equations  (Bl)  and  (B2)  yields 


7. 71x10“^  square  feet  per  hour  (7. 16x10"“^  rn^/hr); 
(6. 71x10"^  m^/hr).  Substitution  of  these  values  into 


and 


Ah„  - (AhJ  = 6. 1 ft  (1. 9 m) 
^ ^ ref 
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An  iterative  solution  of  these  two  expressions  using  the  curves  of  figure  1(a)  results  in 
the  following: 


and 


(Ah ,)  = 2. 0 ft  (0. 6 m) 

^ref 

For  hydrogen  at  36;  6°  R (20. 3 K),  a = 6. 69x10"^  square  feet  per  hour  (6. 22>cl0“^  m^/hr). 


With  the  use  of  this  value  for  a and  the  foregoing  reference  value  for  ( 

equation  (B2),  the  predicted  for  36. 6°  R (20. 3 K)  hydrogen  is 

^ ^ pred 


in 


=0. 25  (1. 0)( \ = 0. 29 
^^^Ved  \6.69xlO“V 


From  figure  1(a),  the  corresponding  value  for  Ah^  is  35. 0 feet  (10. 7 m).  The  predicted 
value  of  required  NPSH  for  36. 6°  R (20. 3 K)  hydri^en  is  obtained  by  substitution  of  the 
reference  values  and  Ah^  into  equation  (Bl);  thus, 

NPSH  = 63.  5 + 2. 0 - 35. 0 = 30.  5 ft  (9. 3 m) 

The  corresponding  measured  value  of  NPSH  is  about  30. 0 feet  (9. 1 m). 


Example  2 - Prediction  Based  on  Test  Data  Obtained  with  a Given  Liquid 
at  Different  Temperatures  and  Pump  Rotative  Speeds 

Cavitation  performance  curves  are  available  for  a pump  handling  37. 2°  R (20. 7 K) 
hydrogen  at  25  000  rpm  and  37. 1°  R (20. 6 K)  hydrogen  at  30  000  rpm  at  a constant  flow 
coefficient  of  0. 225  (see  fig.  4(a)). 


To  be  determined  is  the  pump  NPSH  required  with  37. 4°  R (20. 8 K)  hydrogen  for  a 
head-rise  coefficient  ratio  of  0. 95,  a pump  speed  of  40  000  rpm,  and  the  same  flow  coef- 
ficient. ^ ® 

With  the  data  for  25  000  rpm  abitrarily  taken  as  reference  conditions,  the  NPSH 
values  for  a head -rise  coefficient  ratio  of  0. 95  (from  fig.  4(a))  are 

NPSHref  = 107.  5 ft  (32. 8 m)  for  25  000  rpm  = 


NPSH  = 190. 0 ft  (57. 9 m)  for  30  000  rpm  = N 


Substitution  of  these  values  in  equations  (Bl)  and  (B2)  yields 


(Ah„)  - 0. 695  Ah„  = 24.  5 ft  (7.  5 m) 

^ ref  ^ 


An  iterative  solution  of  the  two  precedit^  expressions  using  the  curves  of  figure  1(a) 
results  in  the  following  reference  values:  (Note;  for  this  example,  changes  in  a 
(eq.  (B2))  are  negligible;  but  effects  of  small  changes  in  hydrogen  temperature  are  ac- 
counted for  in  the  use  of  curves  of  fig.  1. ) 


— ] =0. 80;  (AhJ  = 98. 0 ft  (29. 9 m)  at  25  000  rpm 


ref 


- /07.  S.V  H t’ 


XQS.-f 


iqto  equation  (B2)  gives  the  value  of 


pred 


for  40  000  rpm 


= 0.8 1.17  «hare„=a. 

\25  000/ 

/ n 

From  figure  1(a),  ttie  corresponding  value  of  Ah^  at  37.4”  R (20.8  K)  is  134. 0 feet 
(40.8  m).  Substituting  for  Ah^  and  N in  equation  (Bl)  and  solving  for  NPSH  yields 


25 


h' 


tJ^ 


f 


■}jsr 

(NPSH)p^g^  = 107.  5 + 98.0  _ ^ ^ ggg^  ^ ^ g 

/25  000\^ 

\40  OOpL 


The  corresponding  measureJ’^valuf’^ppw^^ure  4(aris  ^out  387  feet  (118. 0 irO. 


cc^ 


~fTy 


- L 

^2^ 


Example  3 - Prediction  Based  on  Test  Data  Obtained  Using  Different  Liquids 

The  NPSH  requirements  are  given  for  pump  n (table  IV)  handling  710°  R (394  K) 
water  and  515°  R (286  K)  butane  at  fixed  operatii^  conditions  (3550  rpm  and  = 

0.97). 

To  be  determined  is  the  pump  NPSH  required  for  550°  R (306  K)  butane  under  the 
same  operatii^  conditions. 

With  the  water  data  arbitrarily  chosen  for  reference,  the  NPSH  values  (from  ta- 
ble IV)  are 


NPSHref  = H.  0 ft  (3. 4 m)  for  710°  R (394  K)  water 
NPSH  = 8. 8 ft  (2. 7 m)  for  515°  R (286  K)  butane 

Values  of  liquid  thermal  diffusivity  a are  6. 60x10"^  square  feet  per  hour  (6. 13x10"^ 
m /hr)  for  710°  R (395  K)  water  and  4. 02x10"^  square  feet  per  hour  (3. 73x10"'^  m^/hr) 
for  515°  R (286  K)  butane.  Substituting  the  foregoing  values  of  NPSH  and  o-  into  equa- 
tions (Bl)  and  (B2)  yields 


Ah„  - (AhJ  = 2. 2 ft  (0. 7 m) 

''  ref 

= 1.64 

An  iterative  solution  of  the  above  relations  using  the  curves  of  figure  1(b)  gives 

= 0. 49;  (AhJ  = 0.  7 ft  (0. 2 m) 

^ ref 


26 


Substituting  /•jK ) into  equation  (B2)  yields  the  predicted  value  of  ) for 

*’  ref  ^ I 

550°  R (306  K)  butane 


0.49  (1.0) 


6. 60K10 

.4. 02X10 


0.80 


for  butane,  OgpoO  = “515°  r (286  K)*  figure  1(b),  the  corresponding 

value  of  Ah^  is  8. 3 feet  (2. 5 m).  Thus,  from  equation  (Bl),  the  predicted  NPSH  for 
pump  n (table  IV)  pumping  550°  R (306  K)  butane  at  3550  rpm  and  a head -rise  coefficient 
ratio  of  0. 97  is 

NPSHpred  = 0 + 0. 7 - 8. 3 = 3. 4 ft  (1. 0 m) 

From  table  IV,  the  corresponding  measured  NPSH  is  3. 5 feet  (1. 1 m). 
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Effect  of  Surface  Roughness  on  Cavitation 
Performance  of  Hydrofoils — Report  3 

^5  a sequel  to  the  first  and  second  reports  of  the  present  series  of  expermettts  intended  to 
gain  knowledge  on  the  effect  of  surface  roughness  on  hydromechanicil  characteristics, 
particularly  cavitation  performance,  the  author  has  this  time  taken  up  the  case  of  stria- 
tions  in  the  direction  parallel  to  the  chord,  to  determine  their  effect  on  captation  efficiency 
and  profile  performance  in  general,  for  comparison  with  that  of  spatwise  striations 
which  were  the  subject  of  the  preceding  two  reports. 


1 


Introduction 

Knowledge  of  the  effect  on  hydromechaaical  charac- 
teristics, particularly  efficiency,  of  the  surface  roughness  of  blades 
and  guidevancs  of  hydraulic  machinery  has  frequently  been  de- 
manded for  their  direct  implications  on  the  manufacture  of  actual 
hydraulic  components.  Following  the  work  covered  by  the  first 
two  reports  [1,  2]*  in  the  current  series,  in  which  roughness  pro- 
duced by  striations  in  the  direction  of  span  was  the  subject,  this 
present  study  deals  with  the  case  of  striations  in  the  direction  of 
chord,  to  determine  their  effect  on  cavitation  performance,  for 
comparison  with  the  previous  results. 

In  the  preceding  experiments,  the  maximum  roughness  tested 
was  25S  in  the  scaled  specified  by  the  Japanese  Industrial 
Standards  f3,  4],  but  in  view  of  the  occurrence  in  actual  practice 
of  even  rougher  surfaces  on  hydraulic  turbines  and  pumps,  a 
specimen  of  35S  was  also  tested  on  this  occasion. 

The  first  experiment  carried  out  this  time  with  25S  specimen 
resulted'in  a larger  drag  and  smaller  lift  produced  by  the  chord- 
wise  as  compared  to  the  previous  spnnwise  striations.  Investiga- 
tion into  the  cause  of  this  unexpected  result  revealed  that  it  was 
the  result  of  the  incorrect  method  of  finishing  the  specimen,  and 
the  method  of  specimen  preparation  was  improved.  Experience 
of  the  invalid  e.xperiment  with  the  incorrect  specimen  is  also  re- 
ported here  in  the  hope  that  it  might  bo  found  to  have  some 
value  for  reference  in  practice. 

The  Clark  Y 11.7  percent  profile  was  adopted  for  the  specimens 
in  the  present  scries,  for  the  reason  that  its  cavitation  charac- 
teristics have  alre.ady  been  thoroughly  studied  in  the  p.ast  [1, 2, 6, 
7, 8J.  Details  of  the  profile  form  have  been  fully  described  before 
[6].  The  specimens  were  again  of  chord  and  span  both  measuring 
70  mm. 

The  experimental  procedure  lias  also  been  previously  explained 
10] . Various  environmental  factors  constituting  the  conditions 
of  experiment  were  held  the  same  as  for  the  previous  experiments 
■o  os  to  eliminate  their  effect  in  making  comparisons;  Content  of 
air  a/a,  = 1.05-1.00  [9],  static  head  H,  = 3.3  m.aq,  water  tem- 
perature = 19  or  22  deg  C. 


* Numbers  in  brackets  desian.ato  References  at  end  of  paper. 

•The  ASA  scale  [5J  specifies  center  lino  average  roughness,  deter- 
mined by  the  average  height  of  protuberances  above  the  surface 
center  line.  Correspondence  between  the  Japanese  and  American 
standards  is  as  follows: 

JIS  0.2S  25S  35S 

ASA  2ix  in  125;t  in.  IGOm  in. 

Contributed  by  the  Fluids  Engineering  Division  and  presented 
at  tho  Winter  Annual  Meeting,  Now  Vork,  N.  Y..  November  27- 
December  1,  1900,  of  The  Ambhican  Society  op  Mechanical  En- 
oiNEEiiB.  Manuscript  received  at  ASME  Headquarters,  August  8, 
190G.  PapcrNo.60— WA/FE-2G. 
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Record  of  Invalid  Experiment 

Roughness  of  Sfriolions  in  the  Direction  of  Chord 

The  method  adopted  for  preparing  the  specimens  ai  d finishing 
their  surface  [10],  as  well  as  that  for  measuring  the  surlace  rough- 
ness [1,  2]  has  already  been  reported,  and  will  not  be  repeated 
here.  The  specimen  in  question,  intended  to  represent  a rough- 
ness of  25S  (which  we  will  hereafter  call  C25S')  was  mads  by  first 
finishing  the  surface  to  0.2S  (which,  as  ascertained  by  ti  e proce- 
dure described  in  the  preceding  report  [1],  is  amply  smooth  to  be 
regarded  as  hydrodynamically  smooth),  and  that  passing  it  over 
once  with  a 2SS  file  in  the  direction  of  chord. 

While  it  was  subsequently  found  upon  measurement  that  tho 
actual  roughness  of  this  specimen  was  26S  and  not  25S  ns  in- 
tended, this  was  not  the  cause  of  the  unospeoted  results  from  tho 
specimen,  since  an  inaccuracy  of  this  extent  in  striations  in  the 
same  direction  has  been  verified  by  experiment  covering  span- 
wise  striations  [1]  to  be  immaterial  (affecting  the  cavitation  per- 
formance by  less  than  0.2  percent). 

Performance  Curves  s iv  & ^ r 

■Performance  curves  for  the  C25S'  were  obtained  and  comparec' 
with  those  for  the  specimens  with  25S  striations  in  the  direction 
of  span  and  with  the  hydrodynamically  smooth  0.2S  specimens 
from  the  previous  experiments  [i].  Tho  results  are  presented 
graphically  in  Figs.  1-4.  Explanations  concerning  the  meaning 
of  these  curves  has  already  been  o.xplained  in  detail  [1],  and  it 
should  suffice  to  recall  that: 

Lift  coefficient  Ca  - A/^po*F 

Drag  coefficient  C„  = W/ipv*F 

Cavitation  coefficient  fcj  = (p  — Pd)/ipv- 

where  A,  IF;  Lift  and  drag,  respectively;  e = drag-lift  ratio;^ 
p = pressure  of  flow;  p^  = vapor  pressure;  v = flow  velocity; 
F — blade  surface  = chord  X span;  p = density  of  water; 
fit,  =_flnele  of  incidence;  X<j  = position  of  cavitation  head,  mea- 
sured from  leading  edge  of  blade;  X = position  of  cavitation  tail, 
similarly  measured;  I = chord  length. 

With  respect  to  zones  around  the  profile: 

Zone  I:  Vacuum  (back)  side,  toward  leading  edge  (head) 

Zone  II:  Pressure  (belly)  side,  toward  head 

Zone  III:  Back  side,  toward  trailing  edge  (tail) 

Zone  IV:  Belly  side,  toward  tail 

Tho  curves  marked  I,  II,  . . . and  so  on,  indicate  tho  condi- 
tions of  cavitation  incipience  in  the  respective  zones. 

It  can  be  concluded  from  the  data  that: 

(i)  The  effect  on  lift  coefficient  of  striations  along  tho  chord 
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Fig>  1 Relallon  of  lift  eoeffieianf  Ca  to  cavitolion  eosFficisnl  kj  for  diff«r«nl  turfoco  roughnett 

C255':StrIol!on$  In  direclion  of  chord 
2SS:Slrio>iont  indirection  of  span 
0.25 : Hydrodynomicoily  smooih  surfoeo 


Fig.  2 Relation  of  drog-liit  ratio  e to  cavitation  coetFieienl  kj  for  different 
surface  roughness 

C25S':Striations  in  direction  of  chord 
25S:Striotions  in  direclion  of  span 
0.2S:Hydrodynamicaliy  smooth  surface 


(C25S')  are  greater  than  that  of  spanwise  striations  measured 
with  25S.  For  example,  at  a,,  = 5 deg  the  reduction  of  lift  by 
the  roughness  was  4.4  percent  with  C25S'  (chord wise)  and  25 
percent  with  25S  (spanwise). 

(ii)  A cimilarly  unexpected  result  was  obtained  for  increase 
in  drag  coefficient. 

(iii)  Cavitation  incipience  properties  were  found  to  be  gen- 
erally similar  between  the  two  forms  of  striation,  though  iocally, 
for  instance,  in  Zone  III  when  Oa,  > 4.5  deg  and  in  Zone  II  when 
(Xsi  < ~1  deg,  tho  C25S'  tended  to  induce  cavitation  somewhat 
earlier  than  the  25S. 

(iv)  The  positions  of  head  (Xo)  and  tail  (X)  of  incipient  cavita- 
tion were  both  found  to  be  nearer  the  leading  edge  with  C25S'  as 
compared  to  25S. 

Search  for  the  Cause  e7  Inverted  Results 

Since  the  ccsults  obtained  indicating  that  striation  in  the  direc- 
tion of  chord  (C25S')  affected  drag  and  lift  more  than  spanwise 
striations  (25S)  were  the  reverse  of  what  was  expected,  the  ex- 
periments were  repeated  to  ascertain  that  there  was  no  error  in 
measurement.  Observation  of  photographs  of  the  cavitating 


Pig.  3 Modes  of  cavitation  occurrence  on  surfaces  of  different  roughnesi. 
Same  specimens  as  Figs.  I and  2 


Fig.  4 Change  In  position  of  ccivitalion  head  and  tail  with  different  sue* 
face  roughness  for  various  Incidonce  angles  oca 
Xot  Position  of  cavitation  head 

XtPosition  of  cavitation  tail  (boib  in  distance  from  leading  edge,  in  per* 
cenloge  of  chord  length) 

area,  as  imdcrtakcn  in  previous  studies  [1,  2],  and  examination 
by  high-speed  cinematography  (8tH)0  frames/sec)  to  compare  tho 
behavior  of  cavitation  bubbles,  both  failed  to  provide  a plausible 
explanation.  Available  litoxature  of  possible  pertinence  was 
scanned  but  found  to  provide  no  clue. 

In  order  to  examine  whether  drag — and  consequently  lift— was 
really  affected  more  by  chordwise  than  spanwise  striations,  the 
author  undertook  to  test  the  hydrodynamic  resistance  of  cylindri* 
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fig.  5 Drag  behavior  of  cylinders  sirialed  in  dilferanl  direcllont  In  dif- 
ferent surface  roughness 

cal  specimens.  Two  cylinders,  both  55  mm  diameter  and  70  mm 
long,  were  finished  with  their  surfaces  roughened  to  25S,  one  with 
axially  oriented  and  the  other  with  circumferential  striations, 
and  the  two  were  tested  in  the  same  cavitation  tunnel  [6]  under 
identical  conditions.  One  end  of  the  cylinder  was  solidly  in- 
planted  on  the  circular  mounting  forming  part  of  the  tunnel  wall 
and  imparting  the  forces  acting  on  the  cylinder  to  the  measuring 
balance  behind  it.  The  free  end  of  the  specimen  cylinder  had  a 
0.05-mm  clearance  between  it  and  the  opposite  wall. 

In  the  velocity  range  covered  by  the  present  series  of  studies, 
both  laminar  and  turbulent  boundary  layers  exist  simultane- 
ously [1],  and  so  in  this  side  experiment  the  drag  was  measured  in 
the  region  around  the  critical  Reynolds  number  to  cover  both 
forms  of  boundary  layer.  Inducement  of  cavitation  was  avoided 
by  appropriate  manipulation  of  static  pressure,  and  with  flow 
velocity  varied  between  0.6  and  12  m/a,  Reynolds  numbers  in  the 
range  (0.2-5.5)- 10®  could  be  realized.  The  results  are  shown  in 
Fig.  5. 

It  is  seen  that  in  a cylindrical  specimen,  drag  is  evidently  in- 
creased to  no  greater  extent  by  striations  parallel  to  flow  than 
across  flow.  It  was  thought  logical  to  presume  that  this  should 
also  apply  to  hydrofoils,  and  that  the  results  obtained  with  the 
C25S'  specimen  described  earlier  should  therefore  be  attributed 
to  causes  other  than  the  direction  of  .striation.  Based  on  this 
consideration,  the  specimen  was  reexamined. 

Reexamination  of  Specimen 

To  verify  uniform  roughness  over  the  whole  specimen  surface, 
the  C25S'  had  been  subjected  to  the  inspection  procedure  al- 
ready described  [1],  i.e.,  oscillographic  recording  of  surface  irregu- 
larities sensed  by  contact  probe  (as  specified  by  JIS  [3,  4]  at  10 
differen  t positions  along  the  span).  The  point  nearest  the  leading 
edge  was  14  mm  from  the  head  (20  percent  of  chord)  for  the 
reason  that  measurement  was  awkward  in  the  immediate  vicinity 
of  the  blade  edge.  Tliis  region  had  beerj^inspected  visually  and 
had  appeared  to  present  no  particular  anomaly.* 

* Measurements  of  roughness  had  been  imdcrtaken  until  this  stage 
of  the  study  series  by  Assistant  Prof.  R.  Oba  and  his  assistant,  and 
those  after  this  stago  as  well  as  porformanco  measurements  through- 
out the  whole  series  of  studies,  by  Assbtants  I.  Chido  and  R.  Sato. 
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Nevertheless,  il  was  recalled  that  it  was  precisely  this  zone 
around  the  leading  edge  where  roughness  had  its  greatest  etfect 
on  blade  performance  (21,  The  zone  in  question  was  therefore 
reexamined  visually  with  the  aid  of  a microscope  eyepiece  (mag- 
nifying power  about  10  times),  and  in  effect,  some  irregularity  in 
roughness  was  detected  near  the  leading  edge. 

The  area  in  question  is  shown  in  the  photos  (2)-(5)  in  Fig.  6, 
.which  represent  a magnification  of  about  7 times.  These  pic- 
tures should  be  compared  with  photo  (1)  showing  a regular  sur- 
face near  the  center  of  the  back  side  tmder  similar  magnification. 
Photo  (2)  reveals  a tlun  ridge  running  spanwiso,  and  photo  (4), 
a wider  rib,  while  photos  (3)  and  (5)  indicate  the  axistence  of  db- 
continuities  in  the  striations.  (The  anomalies  should  be  more 
clearly  grasped  by  comparbon  with  the  illustrations  in  Fig.  6, 
representing  correct  specimen  surfaces.) 

From  the  foregoing  observations,  it  was  concluded  that  the  in- 
creased drag  presented  by  the  C2SS'  must  be  attributed  to  the 
surface  anomadcs  existing  in  the  vital  zone  near  the  leading  edge. 

The  fact  that  such  anomalies,  so  small  as  to  elude  detection  by 
casual  vbual  inspection,  should  under  certain  circumstances  have 
appreciable  effect  on  performance  persuaded  the  author  to  spare 
some  lines  for  an  account  of  the  foregoing  negative  experience, 
particularly  considering  that  surface  roughness  and  deviations 
of  form  in  such  minor  amount  occur  even  in  laboratory  speci- 
mens, not  to  speak  of  test  modeb  reproducing  actual  turbines 
and  pumps. 

Improved  Method  of  Roughening  Specimen  Surface  and 
Results  of  Measurement 

Striations  in  Direction  of  Span 

There  had  not  been  any  particular  problem  felt  in  obtaining 
the  required  roughness  in  the  specimens  for  the  experiments  re- 
ported previously  (1, 2],  in  which  the  striations  were  in  the  direc- 
tion of  span.  For  the  different  degrees  of  roughness  tested,  that 
b,  up  to  25S,  the  striations  were  obtained"  by  posing  an  emery 
cloth  or  file  in  the  spanwise  direction  over  surfaces  finished  to 
0.2S.  The  roughness  of  35S,  taken  up  this  time,  could  not  be 
produced  by  file,  and  a circular  grinder  (specification  A-24-P- 
m-v)*  w.*^  used  for  the  purpose.  Irregular  protuberances  that 
might  exbt  on  the  grinder  surface  were  first  removed  by  lightly 
passing  the  grinder  surface  with  a diamond  tool,  and  consequent 
fouling  of  the  grinder  surface  then  cleaned  by  dresser  brush.  The 
grinder  was  then  turned  manually  at  60-80  rpm  and  the  test 
specimen  held  against  it  with  a sweeping  motion.  The  specimens 
thus  prepared  were  designated  33S  (spanwbe  striations)  and 
CSSS  (chord wise  striations). 

Striation  in  Direction  of  Chord 

It  was  clear  from  the  axperienco  described  previously  that  it  was 
not  proper  to  prepare  the  zone  near  the  leading  edge  simply  by  fil- 
ing. The  following  method  w.as  consequently  devised.  As  shown 
in  Fig.  7,  the  specimen  sides  were  held  between  iatho  centers  Zi  and 
zj  at  points  2.8  mm  from  the  leading  edge  (position  x/l  = 4 per- 
cent—see  Fig.  0 for  reference).  A piece  of  60-mcsh  emery  cloth 
PP  was  held  against  the  leading  part  of  the  specimen  blade  and 
immobilized.  The  handle  H on  the  face  plate  C\  attached  with 
the  support  S was  then  turned  manually  so  as  to  revolve  the 
specimen  surface  around  the  edge  thus  swept  parallel  to  chord, 
within  a zone  extending  about  5 mm  along  chord  on  the  back  side 


* The  grinder  was  3S0  mm  diameter  by  50  mm  thick.  Japanese 
grinder  specifications  compared  with  those  of  the  Norton  Co.  (U.  S.) 
are  as  foliows: 

Japan  Industrial 


Standard  Norton 

Nature  of  grain  A A 

Mesh  24  24 

Hardness  (binder  strength)  P P 

Composition  (ratio  between  grains 
and  binder)  m 4-9 

Binder  V . V 
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Fig.  6 Anomalies  in  roughened  surface  of  C255' 


Fig.  7 Imi^oved  method  of  slrioling  leading  edge  zone  in  chordwise 
direction 

F:  Hydrofoil,  PP:  Emery  cloth 

(ar/i  = 7.1  percent)  and  3 nun  on  the  lieily  side  (a/?  = 4.3  per- 
cent). The  remaining  surface  toward  tail  was  swept  once  with  a 
300  mm  long  very  coarse  square  file.  The  resulting  correct  spec- 
imen was  designated  C2SS  (and  distinguished  from  the  previous 
incorrect  C25S')* 

The  CSSS  was  prepared  in  a similar  manner  except  for  the  use 
of  40-mesh  emery  eloth  and,  as  already  explained,  grinder  instead 
of  file. 

inspeefion  of  Roughness 

The  surfaces  were  first  photographed  as  in  the  case  of  C25S' 
for  examination  of  roughness  uniformity.  The  resulting  pictures 
are  shown  in  Fig.  S,  where  the  photos  (l)-(5)  are  views  from 
the  same  angles  as  the  corresponding  photos  in  Fig.  6.  No 
anomalies  to  break  the  uniformity  are  diseemible  from  this 
microscopic  examination.  To  ascertain  that  there  was  no  clTcct 
from  the  difference  in  method  of  striation  between  the  zone  near 
the  leading  edge  and  the  rest  of  the  specimen  surface,  the  actual 
roughness  of  these  two  parts  of  the  surface  was  measured  accord- 
ing to  Japanese  Industrial  Standards  with  a Kosaka  SD«  surface  in- 
specting macliine,  which  follows  the  surface  with  a contact  needle. 
The  surface  was  thus  examined  on  both  back  and  belly  sides  at 
tm  different  points  on  each  side.  Typical  oscillograms  are  shown 
in  Figs.  0-11.  Comparison  of  the  oscillograms  taken  of  the 
surface  near  the  ie.ading  edge  (x/f  0 and  x/f  =>  7.1  percent)  and 


, -/iJr- 


Fig.  8 Regular  roughnett  on  (urfacc  of  C25S  and  CSSS  oblained  by  im- 
proved mefhod  of  tfrlalion 

Other  parts  indicated  no  appreciable  difference  in  roughness  cither 
in  the  ridge  profiles  or  in  their  average  height.  While  neither 
ASA  nor  JIS  (Japanese  Standards)  specify  in  their  roughness 
standards  the  pitch  of  the  ridges  forming  the  irregularities,  the 
number  of  striations  per  mm  were  counted  in  the  present  in- 
stance, os  shown  in  Table  1. 

Striations  thus  are  somewhat  more  closely  distributed  when 
made  by  emery  cloth  than  by  file,  but  this  amount  of  difference 
can  be  considered  negligible. 

Results  of  roughness  measurements  similarly  undertaken  on 
C25S'  are  presented  in  Fig.  11(c).  The  surface  irregularities 
near  the  leading  edge  around  x = 0 were  S4-38iit  high.  The 
pitch,  while  being  7.7  and  8 per  mm,  r^p^ctively,  in  the  main 
portion  of  the  back  and  belly,  and  thus  similar  to  values  for 
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Fig.  9 Oscillographs  of  specimen  surface  (C25S) 

(A)  Central  area,  back  side  (x/f  = 50  percent) 

(B)  Zone  neor  leading  edge,  bock  side  (x/f  = 7.1  percent) 

(C)  Tip  of  leading  edge  (x/f  » 0) 

p:l/l000mm 


Fig.  11  Oscillographs  of  specimen  surface  (3SS  and  C25S') 

(A)  Cenirel  area,  back  side  (x/f  = 85  percent),  35S 

(B)  Central  area,  belly  side  (x/f  = 50  percent),  3SS 

(C)  Tip  of  leading  edge  (x/f  ^ 0),  C25S' 

p:l/l000mm 


Fig.  10  Oscillographs  of  specimen  surface  (C35S) 

(A)  Central  area,  back  side  (x/f  = 50  percent) 

(B)  Zone  near  leading  edge,  back  side  (x/f  = 7.1  percent) 

(C)  Tip  of  leading  edge  (x/f  ~ 0) 

Mtl/lCtXJmm 


Table  1 Number  of  siriallons  f per  unit  longih 
x:  Distance  from'blade_head 
f:  Chord  length 


Suefim  side 

Pressure  side 

x/i% 

0 «.3  It  S0.0  8S.0 

SO.O 

C2SS 

9.S  8.6  8.7  7.9 

7.8 

csss 

6J  8.1  S.9  S.6 

S.7 

CSSS' 

J 

S.2  7,8  7,9  7,7 

8J) 

sss 

8,2 

8,t 

C25S,  is  5.2  per  mm  around  x = 0,  which  is  much  nearer  the  value 
ofC35SthanC25S. 

Experimental  Results 

The  results  obtained  are  presented  in  the  form  already  described 
earlier  in  this  report  fl]. 

Lift  Coefficient 

Difference  Owing  to  Direction  of  Strlaiions.  Fig.  12  shows  curves 
relating  the  lift  coeflicicnt  to  cavitation  cociricicnt  kj  for  25S 
roughness  profiles  striated  in  both  spanwise  (2.18)  and  cbordwiso 
(C25S)  directions.  Similar  curves  for  33S  profiles  appear  in  Fig. 
13.  In  both  figures,  reference  cuives  are  also  shown  indicating 
the  values  of  the  hydrodynamically  smooth  0.2  .specimen. 

The  results  correct  the  invalid  data  obtained  from  the  previous 
experiments  with  the  C2."iS'  specimen,  and  provide  the  e.xpected 
answer  that  a smaller  effect  on  lift  is  presented  by  chordwise 
compared  to  spanwise  striations. 

Difference  Owing  to  Degree  of  Roughnen.  Comparison  between 
the  curves  for  25S  in  Fig.  12  and  that  for  3SS  in  Fig.  13  will  pro- 
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Fig.  13  Relaiion  of  lift  coofficienl  Ca  to  caviiallon  coeHicienf  kd  for  difforant  rough- 
neit— affecl  of  direzlion  of  siriallcit  (spaeimtn  roughnets  35S) 


vide  an  indicaiion  of  the  difference  caused  by  varying  roaghness  in 
the  spanwise  direction,  and  in  the  same  token,  difference  in 
the  chordwise  direction  should  be  clear  from  a similar  compar- 
ison between  the  curves  for  C25S  and  C35S.  Further  comparison 
with  specimens  of  intermediate  roughnesses  l.i>S  and  6S  can  be 
made  by  reference  to  the  previous  report  [1], 

Drag4ifl  Ratio 

In  theoretical  calculations  on  the  eiSciency  of  axial  flow  tur- 
bines and  pumps  os  wdl  as  ship  propellers,  the  drag-lift  ratio  is 
more  commonly  used  than  the  actual  value  of  the  drag  itself,  and 
for  this  reason  we  will  save  space  by  omitting  graphic  representoc 
tion  of  drag  coeificient,  and  only  present  the  drag-lift  ratio  in 
Figs.  14  and  16  in  the  form  of  curves  relatmg  e =*  C„/Co  to 
cavitation  coefBcient 

Comparisons  Based  on  Lift  Coefficient  and  Drag-Lift  Ratio 

In  Table  2 are  given  the  percentage  decreases  of  lift  coefficient 
AC,  as  well  as  increases  of  drag  coefficient  AC»  and  of  drag-SIft 
ratio  Ae  over  the  smooth  0.2S  specimen  caused  by  vaijnng 
roughness,  as  obseived  in  the  range  free  of  cavitation.  The  se- 


quence between  the  specimens  for  degree  of  affectation  by  rough- 
ness varies  somewhat  according  to  incidence  angle  when  basing 
the  comparison  on  AC,  and  AC„,  but  based  on  Ae  the  general 
sequence  is 

35S— C35S— C25S'— 25S— C25S 

with  roughness  effect  diminishing  from  left  to  right. 

In  the  range  of  incidence  angle  «„  > 6 deg  however,  the  order 
is  reversed  between  25S  and  C25S'  (cf.  Fig.  2 — =«  7 deg,  k/ 

= 2.5).  The  cause  of  this  inversion  may  be  attributed  to  the  fact 
that  in  roughening  the  surface,  an  area  along  a line  on  the  pressure 
side  near  the  leading  edge  became  flattened  (cf.  bright  portion 
seen  in  photo  (5),  Fig.  6).  This  resulted  in  a diminished  sSitribei 
which  in  turn  reduced  both  lift  (cf.  Fig.  1)  and  drag  coefficients, 
but  in  the  particular  case  of  or.  ^ 6 deg,  the  effect  must  have  been 
significantly  less  pronounced  on  AC„  than  on  AC.  (d.  Table  2). 

Covitalion  Stalling 

An  important  parameter  governing  the  performance  of  axial  | 
turbines  and  pumps  is  the  point  where  development  of  cavitation  I 
causes  a sharp  drop  in  output.  This  point  has  been  defined  on  tbs  I 
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Ftg.  14  Rtlallon  of  drag-lift  ratio  < to  cavitation  coaftletinl  kd  for  different  rough* 
neit->effecl  of  direction  at  itrlation  (specimen  of  roughness  S5S) 


C,  — kd  curve  by  the  intersection  of  straight  lines  extending  the 
horizontal  and  sloped  arms  of  this  curve,  and  the  ftorvalue  of  this 
intersection  has  been'  designated  the  cavitation  stalling  point 
*a.  HI- 

Up  to  a roughness  of  25S,  as  already  reported  [1,  2],  no  ap- 
preciable effect  of  roughness  has  been  discerr;>‘  > on  kg„  but 
curves  relating  kgo  to  (not  reproduced  here)  re  -e;'  ^ ihat  shifting 
ef  the  stalling  point  is  quite  evident  when  the  roughness  reaches 
35S. 

Effect  of  Surface  Roughness  on  Hydromechanical  Efficiency 

The  calciJations  performed  in  the  preceding  studies  [1]  were 
repeated  with  the  use  of  the  same  theoretical  equation.  The 
highest  and  lowest  values  of  drag-lift  ratio  obtained  in  the  present 
study  were  adopted  in  calculating  the  theoretical  hydraulic  ef- 
ficiency, for  comparison  with  that  of  the  hydrodynamically 
jmooth  0.2S  specimen.  The  resulting  reduction  in  the  highest  and 
lowest  values  of  efficiency,  Aijg,  are  given  in  Table  3,  together 
with  the  corresponding  values  of  drag  lift  e adopted  for  the  calcu- 
lations. The  ranges  chosen  for  fe„,  and  m were  the  same  as  in 
the  preceding  calculations  (IJ.  Theexpression  for  efficiency,  7}g, 
which  was  employi  't  Li  reference  [1]  was  developed  in  reference 
111]  and  is  given  by 

”»  \ efm\  em* 

\1  + m/  k^a  \l  -|-  m/  SkckaHl  + m) 

where 

k = 

• Vm. 

k - 

‘ Vm. 

m = 

= .linear  velocity  of  runner  periphery 
■■  partial  velocity  of  flow  in  the  direction  of  a.xi3 

i>..A  = outer  and  inner  diameters,  respectively,  of  runner 

//,  water  head  on  runner  or  impeller 

U can  be  concluded  from  this  table  that  Arig  assumes  values 
*l>^t  cannot  be  ignored.  It  should  also  bo  noted  that,  while  the 
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Fig.  15  Rclalion  off  drag-lift  ralio  t to  eavilation  eoeffleieni  kd  for  dif- 
ferent roughness— effect  of  direction  of  sh-Iolion  (specimen  of  roughness 
355) 


/2ffe,\  wt*  -h  t»  -I-  1 
\ 3fc,/  TO(m  + 1) 

Table  2 Percentage  decrease  of  lift  coefficient  and  ceiresponding 
tnereose  of  drog-llft  ratio  Ac  over  the  smooth  specimen  coi-sed  by  varying 
roughness 


1 PnMe  1 C2SS 

1 C2SS- 
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Fig.  16  Modn  of  covllollon  oeeuirenes  on  turfoco  of  different  roughness 


Table  3 Reduction  of  hydraulic  efficiency  of  oxIaMlaw  turbines 
-and  pumps  owing  to  blade  surface  roughness 


i' 

moo  ~ 00330 

0.7  ~ 3.5 

8SS 

0033S  " 0.03S0 

f,3  "3.7 

ms' 

0.03S8  0.03B2 

f.8  " 0.0 

csss 

0.038S  ~ 00035 

/.?  -5.9 

sss 

00000  ~ 0.0000 

2.3  - 7,2 

0.8S 

0,0305"  00300 

difference  between  25S  and  C25S  is  only  about  0.5  percent, 
this  difference  between  spanwise  and  chordwise  striations  reaches 
1.3  percent  with  a roughness  of  35S.  This  is  an  indication  that 
cases  may  arise  that  should  call  for  consideration  on  the  direction 
of  applying  the  file  when  finishing  the  surfaces  of  hydraulic 
machines  and  specimens. 

Cavifdtion  Incepllsn  and  fniliol  Cavitation 

Manner  of  Onset  and  Size  of  Initial  Cavitation.  Fig.  16  is  a graphi- 
cal representation  of  the  conditions  of  cavitation  incipience  in  the 
different  zones  (marked  by  lo,  IIo,  and  IIIo)  of  the  different  speci- 
mens tested  (relation  between  incidence  angle  Oa  and  cavitation 
coefiicient  kj).  Also  shown  in  the  same  figure  are  curves  indicat- 
ing the  conditions  under  which  cavitation  develops  to  the  point 
where  its  tail  reaches  the  trailing  edge  of  the  blade  (\/l  = 100 
percent),  beyond  which  cavitation  erosion  need  no  longer  be 
feared.  The  curves  in  the  upper  left-hand  corner  delimit  zones  of 
violent  vibration  caused  on  the  specimetis,  with  the  zone  relevant 
to  0.2S  shaded  in  as  an  example. 

The  curves  in  Fig.  17  indicate  the  positions  of  head,  Xo,  and 
tail,  X,  of  incipient  cavitation  according  to  incidence  angle. 
The  manner  in  which  the  onset  of  cavitation  and  vibrations  are 
advanced  (value  of  kg  increased)  by  surface  roughness  is  clear 
from  these  figures.  The  tendency  of  the  cavitation  head  and  tail 
to  be  displaced  slightly  forward  by  roughness  is  again  visible,  as 
it  was  in  the  previous  eases  fl j. 

While  minute  c.\amination  of  the  curves  in  Figs.  16  and  17 
should  reveal  partial  departures  from  the  sequence  cited  earlier 
of  the  specimens  arranged  according  to  the  extent  cf  cavitation 
performance  deterioration  by  surface  roughness,  it  may  safely 
be  concluded  that  the  sequence  generally  holds  for  all  four 
characteristic  paritmeteis  (point  of  inception,  violent  vibrations, 
displacement  of  incipient  cavitation  head,  Xo,  and  tail,  X),  when 
account  is  taken  of  the  inaccuracies  inherent  in  the  visual  deter- 
mination of  Xs  and  X,  and  the  convincing  results  obtained  with 
the  35S  specimens. 

SMnglilct  Covliailon.  With  surfaces  rougher  than  0.2S,  incipient 
cavitation  in  the  zones  1 and  II  near  the  leading  edge  presents  an 
unstable  stringlike  form  which  upon  only  very  slight  devdopment 
(as  soon  as  X/f  e.\cceds  a certain  value  X,/l),  assume  the  ordinary 
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Fig.  17  Change  in  position  of  covitolion  head  (ho)  and  tail  (h)  with 
diffweni  surface  roughness 


form  of  cavitation  which  to  the  naked  eye  appears  to  spread 
uniformly  over  the  span.  The  stringlike  cavitation  is  particularly 
clearly  observed  in  specimens  with  surface  rougher  than  25S. 
Typical  values  of  the  transition  point  to  ordinary  cavitation,  i.e., 
X,/i,  is  roughly  as  follows: 


Zone  I (back) 

X./1 

Zone  II  (belly) 

Specimen 

(percent) 

X,/Z  (percent) 

C25S)  Ota,  = 5 deg 

40  O'®  = 

3 deg  40 

258)  a®  = 7 deg 

15  a®  = 

—3  deg  10 

C35S)  a®  = 5 deg 

40  Of®  = 

3 deg  50 

358)  a®  = 7 deg 

20  Of®  = 

-3  deg  . 10 

Stringlike  cavitation  appears  also  at  other  angles  of  incidence, 
with  transition  at  correspondingly  lower  degrees  of  development. 
Cavitation  coefficients  at  the  transition  points  will  be  obtained 
from  reference  to  Figs.  16  and  17. 

The  foregoing  results  would  indicate  that  stringlike  cavitation 
appearing  near  the  leading  blade  edges  of  axial-flow  turbines  and 
pumps  could  be  attributed  to  excessive  surface  roughness.  A 
typical  form  of  stringlike  cavitation  is  illustrated  in  Fig.  IS. 

Conclusions 

1 For  equal  degree  of  roughness,  both  lift  and  drag-lift  ratio 
are  affected  less  by  striations  oriented  chordwbe  than  by  span- 
wise  striations  (Figs.  12 — ^15). 

2 When  preparing  rough  surface  specimens,  anomaly  in  the 
striations  are  liable  to  be  caused  on  the  rounded  surface  near  the 
leading  edge,  even  in  producing  striations  in  the  chordwise  direc- 
tion (cf.  C23S')  if  done  by  ordinary  filing  methods,  and  almost 
undetectable  anomalies  in  this  zone  can  appreciably  affect  catdta- 
tion  performance.  The  inverted  results  obtained  with  specimen 
C25S'  which  registered  roughness  effects  greater  than  con- 
trary to  expectation  was  the  result  of  such  extremely  minor  anom- 
alies (Figs.  1, 2, 6,  and  11). 

3 Striations  in  the  same  direction  affect  performance  in  ac- 
cordance with  the  degree  of  roughness,  ns  is  quite  naturally  ex- 
pected, and  the  sequence  of  specimens  arranged  in  the  order  of 
smaller  effect  on  drag-lift  ratio  is: 

C25S— 25S— <3258'— C35&-35S 

though  for  incidence  angles  exceeding  6 deg,  drag-lift  ratio  b 
greater  with  (3258  than  with25S. 

4 Cavitation  stalling  point  b not  appreciably  affected  by 
roughness  up  to  258,  but  b significantly  advanced  (cavitation  co- 
efficient smaller)  in  the  case  of  358  (spanwbe  striation). 
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5 The  effect  on  the  hydraulie  efficiency  of  a\ial-flow  turbines 
and  pumps,  estimated  from  the  present  results,  indicated  lowering 
of  efffciency  ranging  up  to  5.9  percent  with  C35S  and  7.2  percent 
with  3SS  compared  with  tlie  hydrodynamically  smooth  0.2S 
(pecimen,  and  the  difference  of  1.3  percent  seen  between  the  two 
35S  specimens  according  to  direction  of  striation  would  point 
toward  the  possible  occurrence  of  cases  that  should  call  for  con- 
sideration on  the  direction  of  applying  the  file  when  finishing 
blade  surfaces. 

6 Cavitation  onset  and  violent  vibrations  appear  to  be  ad- 
vanced (value  of  critical  increased)  by  roughness.  Fig.  16. 

7 Roughness  tends  to  displace  both  head  and  tail  of  incipient 
ravitation  toward  the  leading  edge.  Fig.  17.  The  tendencies 
cited  under  6 and  7 previously  appear  somewhat  ambiguous  in 
the  results  from  the  25S  specimens,  but  are  unmistakably  evident 
with  the  33S. 

8 Beyond  a certain  roughness,  incipient  cavitation  takes  an 
unstable  stringlike  form,  which  assumes  the  ordinary  form  of 
cavitation  upon  slight  development  of  the  cavitation.  Fig.  18. 
It  may  be  inferred  from  this  that  the  stringlike  cavitation  ob- 
served in  actual  turbines  and  pumps  could  be  attributed  to  in- 
sufficiently smooth  blade  surface. 


Acknowledgment 

The  author  wishes  to  acknowledge  the  services  offered  by  Mr. 
I.  Chida  and  Mr.  R.  Sato,  Assistants  of  the  Institute,  and  the 
work  done  by  Assistant  M.  HongS  in  preparing  the  drawings  and 
templates  for  the  blade  specimens.  Mention  must  also  be  mode 
of  the  assistance  provided  by  the  staff  of  the  Institute’s  workshop 
in  devising  and  implementing  the  methods  for  striating  the 
blade  surfaces. 


References 

1 F.  Numachi,  R.  Oba,  and  I,  Chida,  “Effect  of  Surface  Rough- 
ness on  Cavitation  Performance  of  Hydrofoiis — Report  1,”  JouRNAt. 
OP  Basic  Enoinberinq,  TnAHa.  ASME,  Series  D,  vol.  S7,  19G5,  pp. 
49S-S03;  Reports  of  the  Institute  of  High  Speed  Mechanics,  Japan,  vol. 
16,  1964-1065,  pp.  137-J5S. 

2 F.  Numachi,  R.  6ba,  and  I.  Chida,  “Effect  of  Surface  Rough- 
ness on  Cavitation  Performance  of  Hydrofoils— Report  2,”  Symposium 
on  Cavitation  in  Fluid  Machineiy,  Winter  Annual  Meeting  of 
ASME,  Chicago,  November  7-12,  1965,  pp.  16-31. 

3 Japan  Industrial  Standard,  JIS,  B 0601. 

4 Japan  Industrial  Standard,  JIS.  B 0651,  B 0652. 

5 ASA,  B 46-1,  1955,  Surface  Roughness,  Waviness  and  Lay. 

6 F.  Numachi,  “Kraftmessungon  an  vior  FlUgelprofflen  bei 
Hohlsog,”  VDI-Forschung,  vol.  11, 1940,  pp.  303-308. 

7 F.  Numachi,  K.  Tsunoda,  and  I.  Chida,  “Cavitation  Tests  on 
Clark  Y Profiles  of  Several  Thickness  Ratio,”  Reports  of  the  Institute 
of  High  Speed  Mechanics,  Japan,  vol.  8, 1957,  pp.  47-65. 

8 F.  Numachi  and  I.  Chida,  “Effect  of  Static  Pressure  Differences 
on  the  Cavitation  Cliaracteristics  of  Hydrofoil  Profile,”  Rept.  1-3, 
Reports  of  the  Institute  of  High  Speed  Mechanics,  Japan,  vol.  5,  1955, 
pp.  37-49;  vol.  7,1950,.pp.  123-134;  vol.  11, 1959-1960,  pp.  89-101. 

9 F.  Numachi,  “tiber  die  Kavitationsentstehung  mit  beson- 
derem  Bezug  auf  don  Luftgehalt  des  Wassers,”  Ingenieur-Archiv, 
Berlin,  vol.  7,  1936,  pp.  396-406. 

10  F.  Numachi  and  H.  Sakai,  “Method  of  Producing  Hydrofoil 
Profile  Test-Pieces  for  Cavitation  Tests.”  Reports  of  the  Institute  of 
High  Speed  Mechanics,  Japan,  vol.  7, 1056,  pp.  189-201. 

11  F.  Numachi,  “On  the  Hydraulic  Efficiency  of  Propeller  Tur- 
bines and  Propeller  Pumps  (Report  2,  On  Aerofoil  Theory  of  Propeller 
Turbines  and  Propeller  Pumps),”  Technol.  Reports,  Tdhoku  Imperial 
University,  vol.  9, 1930,  pp.  231-253. 


Journal  of  Basic  Engineering 


MARCH  1967  / 209 


END  OF  REFERENCE 
100 


REFERENCE 

101 


KING.  J.  A.j  AND  PARREL  E.  C.j  THE  TRANSIENT  PERFORMANCE 
OF  A HYDRAULIC  TURBINE-DRIVEN  INDUCER:  COMPUTER 
PREDICTIONS  AND  TEST  VERIFICATION.  REP.  R-7747. 
ROCKETDYNE.  (NASA  CR-72518).  1969. 


V 

I 


JUL  ^ '60 


0 


L 


/ 


NASA  CR- 72518 
R-7747 


i 


A 

\ 


■.*» 


i -■ 


^ r>  . , 


THE  TRANSIENT  PERFORMANCE  OF  A HYDRAUfife-^:f£  insti. 
TURBINE -DRIVEN  INDUCER;  COMPUTER  >371 

PREDICTIONS  AND  TEST  VERIFICATION  CH!0 


-.1 


by 


J.  A.  King  and  E.  C.  Farr  el 


IIBRARY  COPY 

JUL  71969 

LEWIS  LIBRARY,  NASA 
aEVELANO.  OHIO 


ROCKETDYNE 

A DIVISION  OF  NORTH  AMERICAN  ROCKWELL  CORPORATION 


prepared  for 


NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 


1 . ■ 


NASA  Lewis  Research  Center 
Contract  NASS -10280 
W.  A.  Rostafinski,  Project  Manager 


NOTICE 


This  report  was  prepared  as  an  account  of  Government- 
sponsored  work.  Neither  the  United  States,  nor  the 
National  Aeronautics  and  Space  Administration  (NASA), 
nor  any  person  acting  on  behalf  of  NASA: 

A.  Makes  any  warranty  or  representation,  expressed 
or  implied,  with  respect  to  the  accuracy, 
completeness,  or  usefulness  of  the  information 
contained  in  this  report,  or  that  the  use  of 

” any  information,  apparatus,  method,  or  process 
disclosed  in  this  report  may  not  infringe 
privately  owned  rights;  or 

B.  Assumes  any  liabilities  with  respect  to  the 
use  of,  or  for  damages  resulting  from  the  use 
of,  any  information,  apparatus,  method  or 
process  disclosed  in  this  report. 

As  used  above,  "person  acting  on  behalf  of  NASA"  in- 
cludes any  employee  or  contractor  of  NASA,  or  employee 
of  such  contractor,  to  the  extent  that  such  employee 
or  contractor  of  NASA  or  employee  of  such  contractor 
prepares,  disseminates,  or  provides  access  to  any 
information  pursuant  to  his  employment  or  contract 
with  NASA,  or  his  employment  with  such  contractor. 


Requests  for  copies  of  this  report  should  be  referred  to 
* 

National  Aeronautics  and  Space  Administration 
Scientific  and  Technical  Information  Facility 
P.O.  Box  33 

College  Park,  Md.  20740 


t 


f 


NASA  CR-725I8 

B-7747 


FINAL  BEPOBT 

THE  TRANSIENT  PERFORMANCE  OF  A HYDRAULIC- 
TUHBINE-DBIVEN  INDUCER:  COMPUTER 
PREDICTIONS  AND  TEST  VERIFICATION 


by 


i!".  A.  King  and  E.  C.  Farrel 


ROCKETDYNE 

A DIVISION  OF  NORTH  AMERICAN  ROCKWELL  CORPORATION 
Canoga  Park,  California  91304 


prepared  for 


NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION  \ 

\ 

% 

February  1969 


CONTRACT  NAS3-10280 


NASA  Lewis  Research  Center 
Large  Engine  Technology  Branch 
Cleveland,  Ohio 

W.  A.  Rostaf inski.  Project  Manager 


SUMMARY 


The  purpose  of  the  contract  was  the  development  of  a computer  program  that 
would  predict  the  transient  performance  of  a low-speed  inducer  driven  by  a 
partial-flow,  hydraulic  turbine.  Two  programs,  an  analog  and  a digital, 
were  developed  that  will  do  this.  To  check  the  accuracy  of  the  programs, 
an  inducer- turbine  unit  was  designed,  fabricated,  and  tested.  Steady-state 
performance  maps  of  the  inducer,  the  turbine,  and  the  high-pressure  pump 
were  made  from  existing  data  and  by  synthetic  mapping  procedures.  These 
maps  were  used  in  the  computer  programs  to  predict  the  acceleration  per- 
formance of  the  unit  in  the  system  in  which  it  was  eventually  tested.  The 
computer  programs  were  also  used  to  make  parametric  studies  to  determine 
the  effect  of  selected  changes  in  the  system,  and  to  investigate  several 
inducer-turbine  combinations  in  simulated  rocket  engine  installations.  From 
the  results  of  these  studies,  the  following  conclusions  were  drawn: 

1.  The  inducer  acceleration  would  be  satisfactory  for  the  planned 
test  series  and  also  actual  rocket  engine  installation. 

2.  The  preinducer  rotating  moment  of  inertia  has  a significant 
effect  upon  the  starting  performance  (the  lower  the  inertia, 
the  better  the  start). 

3.  The  fluid  inertia  (ratio  of  line  length  to  area)  of  the  pump 
coupling  line  for  a remote  location  of  the  preinducer  has  an 
effect  upon  the  starting  performance  (the  lower  the  inertia, 
the  better  the  performance). 

A.  The  proportions  (length  and  area)  of  the  return  line  to  the 
turbine  and  the  type  of  turbine  (impulse  or  reaction)  do  not 
significantly  affect  the  transient  performance  of  the  unit. 

5.  The  use  of  a preinducer  in  a rocket  engine  feed  system  is  feasible 
with  a proper  starting  sequence.  The  result  is  lower  allowable 
tank  pressures  and,  thus,  reduced  tank  wall  weights,  or  possible 
elimination  of  the  tank  pressurization  system. 
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The  inducer-turbine  was  tested  in  water  with  the  high-pressure  pump  being 
driven  by  an  electric  motor.  Steady-state  H-Q  and  cavitation  tests  were 
run  both  with  and  without  a signal  generator  in  the  system.  Acceleration 
tests,  both  rapid  and  slow,  were  made  from  idle  to  full  speed.  Transient 
tests  to  simulate  the  throttling  of  a rocket  were  also  made.  Tests  were 
made  with  the  preinducer  in  both  close-coupled  and  remote  positions. 

The  cavitation  tests  showed  that  the  suction  specific  speeds  of  the  inducer- 
pump  combination  at  80,  100,  and  120  percent  design  Q/N  were  70,000,  63,600, 
and  54,600,  respectively.  These  were  based  on  the  through  flow  and  the 
speed  of  the  main  pump. 

Prom  the  results  of  the  acceleration,  simulated  throttling,  and  flowrate 
pulsing  tests,  the  following  conclusions  were  drawn: 

1.  The  computer  models  developed  for  the  design  and  parametric  studies 
do  accurately  simulate  the  acceleration  and  simulated  throttling 
transients  of  a hydraulic-turhine-driven  inducer. 

2.  Inertia  of  the  fluid  in  the  inducer  is  important  in  predicting  the 
inducer  exit  pressure  drop  during  the  initial  portion  of  the 
inducer  acceleration. 

3.  Inlet  and  outlet  compliances  assigned  to  the  inducer  have  no  effect 
on  the  inducer  acceleration  performance  for  the  acceleration  times 
tested, 

I 

4.  Low-frequency  dynamic  characteristics  can  he  described  with  an 
inducer  inlet  compliance  variable  ^iriLth  inducer  net  positive  suction 
pressure. 


2 


R-7747 


INTRODUCTION 


A major  objective  in  turbupump  design  is  to  minimize  turbopump  weight; 
this  can  best  be  done  by  using  high  rotative  speeds.  A second  major  objec- 
tive is  to  operate  reliably  at  low  suction  pressures;  this  is  very  diffi- 
cult to  accomplish  with  high-speed  turbomachinery.  However,  the  objective 
can  be  met  by  using  a low-speed  inducer  upstream  of  the  high-speed  pump  to 
generate  sufficient  head  to  prevent  the  main  pump  from  cavitating  under 
any  operating  conditions.  The  low-speed  inducer  can  be  driven  in  a variety 
of  ways,  one  of  which  is  by  using  part  of  the  high-pressure  discharge  flow 
from  the  main  pump  to  power  a hydraulic  turbine  that  drives  the  inducer. 

The  research  program  under  this  contract  is  concerned  with  the  theory, 
design,  construction,  and  testing  of  such  a partial-flow,  hydraulic- turbine- 
driven,  low-speed  inducer.  Of  particular  interest  is  the  ability  of  this 
inducer  to  perform  as  required  during  conditions  of  rapid  pump  acceleration, 
throttling,  and  shutdown.  Can  the  transient  performance  of  the  inducer 
be  predicted  accurately?  And  if  so,  what  are  the  variables  that  most 
affect  this  transient  performance? 

The  purpose  of  this  contract  is  the  development  of  analog  and  digital  com- 
puter programs  that  will  accurately  predict  the  transient  performance  (in- 
cluding the  low-frequency  dynamic  effects)  of  a low-speed  inducer  driven 
by  a partial-flow,  hydraulic  turbine.  The  programs  then  will  be  used  to 
investigate  the  transient  behavior  of  several  inducer-turbine  combinations 
in  a particular  system  and  to  determine  the  effect  of  selected  parameter 
changes  in  the  system  on  this  transient  behavior.  The  validity  of  the 
computer  programs  will  be  verified  by  designing,  constructing,  and  testing 
a turbine-driven  inducer  to  determine  its  steady-state  and  transient  charac- 
teristics in  water.  The  test  results  will  then  be  compared  with  the  pre- 
dieted  results.  If  necessary,  the  mathematical  model  will  be  refined  to 
include  measured  rather  than  assumed  constants. 
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GENERAL  DESCRIPTION  OF  THE  SYSTEM 


Figure  1 shows  a section  of  a typical  LOX/liquid  hydrogen  rocket  with  the 
thrust  chamber  at  the  bottom.  Mounted  on  either  side  of  the  thrust  chamber 
are  the  high-speed  LOX  and  liquid  hydrogen  turbopumps.  The  spheres  in  the 
upper  portion  of  the  figure  represent  the  tanks,  the  egg-shaped  sphere  at 
the  bottom  being  the  LOX  tank.  The  duct  from  the  LOX  tank  to  the  turbopump 
is  fairly  short. 

The  tank  at  the  top  of  the  figure  is  the  fuel  tank,  which  is  connected  to 
the  turbopump  by  a relatively  long  line.  The  hydraulic-turbine-driven 
inducer  is  shown  in  this  line  near  the  fuel  pump.  High-pressure  liquid  is 
taken  from  the  exit  of  the  high-pressure  pump,  and  passes  through  the  return 
line  into  the  hydraulic  turbine,  which  drives  an  inducer  (low-speed  pump). 
Plows  from  the  turbine  and  the  inducer  blend  before  entering  the  high-speed 
pump. 

The  low-speed  inducer  is  designed  so  that  it  will  not  cavitate  even  at  very 
low  pressures.  At  sea  level  takeoff,  the  pi'essures  both  inside  and  outside 
the  tanks  are  very  nearly  atmosphere.  As  the  rocket  leaves  the  earth's 
atmosphere,  the  pressure  on  the  outside  of  the  tanlcs  approaches  zero.  If 
pressure  is  maintained  within  the  tanks,  the  tanks  tend  to  explode.  To 
prevent  this,  fairly  thick  and  heavy  walls  are  necessary.  If  the  pressure 
inside  the  tanks  is  allowed  to  fall,  the  fluid  pressure  also  falls  and  the 
liquids  start  to  boil.  High-speed  pumps  are  unable  to  pump  such  a low- 
pressure  fluid;  they  cavitate  and  stop  producing  the  pressure  necessary  for 
the  rocket  engine  to  provide  its  thrust. 

While  the  rocket  engine  is  firing,  the  pumps  are  continually  removing  liquid 
from  the  tanlcs,  which  tends  to  pull  a vacuum  on  the  vessels.  To  prevent 
this,  the  tanlcs  must  be  pressurized  by  additional  equipment  onboard  the 
vehicle.  This  can  take  the  form  of  a boiler,  in  ^vhich  hot  gas  from  the 
thrust  chamber  is  used  to  boil  liquid  in  a heat  exchanger  and  the  resultant 
hot  gas  is  returned  to  the  top  of  the  tank.  The  amount  of  gas  returned 
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Figure  1.  Liquid  Oxygen/Liquid  Hydrogen  Rocket  Engine 
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involves  a metering  or  control  system,  as  well  as  checkout  and  monitoring 
systems,  and  the  entire  package  is  heavy  and  expensive,  resulting  in  a 
loss  of  specific  impulse. 

The  hydraulic-turbine-driven  inducer  shown  in  Fig.  1 can  theoretically 
operate  at  pressures  sufficiently  low  that  tank  pressurization  is  unneces- 
sary, producing  enough  pressure  to  prevent  the  high-speed  pump  from  cavi- 
tating.  The  unit,  therefore,  offers  potentially  thinner  and  lighter  tank 
walls,  elimination  of  the  heavy  and  expensive  pressurization  system,  and 
more  flexibility.  As  can  be  seen  from  Fig.  1,  the  unit  could  be  mounted 
in  a remote  position  far  up  the  duct,  which  might  result  in  smaller  and 
lighter  ducting.  It  also  provides  a means  of  controlling  and  possibly 
eliminating  a source  of  POGO-type  oscillations  by  changing  the  natural 
frequency  of  the  feed  system  as  related  to  that  of  the  vehicle  structure. 
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DESIGN  OF  A PAHTIAL-FLOW,  HYDRAULIC-TURBINE-DRIVEN  INDUCER 


HYDRODYNAMIC  DESIGN 

Nomenclature 

D = diameter,  inches 

D = mean  diameter,  inches 

Ah  = head  rise,  feet 

IIP  = horsepower 

N = rotational  speed,  rpm 

Ng^  = suction  specific  speed,  N^^  = N ^^(NPSH)^/^ 
NPSH  = net  positive  suction  head,  feet 
A P = pressure  rise,  Ib/sq  in. 

Q = volume  flow,  gal/min 

W = weight  flow,  Ib/sec 

(p  = flow  coefficient 

Design  Points  for  LO^  and  Water 


The  contract  specified  that,  at  the  design  point,  the  inducer  NPSH  should 
be  8 feet,  in  water,  and  that  its  characteristics  were  to  be  compatible 
with  those  of  the  J-2  oxidizer  pump,  which  was  to  serve  as  the  high-pressure 
pump.  A J~2  fuel  pump  inducer  design  modified  to  a larger  scale  was  to 
be  used  for  the  preinducer  design.  These  basic  "ground  rules"  did  not 
fix  the  size  or  the  speed  of  the  unit.  Calculations  were  made  on  a 
variety  of  sizes,  with  both  NPSH  and  facility  limitations  being  considered. 
The  calculations  indicated  that  the  inlet  diameter  of  the  inducer  should 
be  about  10  inches.  Accordingly,  a standard-size  pipe  was  selected;  the 
pipe  was  schedule  40  stainless  with  an  OD  of  10.750  inches  and  an  ID  of 
10.020  inches. 
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The  optimum  flow  coefficient  of  the  J-2  fuel  pump  inducer  is  O.O7,  and 
the  inlet  diameter  of  the  pipe  is  8. 015  inches.  It  was  desired  to  have 
the  same  value  of  Q/ND^  for  the  modified  inducer.  For  the  J-2: 

0 = 0.2292  q/n 


_2_  - 

ND^  O.22921P 


0.07 ^ 1 

(0.2292)(8.015)^  1685.88192 


For  the  preinducer  in  water: 


D = 10.020  inches;  NPSH  = 8 feet;  = 40,000  (44,250  from 
. . test  data) 

(NPSH)5A  = (8)5A  ^ 4.75682847 

NvC=  (40, 000)(4. 75682847)  = 190,273.1388 

-2-  = -QVQ~  ^ Qx/T  ^ 1 

ND^  (190,273. 1388)(l0. 020)^  1685.88192 

qy/q  = 113,541.2036;  Q = 2344.79;  N = 3929.40 

The  inducer  head  was  obtained  from  a curve  of  the  test  data,  so  the  com- 
plete values  for  the  preinducer  design  point  in  water  are: 


Q = 2345  gpm 
N = 3930  rpm 

0 = 0.07 

N = 40,000 
NPSH  = 8 feet 


Ah  = 171  feet 
A P = 74.2  psi 
HP  = 135 
W = 326  Ib/sec 


The  ratio  of  the  pipe  size  is  R = 10.020/8.015  = 1.25.  So  every  dimension 
of  the  scaled-up  inducer  is  1.25  times  that  of  the  J-2  fuel  pump  inducer. 
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Although  the  design  point  of  the  preinducer  provided  some  indication  of 
the  flow  through  the  high-pressure  pump  (inducer  flow  plus  recirculation 
flow),  it  did  not  fix  the  head  and  speed  of  the  pump.  These  variables 
were  open  to  arbitrary  selection.  It  was  decided  that  if  the  final  unit 
successfully  passed  all  its  tests,  it  might,  with  a few  modifications, 
be  made  available  for  an  actual  rocket  engine  test.  Rocketdyne  has  made 
many  studies  on  uprated  J-2  engines,  and  the  version  on  which  the  pre- 
inducer  v/ould  be  of  most  use  is  the  265K  engine.  On  this  engine,  the 
LO^  pump  speed  would  increase  by  an  approximate  ratio  of  265:200.  The 
NPSH, therefore,  would  increa-se  by  the  square  of  this  ratio,  or  1.756.  A 
preinducer  would  be  desirable  if  such  an  engine  were  ever  tested.  Cal- 
culations showed  that  a 265K  engine  would  require  a throughflow  of  3314 
gpra  and  a head  of  3258  feet.  The  preinducer  running  on  such  an  engine 
would  operate  at  the  following  values; 


Q 

= 3314  gpm 

AH 

= 342  feet 

N 

= 5554  rpm 

AH 

= 168.2  psi 

W 

= 523  Ib/sec 

HP 

= 434 

NPSH  = 16  feet 

Under  these  conditions,  the  high-pressure  pump  would  produce  a head  of 
2916  feet  and  a flow  of  4090  gpm  at  a speed  of  10,560  rpm.  At  the  design 
point  in  water,  the  corresponding  head  of  the  high-pressure  pump  is  1459 
feet  at  a flow  of  2893  gpm  and  a speed  of  7471  rpm. 


Inducer  Guide  Vanes 


The  inducer  imparts  a large  amount  of  whirl  to  the  fluid  so  that  the 
guide  vanes  must  turn  the  fluid  through  an  angle  of  59.6  degrees  to  re- 
move all  the  rotation.  It  was  decided  that  the  best  way  to  accomplish 
this  was  to  use  a scaled-up  model  of  the  stator  following  the  J-2  fuel 
pump  inducer  (Fig.  15  page  29)  . This  row  of  19  airfoils  removes  35.6 
degrees  of  rotation  and  converts  most  of  the  velocity  head  into  static 
pressure.  The  remaining  24  degrees  of  rotation  is  removed  by  a second 
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cascade  containing  19  double-circular-arc  blades,  each  with  a chord  of 
4 inches  and  a maximum  thickness  of  0.4  inch.  Each  vane  has  5 holes  of 
l/4-inch  diameter  for  the  passage  of  the  return  flow  to  the  turbine. 

The  total  area  of  these  holes  is  4.6633  sq  in.'  and  the  flow  through  them 
is  549  gpm  with  a resultant  velocity  of  37.7  ft/sec  and  a velocity  head 
of  22  feet. 

The  19  blade  stator  following  the  J-2  fuel  pump  inducer  was  carefully 
designed  to  avoid  cavitation;  test  results  have  shown  that  the  inducer 
cavitates  first. 


Hydraulic  Turbine  Design 


Preliminary  calculations  were  made  on  several  types  of  turbines.  These 
included  a partial  admission  turbine  driving  a shrouded  inducer  through 
the  shroud  and  a full-admission  turbine  driving  the  inducer  through  a 
shaft.  A three-stage,  full-admission  turbine  was  the  most  promising. 

In  1966,  under  Contract  Nonr  4507(00)  for  the  Office  of  Naval  Research, 

Dr.  0.  E.  Balje'  issued  a Rocketdyne  report  (R-68O5)  that  presented  the 
results  of  a study  program  for  the  prediction  of  turbine  performance. 

In  the  Performance  Diagrams  section  of  this  report  is  a figure  giving 
the  optimum  performance  of  full-admission  axial-flow  turbines.  This  dia- 
gram is  shown  reproduced  in  Fig.  2 . To  put  the  values  into  the  same  units 
as  used  by  Dr.  Balje'  we  have  for  the  LOX  conditions 


D = 5.816/12  = 0.48467  feet;  Q = 122.30/70.79  = 1.727645  cfs 

\/Q~=  1.31440;  N = 5554.31  rpm 

Had^/^  = (805.17)^^^  = (28.37552)^/^  = 5.326868 

Had^/^  = 151.15265 

D = (0^-^8467.)(5.3_26,868)  ^ ^ 642 

s 1.3144 


s " 151.15265  - 
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SPECIFIC  DIAMETER 


Figure  2 


Optimum  Performance  of  Full-Admission,  Axial-Flow  Turbines 


On  this  map  is  sho\m  the  operating  point  of  the  three-stage  hydraulic  turbine 
with  a predicted  efficiency  of  over  85  percent.  A partial-admission  turbine 
would  have  an  efficiency  of  approximately  half  this  value  and  would,  thus, 
require  twice  the  recirculated  flow.  Additional  advantages  of  the  full- 
admission  turbine  are; 

1.  A more  easily  maintained  tip  clearance 

\ 

2.  A better  dynamically  balanced  unit 

3.  A smaller  rotating  diameter  with  little  or  no  increase  in  unit 
length 

An  unshrouded  inducer  that  is  easier  to  manufacture.  Shrouding 
would  change  the  performance  of  the  J-2  inducer. 

5.  Seal  diameters  and  speed'*  that  are  lower 

In  view  of  these  advantages,  it  was  decided  to  use  the  full-admission 
turbine. 

A generous  allowance  was  made  for  the  head  drop  in  the  return  line  betweer 
the  high-pressure  pump  and  the  turbine.  This  permitted  the  insertion  of  .. 
flowmeter  for  measuring  the  return  flow  and  a valve  for  controlling  the 
speed  of  the  turbine.  The  remaining  head  was  assumed  to  drop  uniformly 
across  the  three  stages.  This  gave  a head  drop  across  each  stage  of  403 
feet  in  water  with  an  Euler  head  of  325  feet.  The  resultant  Euler  effi- 
ciency was  approximately  80  percent.  The  resultant  turbine  flow  to  provide 
the  inducer  design  horsepower  was  5^9  gpni.  Figure  3 shows  the  velocity  dia- 
gram for  the  three-stage  turbine.  Figures  4 through  7 show  the  shapes  of 
the  nozzles  and  rotors  as  defined  by  the  turbine  designer. 
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Figure  3. 


Preiaducer  Hydraulic  Turbine 


(ho)  Velocity  Diagram 
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Figure  5.  Preinducer  Turbine  Nozzle 


IC  X SIZE 
D-  -5.50 INCHES 
BLADE 

HEIGHT  - 0.310  INCH 
64  - BLADES 


Figure  6.  Preindueer  Turbine  Rotor 


ROTATION 


10  X SIZE 


0.270 


Steady-State  Maps 


The  computer  programs  required  steady-state  performance  maps  of  the 
various  components  as  inputs.  These  include  the  head,  flow,  efficiency, 
and  NPSH  as  a function  of  speed  for  both  the  inducer  and  the  high-pressure 
pump  and  the  torque,  pressure  drop  and  flow  as  a function  of  speed  for  the 
hydraulic  turbine.  The  high-pressure  pump  (j-2  oxidizer  pump)  and  the  J-2 
fuel  pump  inducer  have  both  been  tested  at  Rocketdyne.  Figure  8 shows  the 
nondimens ional  H-Q  performance  of  the  high-pressure  pump  while  Fig.  9 and  10 
give  the  efficiency  and  NPSH.  The  nondimens ional  H-Q  and  efficiency  of  the 
preinducer  are  shown  in  Fig,  11,  and  the  cavitation  performance  is  shown 
in  Fig.  12,  The  H-Q  map  was  taken  from  calibration  tests  made  on  J-2  fuel 
pumps  at  full  speed  in  liquid  hydrogen.  The  inlet  head  was  the  total  head 
at  the  inlet  of  the  pump;  the  discharge  head  was  measured  with  a static 
wall  tap  at  the  discharge  of  the  stator  row  that  follows  the  inducer.  To 
this  static  head  was  added  the  head  corresponding  to  the  axial  component  of 
velocity.  It  was  assumed  that  the  static  pressure  remained  constant  through 
the  second  row  of  vanes  of  the  preinducer  (the  losses  were  equal  to  the  veloc- 
ity head  recovery  associated  with  the  removal  of  the  fluid  rotation).  The 
map,  thus,  includes  the  effect  of  incidence  on  the  first  row  of  stators  and 
is  accurate  at  off-design  conditions  except  at  low  flows.  At  low  flows  the 
J-2  fuel  pump  stalls  and  testing  is  terminated.  The  low-flow  predictions 
were  based  on  the  results  of  an  air  rig  test  of  the  inducer  without  the 
following  stators.  The  losses  through  the  stators  were  estimated.  The 
maps  for  the  preinducer  have  been  modified  by  the  affinity  laws  to  account 
for  the  fact  that  the  inducer  is  1.25  times  as  large  as  the  J-2  fuel  pump 
inducer. 

It  was  necessary  to  calculate  the  turbine  map  because  no  data  were  available. 
The  calculated  map  was  based  on  the  following  assumptions: 

1.  The  turbine  is  of  the  full-admission,  repeating-stage  type, 

2.  The  flow  is  two-dimensional  and  the  design  is  fixed  by  a velocity 
diagram  at  only  one  radius. 

3.  The  flow  is  incompressible. 
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NORMALIZED  HEADRISE,  (4H/N  ) X 10^,  FT/(RPM) 


NORMALIZED  NPSH  (NPSH/N^)  X 10^  FT/(RPM) 


EFFICIENCY 
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4. 


The  nozzle  and  rotor  discharge  angles  as  determined  by  the  basic 
velocity  diagram  at  the  design  point  are  attained  by  a properly 
designed  set  of  blades;  at  off-dasign  points  these  angles  I'etnain 
unchanged  (the  deviation  angle  is  not  affected  by  incidence 
angle). 

5.  The  efficiency  at  the  design  point  is  known  (by  calculation 

or  estimation).  This  efficiency  is  expressed  as  a loss  coeffi- 
cient applied  to  the  nozzle  and  rotor  spouting  velocities;  tliis 
loss  coefficient  is  held  constant  at  all  off-design  points.  It 
also  is  assumed  that  additional  losses  are  caused  by'  positive  or 
negative  incidence  angles  on  both  rotor  and  stator  at  off-design 
points.  These  losses  are  equal  to  the  velocity  head  of  the 
component  normal  to  the  design  inlet  velocity  vector. 

With  these  assumptions,  it  was  a simple  matter  to  set  up  the  equations 
and  write  an  IBM  program  to  calculate  turbine  maps.  Figures  13  and  14 
show  the  maps  generated  by  the  program.  The  curve  for  the  three-stage 
turbine  is  for  the  actual  turbine.  The  curves  for  the  two-  and  four- 
stage  turbines  were  made  for  parametric  studies  of  the  effect  of  the 
degree  of  turbine  reaction  on  the  transient  performance  of  the  unit. 

The  two-stage  turbine  was  close  to  being  a pure  impulse  turbine  (11.72 
percent  reaction);  the  three-stage  turbine  had  41.14  percent  reaction, 
and  the  four-stage  turbine  had  55*86  percent.  At  first,  it  was  assumed 
that  all  turbines  had  the  same  axial  velocity  at  the  design  point.  How- 
ever, this  assumption  for  the  two-stage  turbine  produced  too  flat  an  angle 
leaving  the  nozzle.  This  angle  (with  the  tangent)  was  increased  to  14 
degrees  by  increasing  the  axial  velocity. 


MECHANICAIi  DESIGN 

A cross  section  of  the  preint^ncer  is  shown  in  Fig.  15,  with  the  major 
hardware  components  identified.  Flow  enters  the  inducer  from  the  left 
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Figure  13.  Torque  of  Preinducer  Hydraulic  Turbine  in  Water 
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Figure  14.  Pressure-Flow  Curve  of  Preinducer 
Hydraulic  Turbine  in  Water 
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and  is  discharged  into  a two-row  cascade.  Most  of  the  whirl  is  removed 
by  the  first  row  of  19  airfoils;  the  remaining  whirl  is  removed  by  the 
second  row.  The  second  row  of  vanes  is  used  also  as  a structural  member 
to  support  the  bearings  and  the  walls  of  the  turbine.  The  turbine  is 
driven  by  high-pressure  fluid  from  the  discharge  of  the  high-pressure 
pump.  This  fluid  enters  a circumferential  manifold  through  a single  in- 
let and  is  distributed  around  the  outer  periphery  from  which  it  passes 
to  the  inner  circumferential  manifold  through  5 radial  holes  drilled  in 
each  of  the  19  vanes.  After  the  fluid  has  expelled  its  energy  in  the 
turbine , it  blends  with  the  inducer  discharge  flow  and  enters  the  high- 
pressure  ptuap. 

The  rotor  assembly  was  a flightweight  design  so  that  realistic  rotor  dy- 
namics would  be  displayed.  A critical  speed  analysis  indicated  that  no 
critical  speed  problems  would  exist  throughout  the  operating  range.  If 
a conservative  bearing  spring  rate  of  lO^lb/in,  were  assumed,  the  critical 
speed  would  be  greater  than  14,000  rpm.  Other  numbers  pertinent  to  the 
rotating  assembly  are  listed  below: 


Weight 

Center  of  Gravity 

Moment  of  Inertia  in  Roll 

Diametral  Moment  of  Inertia 


15-67  pounds 

5-58  inches  from  inducer  end  at  the  hub 
0.2402  lb-in. -sec^ 

0,5563  lb-in, -sec^ 


The  axial  thrust  of  the  turbine  is  in  the  aft  direction;  it  exceeds  the 
forward  thrust  of  the  inducer.  The  thrust  difference  is  compensated  by 
a thrust  balance  disk  which  senses  the  inducer  discharge  pressure  on  the 
forward  side  and  the  turbine  nozzle  discharge  pressure  on  the  aft  side. 
The  diameter  of  the  disk  is  such  that  a hr* lance  is  obtained  at  the  design 
point. 

In  contrast  to  the  rotor  assembly,  the  housings  are  heavy  to  simplify 
machining  and  to  provide  a sturdy  support  for  the  rotor. 
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Inlet  Housing 


The  inlet  housing  converges  the  flow  from  the  facility  ducting  to  the 
inducer  inlet  OD.  It  is  also  the  inducer  housing  and  contains  the  speed 
pickup.  The  speed  pickup  is  a Bently  transducer  located  at  the  inducer 
blade  leading  edge  OD,  The  inlet  housing  wall  was  left  thick  to  minimize 
machining*«o^sir~-As  a result- of  this,  the  stress  level  in  the  housing 
from  both  operating  and  mounting  loads  is  lovj.  The  inlet  housing  was 
machined  from  a 606I-T65I  aluminum  alloy  hand  forging. 

Inducer 


The  inducer  is  a scaled-up  version  of  the  J-2  fuel  pump  inducer.  It  has  an 
inlet  diameter  of  9.75  inches,  and  an  exit  diameter  of  9. 0625  inches;  it  has 
four  full  and  four  partial  blades.  It  is  machined  from  a 7075-T73  aluminum 
alloy  hand  forging.  A pilot  diameter  and  inducer  nut  are  used  for  retention 
to  the  shaft  with  a single  key  to  transmit  torque.  The  centrifugal  blade 
loading  stresses  are  quite  low;  the  hydrodynamic  blade  loading  is  the  largest, 
being  approximately  half  the  blade  design  capability.  The  maximum  possible 
weight  has  been  removed  from  the  inducer  hub  to  keep  the  rotor  assembly 
f lightweight.  A photograph  of  the  inducer  with  the  first  row  of  diffuser 
vanes  resting  on  top  (for  the  photographer's  convenience)  is  shown  in  Fig.  16. 

Front  Bearing  Support 

The  front  bearing  support  incorporates  the  diffuser  vanes  as  an  integral 
part.  It  has  avretention  flange  for  the  thrust  balance  labjrrinth  seal. 

The  bearing  support  is  bolted  to  the  manifold  assembly,  and  the  bearing  ,, 
is  installed  in  the  conventional  maimer  with  a bearing  shoulder,  nut,  and 
lock  tab  washer.  It  is  machined  from  a 6061-T651  aluminum  alloy  hand 
forging. 

Manifold  Assembly 

The  manifold  assembly  consists  of  the  outer  manifold,  the  second  row  of 
diffuser  vanes,  and  the  outer  shell  of  the  turbine.  The  vanes,  along 
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Figure  l6.  Inducer  and  First  Row  of  Diffuser  Vanes 
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with  the  two  walls,  were  machined  from  solid  606l  alimiinum  stock,  and  the 
five  radial  fluid  passage  holes  then  were  drilled  in  each  vane.  The  mani- 
fold inlet  and  the  manifold  ring  were  separately  machined  from  606l,  then 
the  entire  assenibly  was  welded  together.  This  was  followed  by  heat  treat 
and  final  machining.  The  maximum  stress  in  this  assembly  occurs  at  the 
elliptical  section  of  the  inlet.  At  the  maximum  operating  pressure,  this 
stress  is  half  the  capability  of  the  material.  The  assembly  was  proof 
pressure  tested  to  925  psi.  The  maximum  stress  at  this  pressure  in  the 
elliptical  section  was  calculated  to  be  approximately  two-thirds  the  capa- 
bility of  the  material.  Figure  I7  is  a photograph  of  the  manifold  assembly. 

Shaft 


An  aluminum  shaft  was  selected  over  the  conventional  steel  shaft  because 
the  stress  levels  in  the  shaft  were  low.  The  shaft  is  hollow;  the  result 
is  a lightweight  low-inertia  shaft  for  fast  acceleration  response  and 
good  rotor  dynamics.  The  shaft  was  machined  from  a 6O6I  aluminum  alloy 
bar.  The  thrust  balance  disk  was  machined  as  an  integral  part  of  the 
shaft.  The  finished  shaft  was  heat  treated  to  a T6  condition  as  per 
jMIL-H-6088.  It  was  hard  anodized  at  the  bearing  journals  and  thrust  bal- 
ance seal  surface  to  a thickness  of  0.0010  inch.  The  remaining  surface 
of  the  shaft  was  hard  anodized  to  a thickness  of  0.0002  to  O.OOO3  inch. 

The  shaft  threads  were  dry  film  lubricated  to  prevent  galling. 

Turbine  Nozzle 


The  turbine  nozzle  was  machined  from  606l-i'651  aluminum  alloy.  There  are 
43  vanes  in  the  nozzle  ring.  A cylinder  that  retains  the  second-  and 
third-stage  nozzle  ring  was  welded  to  the  outer  shroud  of  the  turbine 
nozzle.  The  turbine  nozzle  was  bolted  to  the  manifold  assembly  by  a flange 
that  was  machined  on  the  inner  shroud.  The  split  lines  between  turbine 
nozzle  and  the  manifold  assembly  were  sealed  with  0-rings.  The  highest 
stress  occurs  as  hoop  compression  in  the  welded-on  cylinder.  This  stress 
is  approximately  Half  the  material  capability.  A photograph  of  the 
nozzle  is  shown  in  Fig.  18. 
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Figure  17.  Manifold  Vane  Assembly 
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Figure  18.  First-Stage  Turbine  Nozzle 
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Second-  and  Third-Stage  Nozzles 


The  second-  and  third-stage  nozzles  are  identical  and  interchangeable. 
Their  flow  passage  is  the  same  as  that  of  the  first-stage  nozzle.  They 
were  machined  from  606I-T65I  aluminum  alloy;  two  lips  were  machined  on  the 
inner  periphery  of  the  inner  shroud  to  form  a seal  and  reduce  fluid  lealc- 
age  between  the  stationary  nozzle  and  the  rotating  wheel  rim.  The  nozzle 
torque  is  restrained  by  keying  each  nozzle  stage  at  the  outer  shroud  to 
the  cylinder  of  the  turbine  nozzle.  The  maximum  stress  in  each  nozzle 
stage  is  in  bending  at  the  vane  tips  where  the  torque  resistance  is  trans- 
ferred from  each  vane  into  the  outer  shroud.  The  stress  level  in  this 
area  is  less  than  half  the  design  capability. 

Turbine  Wheels 


The  three  turbine  wheels  are  identical  except  for  the  spacing  rim.  The 
center  wheel  has  the  spacing  rim  on  each  side,  while  the  first-  and  thii’d- 
stage  wheels  have  the  rim  removed  from  the  front  and  back  side,  respec- 
tively. The  turbine  blades  were  machined  without  an  outer  shroud  and  as 
an  integral  part  of  the  disk.  The  outer  shrouds  were  installed  with  a 
dip  braze  over  the  blade  tips.  Two  lips  were  machined  on  the  juter  peri- 
phery of  each  shroud  to  form  a seal  to  reduce  fluid  leakage  over  the  wheel 
OD.  The  turbine  wheels  are  keyed  to  the  shaft.  The  nozzle-to-wheel  clear- 
ance is  set  with  a spacer  between  the  first-stage  wheel  hub  and  the  shaft 
shoulder.  The  wheel>^  are  held  on  the  shaft  by  the  rear  hearing  nut.  The 
three  turbine  T^heels  were  machined  from  6<l6l-T651  aluminum  alloy  and  heat 
treated  to  a T6  condition  after  the  dip  brazing  process.  The  highest 
stress  oc‘.**srs  at  the  blade  roots,  and  this  stress  is  well  within  the  de- 
sign capability.  Figure  19  is  a photograph  of  two  of  the  turbine  rotors. 
The  rotor  on  the  left  shows  the  discharge  edges  of  the  blades  while  the 
rot  Ox'  on  the  right  shows  the  leading  edges. 
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Figure  19.  Turbi  ne  Rotors 


Rear  Bearing  Support 


The  rear  bearing  support  was  machined  from  606l  aluminum  alloy.  The  dis- 
charge cone  was  formed  from  6o6l  aluminum  sheet  and  welded  to  the  bearing 
support.  Fifteen  vanes  are  used  in  the  fluid  passageway  to  transmit  the 
hearing  loads  into  the  manifold  assembly.  These  vanes  are  straight  and 
radial  and  remove  any  rotation  remaining  in  the  fluid.  The  bearing  sup- 
port is  held  in  place  by  a single,  large-diameter  retaining  nut. 


Discharge  Housing 

The  discharge  housing  coverges  the  flow  passage  from  the  inducer  discharge 
diameter  to  the  J-2  oxidizer  inlet  diameter.  It  was  machined  from  a 6o6l- 
T63I  aluminum  alloy  hand  forging.  The  stress  level  here,  as  in  the  inlet 
housing,  is  low  because  the  walls  were  left  thick  to  minimize  machining 
costs. 


Bearings 


Two  ball  bearings  were  used  to  support  the  rotor  assembly,  one  aft  of  the 
inducer  and  one  aft  of  the  turbine.  The  two  bearings  used  are  the  same 
bearings  used  in  the  J-2  oxidizer  turbopump.  440-C  steel  vas  used  for  the 
race  and  ball  material.  The  bearing  cage  was  made  of  Armalon  with  riveted 
aluminum  side  bands.  Axial  retention  is  maintained  on  both  the  inner 
and  outer  races  of  the  front  bearing.  The  rear  bearing  is  retained  at 
the  inner  race  only  while  the  outer  race  is  allowed  to  move  axially.  The 
front  bearing  is  lubricated  by  fluid  leakage  through  the  balance  disk  seal. 
The  rear  bearing  is  lubricated  with  turbine  discharge  fluid.  This  fluid 
flows  to  the  low  pressure  inlet  through  a controlling  orifice  in  the  center 
of  the  shaft. 
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Thrust  Balance  Piston 


The  thrust  balance  piston  was  incorporated  into  the  design  to  counteract 
the  axial  thrust  produced  by  the  turbine.  The  rotating  thrust  balance 
piston  was  machined  as  an  integral  part  of  the  shaft.  The  stationary  seal 
is  a smooth  cylindrical  part  machined  from  Kel-F.  The  pressure  differential 
across  the  piston  produces  a force  on  the  piston  opposite  that  of  the 
rotating  assembly. 

Adapter 

The  preinducer  discharge  housing  bolt  circle  is  .umaller  in  diameter  than 
the  J— 2 oxidizer  turbopump  inlet  flange  bolt  circle.  The  preinducer  was 
installed  next  to  the  turbopump  and  also  in  a remote  position  upstream 
of  the  turbopump.  Because  of  these  installation  locations,  the  adapter 
was  incorporated  to  eliminate  large  bolt  circle  diameter  flanges  on  the 
facility  ducting  and  preinducer  discharge.  The  adapter  was  machined  from 
6O6I-T6  aluminum  alloy  plate.  The  stresses  in  this  part  are  low. 
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PREFACE 


This  book  is  an  outgrowth  of  a set  of  lecture  notes  originally 
published  for  an  advanced  course  on  bearing  technology  at 
the  University  of  California  at  Los  Angeles.  Its  objectives  are 
twofold: 

(1)  To  present  an  exposition  of  the  fundamentals  of  (a)  fric- 
tion and  wear,  (b)  fluid  film  bearings,  and  (c)  rolling-element 
bearings 

(2)  To  demonstrate,  through  discussion  of  selected  research 
results,  how  fundamental  principles  can  be  applied  to  the  solu- 
tion of  unique  and  advanced  bearing  problems  involving  environ- 
mental factors  such  as  extreme  temperature,  radiation,  high 
vacuum,  and  corrosive  fluids 

The  book  is  devoted  primarily,  in  the  examples  and  the 
discussion  of  research  results,  to  advanced  bearing  problems; 
for  example,  the  current  and  anticipated  bearing  problems  in 
aircraft,  in  missiles,  and  in  spacecraft  are  covered  in  some  detail. 
The  principles  established  and  enunciated  herein  are,  however, 
not  limited  in  their  application  to  advanced  bearing  problems. 
On  the  contrary,  these  principles  apply  equally  well  to  mundane 
and  ordinary  bearing  problems. 

Many  of  the  research  investigations  described  herein  were 
a part  of  the  exploratory  research  program  being  conducted 
at  the  laboratories  of  the  NASA  Levds  Research  Center  by  the 
authors  and  their  colleagues.  This  research  program  was 
designed  to  explore  the  fundamentals  in  advanced  problem 
areas  and  to  establish  basic  principles,  where  possible,  in  these 
advanced  areas.  Application  of  these  basic  principles  is  possible 
not  onlj  within  the  advanced  areas  but  under  ordinary  condi- 
tions as  well. 

The  two  chapters  of  this  book  that  were  written  by  guest 
authors  are  natural  outgrowths  of  the  lectures  that  they 
originally  gave  as  part  of  the  advanced  course  on  bearing 
technology. 

The  authors  are  indebted  to  the  members  of  the  Lubrication 
and  Wear  and  Editorial  Branches  of  the  Lewis  Research  Center 
for  their  assistance  in  reviewing  and  editing  the  manuscript. 
In  particular,  the  assistance  of  Robert  L.  Johnson  in  technical 
matters  and  Margaret  C.  Appleby  in  editorial  matters  is 
appreciated. 
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CHAPTER  6 


Rolling-Element  Bearings 

By  WILLIAM  J.  ANDERSON 


IN  CONTRAST  TO  HYDRODYNAMIC  BEARINGS,  which  depend  for  low- 
friction  characteristics  on  a fluid  flhn  between  the  journal  and  the 
bearing  surfaces,  rolling-element  bearings  employ  a number  of  balls  or 
rollers  that  roll  in  an  annular  space.  To  some  extent,  these  rollers 
help  to  avoid  gross  sliding  and  the  high  coefficients  of  friction  that  are 
associated  with  sliding.  The  term  rolling  element  is  used  to  describe 
this  class  of  bearing  because  the  contact  between  the  rolling  elements 
and  the  races  or  rings  consists  more  of  sliding  than  of  actual  rolling. 
A rolling  contact  implies  no  interfacial  slip;  this  condition  is  seldom 
maintained  because  of  material  elasticity  and  geometric  factors. 
Rolling-element  bearings  ordinarily  consist  of  two  races  or  rings  (the 
inner  race  and  tlie  outer  race),  a set  of  rolling  elements  (either  balls  or 
rollers),  and  a separator  (sometimes  called  a cage  or  retainer)  for 
keeping  the  set  of  rolling  elements  approximately  equally  spaced. 

Rolling-element  bearings  offer  the  following  advantages  when  they 
are  compared  with  hydrodynamic  beadngs:  (1)  low  starting  friction, 
(2)  low  operating  friction,  which  is  comparable  to  hydrod3mamic 
bearings  at  low  speeds  and  somewhat  less  at  high  speeds,  (3)  less 
sensitivity  to  interruptions  in  lubrication  than  hydrodynamic  bearings, 
and  (4)  a capability  of  supporting  combined  leads  with  several  types 
of  bearings.  In  this  latter  respect,  rolling-eisment  bearings  are 
more  versatile  than  hydrod30iamic  bearings,  which  usually  'an  support 
only  radial  or  thrust  loads. 

Rolling-element  bearings  ako  have  the  following  disadvantages: 
(1)  They  occupy  more  space  in  the  radial  direction  than  do  hydrody- 
namic bearings  and  (2)  they  have  a finite  fatigue  life  because  of 
repeated  stresses  at  the  ball-race  contacts,  which  is  in  contrast  to 
hydrod3man)ic  bearings  that  usually  offer  at  almost  infinite  fatigue 
life. 
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SYMBOLS 


a 

b 

C 

Go 

CF 

D4 

E 

E(e) 

F 

J 

9,^V^>v,r 

H 

I 

Kit) 

L 

£ 

M 

n 

P 

Q 

R 

S 

V 

W 

Xo 

Z 

a. 

y 

s 

e 

<r 

a 

Subscripts: 

a 

B 

b 


semimajor  axis  of  contact  ellipse,  in. 
semiminor  axis  of  contact  ellipse,  in. 
specific  dynamic  capacity,  Ib 
specific  static  capacity,  lb 
centrifugal  force 

ball  or  rolling-element  diameter,  in. 

Young’s  modulus  of  elasticity,  Ib/sq  in.,  or  pitch  diameter, 
in. 

complete  elliptic  integral  of  the  second  order 

sliding  friction  force,  lb 

coefficient  of  sfiding  friction 

functions  used  in  calculation  of  Hertz  stresses 

heat  generated,  in.-lb/sec 

moment  of  inertia,  (in.-lb)(sec^) 

complete  elliptic  integral  of  the  first  order 

life,  millions  of  revolutions 

length  of  line  contact  or  rolling  element,  in. 

moment,  in.-lb 

load-life  exponent 

normal  ball  load,  lb 

load  distribution  factor 

radius,  in. 

normal  stress,  Ib/sq  in. 
linear  velocity,  in./sec 
bearing  load,  lb 
coordinates 

location  of  rolling  band 
number  of  balls 
contact  angle,  deg 

angle  between  load  vector  and  bearing  radial  plane,  deg, 
or  angle  between  rolling  elements,  '.ag 
angle  between  rolling  ass  and  tangent  plane  at  outer-race, 
(Eontact,  deg 

normal  approach  or  deflection,  in. 

elastic  constant 

coefficient  of  rolling  resistance 

Poisson’s  ratio 

angular  velocity,  radians/sec 

axial,  body  a 
baU 
body  b 

cage  or  separator 
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/ frictional 

Q gyroBoopic 

IR,i  inner  race 

m mean 

max  maximum 

OR,o  outer  race 

r radial,  rolling 

« 9pin 

X in  direction  of  x-axia 

y in  direction  of  y-axis 

z in  direction  of  e-axia 

BEARING  TYPES 

The  varioua  typea  of  rolling-element  bearinga  may  be  placed  in  two 
broad  categoriea ; the  first  of  theae  is  ball  bearings.  The  most  common 
typea  of  ball  bearings  are  aa  follows: 

(1)  Deep  groove  or  Conrad 

(2)  Angular  contact 

(3)  Self-alining 

(4)  Duplex 

(5)  Ball  thmst 

A typical  deep-groove  ball  bearing  is  shown  in  figure  6-1.  This 
bearing  has  moderately  high  radial-load  capacity  and  moderate  thruai- 
load  capacity.  Figure  6-2  shows  an  angular-contact  bearing.  Thir, 
bearing  has  a higher  thrust-load  capacity  than  a deep-groove  bearing, 
but  it  can  carry  thrust  load  in  only  one  direction.  A self-alining  ball 
bearing  with  the  outer-race  groove  ground  to  a spherical  shape  is 
illustrated  in  figure  6-3(a).  This  bearing  has  a relatively  low  load 
capacity  but  is  insensitive  to  shaft  and  to  housing  misalinements. 


Fiouas  6-1.— Oeep-sroove  ImU  bMrins.  (CoortMy  Marlin  Rockwell 

Corporation.) 
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(a)  Groove  of  outer  race  ground  to  spherical  shape. 

(b)  Outside  diameter  of  outer  race  ground  to  fit  spherical  housing. 
Fiouaa  fi-3. — Self-alining  ball  bearing.  (Courtesy  Marlin  Rockwell 
Corporation.) 


Figure  6-3  (b)  shows  a second  type  of  self-alining  ball  bearing  with  the 
self-alining  feature  obtained  by  grinding  the  outer-race  outside  diam- 
eter in  a spherical  shape  to  fit  a spherical  housing.  This  bearing 
has  a higher  load  capacity  than  the  bearing  in  figure  6-3  (a),  but  care 
must  be  taken  to  maintain  freedom  of  movement  between  the  outer 
race  and  the  housing. 

Angulai'-contact  bearings  are  usually  used  in  pairs  in  duplex  mounts. 
Different  types  of  duplex  mounts  are  shown  in  figure  6-4  (a)  (back  to 
back)  and  in  figure  6-4(b)  (face  to  face).  These  two  arrangements 
make  it  possible  to  carry  thrust  load  in  either  direction.  Bearings 
are  so  manufactured  as  matched  pairs  that,  when  they  are  mated  and 
the  races  made  flush,  each  bearing  is  preloaded  slightly.  Tliis  pre- 
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loading  provides  greater  stiffness  and  helps  to  prevent  ball  skidding 
with  acceleration  at  hght  load.  When  a high  unidirectional  thrust 
load  must  be  carried,  a duplex  tandem  mount  (fig.  6-4(c))  is  used. 
With  careful  manufacture  and  installation,  a tandem  bearing  pair 
may  have  a thrust  capacity  as  high  as  1.8  times  the  capacity  of  a 
single  bearing.  A thrust  ball  bearing  is  shown  in  figure  6-5.  This 
bearing  has  a high  thrust  capacity  but  is  limited  to  low  speeds  because 
of  the  high  degree  of  sliding  in  the  ball-race  contacts. 

The  second  broad  category  is  that  of  roller  bearings.  Common 
types  are 

(1)  Cylindrical 

(2)  Tapered 

(3)  Spherical 

(4)  Needle 

Cylindrical-roller  bearings  (fig.  6-6)  are  best  suited  of  all  roller- 
bearing types  for  high-speed  operation.  These  bearings  carry  only 
radial  load,  and  they  are  frequently  used  where  freedom  of  movement 
of  the  shaft  in  the  axial  direction  must  be  provided  because  of  dif- 
ferential expansion.  Tapered-roller  bearings  (fig.  6-7)  and  spherical- 
roller  bearings  (fig.  6-8)  are  high-load-capacity  low-speed  roller 
bearings  with  combined  radial-load  and  thrust-load  capability. 
Needle  bearings  (fig.  6-9)  are  capable  of  carrying  high  loads  and  are 
useful  in  applications  where  limited  radial  space  is  available. 

While  rolling-element  bearings  are  usually  equipped  with  a separator, 
in  some  instances  they  are  not.  Bearings  without  separators  are 


(a)  Mounted  baek  to  back. 

(b)  Mounted  face  to  face. 

(e)  Mounted  in  tandem. 

Fiauaa  6-4. — Duplex  angular-contaot  ball  bearing.  (Courtesy  Marlin  Aockwell 

Cmporation.) 
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Fioubb  6-6. — Thrust  ball  bearing.  (Courtesy  Marlin  Rockwell  Corporation.) 


Fioubb  6-6. — Cylindrical-roller  bearing.  (Courtesy  Marlin  Rockwell 
Corporation.) 


Fioubb  6-7. — Tapered-roUer  bearing. 
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Fiocu  6-8. — Spherioal-roUer  bMiing. 


Fioubb  6-9. — Needle  bearing  with  ehaft  as  inner  race. 


usually  termed  full-oomplement  bearings.  A common  type  of  full- 
complement  roller  bearing  is  the  needle  bearim;.  In  some  low-speed 
appUcations  where  load  capacity  is  of  prim  uy  importance,  full- 
complement  baU  bearings  are  used.  In  this  type  of  bearing,  the 
annular  space  between  the  races  is  packed  with  the  maximum  number 
of  balls. 


ROLUNG  FROION 

The  concepts  of  rolling  friction  are  important  as  the  characteristics 
and  behavior  of  rolling-element  bearings  depend  on  rolling  friction. 
The  theories  of  Reynolds  (ref.  1)  and  of  Heathcote  (ref.  2)  were 
previoudy  well  accepted  as  correctly  explaining  the  origin  of  rolling 
friction  for  a bail  in  a groove.  The  energy  lost  in  rolling  was  believed 
to  be  that  requ.  ed  to  overcome  the  interfacial  slip  which  occurs 
because  of  the  cun  <k1  shape  of  the  contact  area.  As  shown  in  figure 
6-10,  the  ball  rolls  about  the  ataxia  and  makes  contact  with  the  groove 
from  a to  6.  If  the  groove  is  fixed,  then  for  zero  slip  over  the  contact 
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Figure  6-10. — Diffeiuntial  alip  due  to  curvature  of  contact  ellipse. 


»rea  no  point  within  the  area  should  have  a velocity  in  the  direction  of 
rolling.  The  surface  of  the  contact  area  is  curved,  however,  so  that 
points  a and  b are  at  different  radii  from  the  x-axis  than  are  points  e 
and  d.  For  an  inelastic  ball,  points  a and  h must  have  different 
velocities  with  respect  to  the  x-axis  than  do  points  c and  d because 
the  velocity  of  any  point  on  the  ball  relative  to  the  x-axis  equals  the 
angular  velocity  w times  the  radius  from  the  x-axis.  Slip  must  occur 
at  various  points  over  the  contact  area  unless  the  body  is  so  elastic  that 
yielding  can  take  place  in  the  contact  area  to  prevent  this  interfacial 
slip.  The  theory  of  Ee3molds  and  later  of  Heatiicoie  assumed  that 
this  interfacip.1  siip  took  place,  and  that  the  forces  required  to  make  a 
ball  roll  were  those  forces  required  to  overcome  the  friction  due  to 
this  interfacial  slip.  In  the  contact  area,  rolling  without  slip  will 
occur  at  a specific  radius  from  the  x-axis.  Where  the  radius  is  greater 
than  this  radius  to  the  rolling  point,  slip  will  occur  in  one  direction, 
and,  where  it  is  less  than  the  radius  to  this  rolling  point,  slip  will  occur 
in  the  other  direction.  In  figure  6-10  the  lines  to  points  c and  d 
represent  the  approximate  location  of  the  rolling  bands,  and  the 
arrows  shown  in  the  three  portions  of  the  contact  area  represent  the 
directions  of  interfacial  slip  when  the  ball  is  rolling  into  the  paper. 
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The  location  of  the  two  rolling  bands  relative  to  the  asds  of  the 
contact  ellipse  can  be  obtained  by  means  of  a summation  of  the  forces 
acting  on  the  ball  in  the  direction  of  rolling.  With  reference  to  figure 
6-11,  these  forces  are 


2Ft—Fv=^P 


(6-1) 


The  forces  Fi  and  F2  represent  sliding  friction  forces.  From  the 
Hertz  theory  of  contact  stresses,  which  will  be  discussed  more  fully 
later,  the  pressure  pattern  over  the  contact  area  is  ellipsoidal  so  that 
the  pressure  variation  along  any  asis  is  elliptical.  When  this  assump- 


Figure  6-11. — ^Frirition  forces  in  contact  ellipse. 


tion  of  the  pressure  variation  is  used,  Fi  and  Ft  are  obtained  by  inte- 
grating the  pressure  times  the  coefficient  of  friction  over  the  particular 
area  on  which  these  forces  act.  These  integrals  are 


t/* 


(6-2) 


/ i*Y' 
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Equations  (6-2)  and  (6-3)  can  be  integrated  with  standard  integrals: 


(6-4) 


„ ZPj(2a  xl  \ 


(6-5) 


Substituting  equations  (6-4)  and  (6-5)  into  equation  (6-1)  and  sim- 
plif3ung  yield 

For  bearing  steels,  the  ratio  of  filf  is  so  small  that 


-sO.347  (6-7) 

a ' 

Eldredge  (ref.  3)  determined  the  following  expression  for  the  force 
required  to  overcome  the  friction  due  to  interfacial  slip: 


Recent  work  done  by  Eldredge  and  Tabor  (refs.  4 to  6)  and  by 
DrutowsM  (ref.  7)  indicates  that  the  greater  portion  of  rolling  resist- 
ance results  from  elastic  hysteresis  losses  in  the  metal  rather  than 
from  friction  due  to  interfacial  slip. 

PaJmgren,  in  reference  8 and  in  a discussion  to  reference  6,  states 
that  loss  of  energy  due  to  interfacial  slip  constitutes  a large  portion 
of  the  rolling  resistance.  Thus,  Palmgren  and  Tabor  appeared  to 
disagree;  however,  a closer  examination  of  the  experimental  data  on 
which  Palmgren  based  his  conclusions  reveals  that  Palmgren’s  work 
was  done  with  fiiiU  bearings  and  that  a great  deal  of  slippage  occurs  in 
practically  all  bearings,  as  shown  in  the  discussion  of  kinematics  of 
roller  bearings.  This  slippage  accounts  for  the  greater  portion  of  the 
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energy  lost  in  a rolling  bearing.  The  gross  sliding  in  the  contact  areas 
between  the  roiling  elements  and  the  races  in  a rolling  bearing, 
however,  is  differentiated  from  the  interfacial  slip  that  was  first  dis- 
cussed by  Heathcote  and  which  is  discussed  by  Tabor  in  his  basic 
work  on  rolling  resistance.  Actually,  both  Tabor  and  Palmgren 
appear  to  be  correct;  the  controversy  arises  because  they  are  talking 
about  different  things.  Tabor  discussed  b;?sic  rolling  resistance,  which 
is  a factor  in  the  total  energy  lost  in  a rolling  bearing,  and  Palmgren 
discussed  the  friction  that  arises  from  gross  sliding  in  the  contact 
areas,  which  is  for  greater  than  the  loss  due  to  hysteresis  effects. 

FRiCnuN  LOSSES  IN  ROLUNG  BEARINGS 

Some  of  the  factors  that  affect  the  magnitude  of  friction  lo^es  in 
rolling  bearings  are 

(1)  Bearing  size 
. (2)  Bearing  tjppe 

(3)  Bearing  design 

(4)  Load  (magnitude  and  type,  either  thrust  or  radial) 

(5)  Speed 

(6)  Oil  viscosity 

(7)  Oil  flow 

In  a specific  bearing,  friction  l(»ses  consist  of 

(1)  Sliding  friction  l(»se8  in  the  contacts  between  the  rolling 

elements  and  the  raceways 

(2)  Hysteresis  losses  due  to  the  damping  capacity  of  the  raceway 

and  the  baU  material 

(3)  Sliding  friction  losses  between  the  separator  and  its  locating 

race  surface  and  between  the  separator  pockets  and  the 

rolling  elements 

(4)  Shearing  of  oil  films  between  the  bearing  parts  and  oil  churn- 

ing losses  caused  by  excess  lubricant  within  the  bearing 

The  relative  magnitude  of  each  of  these  friction  losses  depends  on  the 
bearing  type  and  design,  the  lubricant,  and  the  type  of  lubrication. 

Palmgren  (ref.  8)  presents  friction  coeflSciente  for  various  types  of 
bearings  that  may  be  used  for  rough  calculations  of  bearing  torque. 
These  values  were  computed  at  a bearing  load  that  will  give  a life  of 
1X10’  revolutions  for  the  respective  bearings.  As  the  bearing  load 
approaches  zero,  the  friction  coefficient  becomes  infinite  because  the 
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bearing  torque  remains  finite.  Friction  coefficients  given  by  Falmgren 
in  reference  8 are  given  in  the  following  table: 


Bearing 

Friction  co- 
efllcient 

Self-alining  ball 

0.  0010 

Cylindrical  roller,  with  flange-guided  short 
rollers 

. 0011 

Thrust  ball 

. 0013 

Single-row  deep-groove  ball 

. 0015 

Tapered  and  'spherical  roller,  with  flange- 
guided  rollers ... 

. 0018 

Nradle 

.0045 

All  these  friction  coefficients  are  referenced  to  the  bearing  bore. 

Falmgren  (ref.  8)  and  Muzzoli  (ref.  9)  attempted  to  relate  all  the 
factors  that  infiuence  rolling-bearing  torque.  Falmgren  outlined  a 
method  for  computing  the  torque  of  several  types  of  bearings  by 
calculating  the  zero-load  torque  and  the  sliding  and  the  hysteresis 
losses  due  to  the  load.  Muzzoli’s  equation  for  bearing  torque  is 
discussed  in  reference  10,  page  84.  A number  of  factors  in  these 
equations  must  be  known  in  order  to  make  them  useful.  The  validity 
depends  on  the  accmacy  with  which  some  of  these  factors  are 
determined. 

CONTACT  STRESSES 

The  contact  of  two  solid,  curved  elastic  bodies  at  a point  or  along 
a line  results  in  elastic  and  sometimes  plastic  deformation  of  the 
bodies  at  the  contact.  The  contact  areas  become  finite  in  extent  as 
a result  of  this  deformation  and  consist  of  circular,  elliptical,  or 
rectangular  areas.  Hertz  (ref.  11)  investigated  mathematically  the 
shape  and  size  of  the  pressme  area  and  the  distribution  of  stress  over 
the  contact  area.  The  relations  that  were  developed  by  Hertz  agree 
with  experimental  results  for  bodies  in  static  contact  where  the  di- 
mensions of  the  projected  contact  area  are  small  in  comparison  with 
the  radii  of  the  bodies. 

The  derivations  of  the  Hertz  equations  are  complex  and  only  a 
brief  summary  of  the  results  will  be  ^ven  herein.  The  various  equa- 
tions obtained  by  Hertz  together  with  charts  of  the  various  functions 
that  appear  in  the  Hertz  equations  are  given  in  references  8, 12,  and  13. 

For  point  contact  under  a load  P,  a pressure  area  with  semiaxes  a 
and  b results.  Hertz  gives  the  dimensions  of  the  pressure  area  in 
terms  of  the  transcendental  functions  n and  v as 
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! 


where 


b=vg 


3P(g,+g») 

j \ I L. 


(6-10) 

(6-11) 


The  subscripts  1 and  2 refer  to  planes  that  are  orthogonal  to  the 
tangent  plane  and  contain  the  major  and  minor  axes  of  the  contact 
ellipse.  The  sign  of  each  radius  is  positive  if  the  center  of  curvaWe 
is  in  the  body  and  is  negative  if  the  center  of  curvatme  is  outside  the 
body. 

The  elastic  constants  6a  and  for  the  two  bodies  are  functions  of 
the  modulus  of  elasticity  E and  of  Poisson’s  ratio  <r: 

(6-12) 

(6-13) 


For  point  contact  of  steel  (S=29X10®;  Poisson’s  ratio  <r=H),  the 
mean  compressive  stress  S„=P/icab  is 


(6-14) 


The  stress  in  point  contact  varies  as  the  cube  root  of  the  normal  force. 
Functions  /x  and  p are  related  through  the  auxiliary  angle  e as 


and 


C08«=- 

M 

^ |~2E(e)  cos  ej 


The  angle  e is  found  from  the  relation 


where 


cos  r 


cos  T 


E(t) 

1 

1 

Ea.1 

P«,a  Bb.i 

P».a 

" 1 
n 

hJ- 

(6-16) 

(6-16) 


(6-17) 


(6-18) 
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Complete  elliptic  integrals  of  the  first  and  second  orders  K(e)  and 
E{e)  have  the  modulus  sin  e: 


K(t)=  Ts (6-19) 

Jo  (1— sm*€sm*v>)‘'*  ' ' 

Cun 

S(c)=J  (1— sin*  e sin*  d?)  (6-20) 


The  functions  v and  v are  usually  plotted  with  cos  t for  easy 
calculation. 

The  compressive  stress  at  any  point  on  the  contact  area  (fig.  6-12) 
is  equal  to  the  ordinate  of  a semiellipsoid  of  revolution  erected  on  the 
contact  area  as  a base.  At  any  point  x,  the  stress  y is 


0 


»*  2/*V/* 
fii*  by 


(6-21) 


The  maximum  compressive  stress  that  acta  at  the  center  of  the  con- 
tact area  is 


» 3 „ 

'"“~2jra6“2 


(6-22) 


For  line  contact  if  the  total  load  is  distributed  evenly  along  the 
length  t,  the  semiwidth  of  the  pressure  rectangle  is 


(6-23) 


Fiqube  6-12. — Stress  ellipsoid. 
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and  the  mean  compressive  stress  is 


For  steel,  the  semiwidth  of  the  pr^sure  rectangle  is 


6=0.00028692 


and  the  mean  stress  is 


,S„=1742.6 


(6-24) 


(6-25) 


(6-26) 


The  compressive  stress  at  a distance  y from  the  center  of  the  con- 
tact line  to  the  edge  is  equal  to  the  ordinate  of  a cylinder  erected  with 
the  contact  line  as  a base.  Then 


The  maximum  stress  is 


zlb 


(6-27) 

(6-28) 


The  maximum  stress  is  4/ir  or  1.273  times  the  mean  stress. 

Thus,  for  point  contact,  the  stress  varies  as  the  cube  root  of  the 
normal  force,  and  the  maximum  stress  is  1.5  times  the  mean  stress. 
For  line  contact,  the  stress  varies  as  the  square  root  of  the  normal  force, 
and  the  maximum  stress  is  1.273  times  the  mean  stress. 

In  addition  to  the  surface  compressive  stresses,  the  stresses  that 
east  in  the  interior  of ‘each  contacting  body  in  the  re^on  near  the 
contact  area  are  of  interest.  Subsurface  stresses  for  point  contact 
have  been  determined  by  several  investigators  including  ThiLmas  and 
Hoersch  (ref.  14).  An  outline  of  their  derivation  together  with 
charts,  which  facilitate  easy  calculation,  is  given  in  reference  13. 

Consider  an  elementary  particle  at  a depth  s below  the  pressure 
smface  and  located  on  the  2-axis  as  shown  in  figure  6-13.  There  are 
three  principal  stresses  St,  Sy,  and  S*  that  act  on  the  particle. 

As  shown  in  figure  6-13,  the  2-axis  is  directed  normal  to  the  sur- 
face, and  the  x-axis  is  in  the  direction  of  the  major  axis.  The  three 
principal  stresses  are  plotted  against  the  depth  from  the  surface  in 
figure  6-14.  The  principal  stresses  are  aU  compressive  and  diminish 
in  intensity  with  greater  depth  from  the  surface.  At  a value  of  zjb 
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Figure  6-13. — Contact  ellipse  and  coordinate  axes. 

of  about  1.5,  8^  becomes  slightly  tensile.  The  str^  8^  diminishes 
more  rapidly  than  does  8x,  and  the  maximum  shear  stress,  which  is 
one-half  the  difference  between  any  two  principal  str^es,  is  deter- 
mined by  the  stresses  8t  and  8^.  The  maximum  value  of  t occurs 
below  the  surface,  as  shown  in  figure  6-14.  Since  ductile  materials 
fail  in  she.°^,  material  failures  might  originate  below  tLo  3:.rface. 
This  failure  has  been  observed  and  will  be  discussed  fully  m chapter  12. 

DEFORMATIONS 

In  addition  to  knowing  the  stresses  set  up  within  the  components 
of  rolling  bearings  by  the  bearing  loads,  knowing  the  amount  the 
bearing  components  will  elastically  deform  imder  load  is  important. 
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Relative  value  of  stress 


FiauBB  6-14.— Relative  value  of  three  principal  stresses  and  of  shear  stress  with 

depth  from  surface. 


This  problem  was  also  solved  by  Hertz  (ref.  15).  The  normal 
approach  d of  two  bodies  in  point  contact  (ref.  13)  is 


(6-29) 


Substituting  in  equations  (6-9),  (6-10),  (6-11),  and  (6-16)  yields 


(6^0) 


Reference  13  contains  charts  that  facilitate  solving  normal  approach 
problems.  For  bodies  of  steel  with  a Poisson’s  ratio  of  }i  and  a 
Young’s  modulus  of  29  million. 


5=7.8107X10-® 


K(,e)  cc«*/®€ 


Ro.2  R»,1 


1 V® 


P*/®  (6-31) 
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The  compressive  deformation  in  line  contact  cannot  be  simply 
expressed.  Palmgren  (ref.  S)  gives  an  expression  for  the  approach 
between  the  axis  of  a finite-length  cylinder  compressed  between  two 
infinite  plane-surfaced  bodies  and  a distant  point  in  either  of  the 
support  bodies: 


«=O.39(61,-f0*) 


po.g 

0.9 1. 

lp.o 


(6-32) 


Equation  (6-32)  may  be  applied  to  roller  bearings.  From  equation 
(6-32),  for  line  contact,  the  radius  of  curvature  of  the  roller  does  not 
affect  the  deflection. 

Equations  (6-12),  (6-13),  (6-30),  (6-31),  and  (6-32)  show  that  the 
normal  approach  of  two  bodies  in  contact  depends  on  the  normal  load, 
the  geometry,  and  certain  material  constants.  The  calculation  of 
deflections  in  a complete  bearing  requires  a knowledge  of  its  geometry, 
material,  and  the  radial  and  the  axial  components  of  load.  From  the 
load  component,  the  load  gh  the  most  heavily  loaded  rolling  element 
must  be  calculated.  Exact  calculations  of  deflection  are  complex  and 
tedious. 

In  general,  when  both  radial  and  axial  loads  are  applied  to  a bearing 
inner  ring,  the  ring  will  be  displaced  both  axially  and  radially.  The 
direction  of  the  resultant  displacement,  however,  may  not  coincide 
with  the  direction  of  the  load  vector.  If  a is  the  bearing  contact 
angle  defined  as  the  angle  between  a line  drawn  through  the  ball 
contact  points  and  the  radial  plane  of  the  bearing  (fig.  6-15),  and  /3  is 
the  angle  between  the  load  vector  and  the  radial  plane,  then  the 
relation  between  the  radial  displacement  S,  and  the  axial  displacement 
5a  is  given  in  figure  6-16  (ref.  8).  With  a thrust  load,  tan  «/tan  /3=0, 
and  the  resulting  displacement  is  in  the  axial  direction  (Sr=0).  For 
a radial  displacement  (5«=s0),  tan  a/tan  /3=0.823  for  point  contact 
and  0.785  for  line  contact.  A radial  load  can  be  applied  to  single-row 
bearings  only  when  a=:0  in  which  case  the  displacement  is  also  radial. 

Palmgren  (ref.  8)  gives  the  deflection  formuals,  which  are  approxi- 
mately true  for  standard  bearings,  under  load  conditions  that  ^ve 
radial  deflection.  For  self-alining  ball  bearings. 


«r= 


2.53X10-* 


cosa 


(6-33) 
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Fioubb  6-16. — Bearing-contact  angle  a and  load-vector  direction  /J. 


For  deep-groove  and  angular-contact  bearings, 

5 1.58X10-»  /PV'® 

^ cos  a \d) 


(6-34) 


For  roller  bearing  with  point  contact  at  one  race  and  line  contact  at 
the  other, 


4.31X10~»  (/”)*/« 
cos  a i*'* 


For  roller  bearings  with  line  contact  at  both  raceways. 


(6-35) 


8.73X10-^  P°» 
cos  a i®-® 


(6-36) 


With  axial  load,  the  corresponding  equations  are 


1S8 
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Figure  6-16. — Relation  between  contact  angle  a and  load-vector  direction 
and  axial  and  radial  bearing  deflections. 


j _2.53X10-Y^*Y* 

* sina  V dj 

(6-33a) 

j J.58X10-YP*\'" 
* sin  a \dj 

(6-34a) 

, _ 4.31X10-*  (P«)»« 
• sine*  V* 

(6-35a) 

, 8.73X10-'  P»» 

(6-36a) 

* sin  a t®'* 

All  deflections  are  in  inches  and  are  for  zero  clearance  bearings.  The 
load  on  the  most  heavily  loaded  rolling  element  P is  in  pounds,  and  the 
rolling-element  diameter  d is  in  inches. 
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KINEMATICS 


Nc:mal  Speeds 

The  relative  motion  of  the  separator,  the  balls,  and  the  races  of 
a ball  bearing  is  important  to  imderstand  the  performance  of  this 
type  of  bearing.  If  ui  is  the  angular  velocity  of  the  inner  race,  then 
the  velocity  of  point  A (fig.  6-17)  is 

(6—37) 


Similarly,  if  ua  is  the  angular  velocity  of  the  outer  race,  then  the 
velocity  of  point  C is  

From  geometry, 


and 


cos  ct 


ywt  E,  d 

C!D=-g-+g  COB  a 


(6-38) 

(6-39) 


(6-40) 


The  velocity  of  the  ball  center  Fo  is 

Fo=|(F^+Fc)  (6-41) 


Fiocbe  6-17. — Relation  for  derivation  of  retainer  angular  velocity. 
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Substituting  equations  (6-37)  and  (6-38)  into  equation  (6-41)  gives 

dcosa)+“(£4-(icoaa)J  (6-42) 

The  angular  velocity  of  the  separator  or  ball  set  w«  about  the  shaft 
axis  is 


Then 

1 r /id  cos  of\  , , d cos  a\T 

The  speed  of  the  separator  when  the  outer  race  is  fixed  is 


For  a<99°,  the  separator  speed  is  always  less  than  half  the  shaft 
speed.  When  both  races  refeGto,  the  speed  of  the  inner  race  relative 
to  the  separator  is 

Me=|  («<—»,)  ^1  + (6-46) 

The  speed  of  the  outer  race  relative  to  the  separator  is 

a»e=i  («a— G>,)  (6“47) 

From  equations  (6-46)  amd  (6-47),  tlio  ipeed  of  the  inner  race 
relative  to  the  separator  is  alwaj^  greater  than  that  of  the  outer 
race  relative  to  the  separator.  A point  on  the  inner-race  ball  track 
will  receive  a greater  number  of  stress  cycles  per  unit  time  than  will 
point  on  the  outer  race. 

For  ball  bearings  that  operate  at  nominal  speeds,  the  centrifugal 
force  on  the  balls  is  so  negligible  that  the  only  forces  that  keep  the 
ball  in  equilibrium  are  the  two  contact  forces.  For  such  conditions, 
the  contact  forces  are  equal  and  opposite,  and  the  inner-  and  the 
outer-race  contact  angles  are  approximately  equal.  Even  when  the 
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two  contact  angles  are  equal,  true  rolling  of  the  ball  can  occur  only 
at  one  contact.  As  shown  in  figure  6-18,  the  ball  is  rolling  about 
axis  OA,  and  true  rolling  occurs  at  the  inner-race  contact  B but  not 
at  the  outer-race  contact  C. 

If  the  ball  has  an  angular  velocity  wb  about  the  a:ds  OA,  then  it  has 
a rolling  component  w,  and  a spin  component  a,, a relative  to  the 
outer  race  as  shown  in  figxire  6-19.  The  frictional  heat  generated 
at  the  ball-race  contact,  where  slip  takes  place,  is 


(6-48) 

where  M,  is  the  twisting  moment  required  to  cause  slip.  Poritsky, 
Hewlett,  and  Coleman  (ref.  16)  integrated  the  friction  force  over  the 
contact  ellipse  to  obtain  M,  as 

M.=pPaE(e)  (6-49) 

When  b/a=l,  e=0°  and  E=vl2.  When  6/a=0,  e=90°  and  E=l. 
For  the  same  P,  M,  will  be  greater  for  the  ellipse  with  the  greater 


Figubb  6-!8. — Relation  for  derivation  of  ball-spin  velocity  with  inner-race 

control. 
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eccentricity  because  the  increase  in  a b greater  than  the  decrease  in 
E.  In  a given  ball  bearing  that  operates  under  a given  speed  and 
load,  rolling  will  always  take  place  at  one  race  and  spinning  at  the 
other.  Rolling  will  take  place  at  the  rac  t where  ilf,  is  greater  because 
of  the  greater  gripping  action  This  action  is  referred  to  as  ball 


Fioube  6-19. — Rolling  and  spinning  components  of  ball  velocity  at  outer  race 

control.  If  a bearing  is  designed  mth  equal  race  curvatures  (race 
curvature  is  defmed  as  the  ratio  of  the  race-groove  radius  in  a plane 
normal  to  the  rolling  direction  to  the  ball  diameter)  and  the  operating 
speed  is  such  that  centrifugal  forces  are  negligible,  spinning  will 
usually  occur  at  the  outer  race  (fig.  6-18).  This  spinning  results 
from  the  fact  that  the  inner-race  contact  ellipse  has  a greater  eccen- 
tricity than  the  outer-race  contact  ellipse. 

The  frictional  heat  generated  at  the  ball-race  contact  where  spiiming 
takes  place  accounts  for  a significant  portion  of  the  total  bearing 
friction  loss.  The  closer  the  race  curvatmes,  the  greater  the  fric- 
tional heat  developed.  On  the  other  hand,  open  race  curvatures, 
which  reduce  friction,  also  increase  the  mas^um  contact  stresses 
and,  consequently,  reduce  the  bearing  fatigue  life.  (See  chapter  12.) 

High  SpBtdt 

At  high  speeds,  the  centrifugal  force  developed  on  the  balls  becomes 
significant,  and  the  contact  angles  at  the  inner  and  the  outer  races  are 
no  longer  equal.  Jones  (ref.  17)  presents  a method  for  calculating 
inner-  and  outer-race  contact  angles  in  beaiings  that  operate  at  high 
speed.  This  divei,*ence  of  contact  angles  tends  to  increase  the 
angular  velocity  of  spin  between  the  ball  and  the  slipping  race  and 
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to  aggravate  the  problem  of  heat  generation.  Figure  6-20  illustrates 
contact  geometry  at  high  speed  m a ball  bearing  with  ball  control 
at  the  inner  race.  The  velocity  diagram  of  the  ball  relative  to  the 
outer  race  remains  the  same  as  in  figure  6-19  except  that  7 has  become 
greater  and  the  magnitude  of  a,,t  has  increased. 

Since  the  magnitude  of  P,  becomes  greater  with  increasing  cen- 
trifugal force,  ball  control  probably  will  be  shifted  to  the  outer  race 
rmless  the  race  curvatures  are  adjusted  to  prevent  this.  Figure  6-21 
illustrates  baU  control  at  the  outer  race.  The  velocity  of  the  baU 
relative  to  the  inner  race  is  shown  in  figure  6-22.  The  iimer-race 
angular  velocity  at  must  be  subtracted  from  the  angular  velocity  of 
the  ball  as  to  obtain  the  velocity  of  the  ball  relative  to  the  inner  race 
ub/u  The  spin  component  of  the  ball  relative  to  the  inner  race  is 
then  (i>,.  i.  In  most  instances,  a,,  < will  be  greater  than  a,, « so  that  great 
care  must  be  taken  in  designing  a ball  bearing  for  a high-speed  appli- 
cation where  heat  generation  is  critical.  Beference  17  can  be  used 
to  calculate  the  two  operating  contact  angles  for  various  values  of 
assumed  race  ourvature.  The  spinnmg  moments  given  by  equation 
(6-49)  can  be  calculated  to  determine  which  race  will  have  ball 
control.  The  heat  generated  because  of  ball  spin  (eq.  (6-48))  can 


Fiours  6-20.' — Forces  that  act  on  ball  n bearing  at  high  rotative  speeds.  Ball 
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be  calculated  by  solving  for  the  value  of  w,  in  velocity  diagrams  similar 
to  figure  6~19  or  6-22. 

A further  cause  of  possible  ball  skidding  in  lightly  loaded  ball 
bearings  that  operate  at  high  speed  is  the  gyroscopic  moment  that 
acts  on  each  ball.  If  the  contact  angle  a is  otW  than  zero,  there  will 
be  a component  of  spin  about  the  axis  through  0 normal  to  the  paper 
in  figure  6-18,  and  a gyroscopic  couple  will  develop.  The  magnitude 
of  this  moment  Mq  will  be 

Mo^^Itaga,  sin  (a+A)  (6-50) 


where  I is  the  moment  of  inertia  of  a ball  about  the  axis  through  0 
and  Ue  is  given  by  equation  (6-45).  For  the  ball  shown  in  figure  6-18, 
the  gyroscopic  moment  will  tend  to  rotate  the  ball  clockwise  in  the 
plane  of  the  paper.  Botailon  will  be  resisted  by  the  friction  forces 
at  the  inner-  and  the  outer-race  contacts,  which  are  jPt  and  /P«, 
respectively.  Whether  or  not  slip  takes  place  depends  on  the  magni- 
tude of  the  bearing  load.  In  lightly  loaded  bearings  that  operate  at 
high  speeds,  slippage  is  a possibility. 


LOAD  DISTRIBUTION 


When  a ball  bearing  is  subjected  to  a radial  load,  the  balls  are  not 
equally  loaded.  At  best,  only  half  the  balls  are  loaded  at  any  given 


Intersect  at 
bearing  axis 


Fiocbx  6-22. — ^Forces  that  act  on  ball  in  bearing  at  high  rotative  epeedi.  Ball 

control  at  ontor  race. 
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Figure  6-22. — Velocity  diagram  for  computing  ball-spin  velocity  for  ball  control 

at  inner  race. 

time,  and  the  actual  load  on  each  of  the  loaded  balls  depends  on  its 
position  in  the  bearing  relative  to  the  load  vector. 

Stribeck  (ref.  18}  investigated  the  load  distribution  in  radially 
loaded  bearings  and  developed  an  expression  for  the  most  heavily 
loaded  ball.  For  static  equilibrium  of  the  bearing  in  figure  6-23, 

PP;=P,+2Pj  cos  /3+2Pa  cos  2.S-1-  . . . (6-51) 


Figubb  6-23. — ^Relation  used  to  calculate  distribution  of  ball  load  due  to  a radial 

load  W„ 
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The  nonnal  approach  between  two  surfaces  in  point  contact  is 
proportional  to  P*/*: 


s 

II 

(6-52) 

or 

Fa  /?aV" 
Pi  \sj 

(6-53) 

H the  races  remain  circular. 

St=St  cos  jS 

(6-54) 

and 

^=$1  cos  2/3 

(6-S5) 

Then 

g=(cos/3)«* 

(6-56) 

and 

g=(cos2/S)«» 

(6-57) 

Substituting  equations  (6-56),  (6-57),  etc.,  into  equation  (6-51)  gives 

PF,=Pi[lH-2(cosi8)®'*+2(cos2^)*/»{-. . .] 

(6-58) 

K Z equals  the  number  of  balls, 


(6-59) 


The  quantity  in  brackets  in  equation  (6-5S)  is  called  the  load- 
distribution  factor  Q,  which  depends  only  on  Z.  Stribeck  found  that 
the  quantity  Z/Q  remained  approximately  constant  at  4.37.  To 
allow  for  possible  uncircularity  of  the  balls  and  the  races  and  for 
bearing  clearance,  Stribeck  took  the  value  of  Z/Q  to  be  5.  Then 

‘ Pl^Pm,=Wr^  (8-60) 


In  an  axially  loaded  bearing,  all  the  balls  are  equally  loaded  so  that 


P, 


W, 

Zsina 


(6-61) 


For  combined  load  conditions,  the  maximum  ball  load  depends  on  the 
initial  contact  angle  and  the  magnitudes  of  Wr  and  IFc. 
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SPECIFIC  DYNAMIC  CAPACITY  AND  LIFE 

In  ordinary  bearing  applications  where  extreme  speeds  and  tempera- 
tures are  not  present,  a properly  installed  and  lubricated  bearing  will 
fail  because  of  material  fatigue.  The  repeated  stresses  developed  in 
the  contact  areas  between  the  rolling  elements  and  the  races  eventually 
result  in  failure  of  the  material,  which  manifests  itself  as  a fatigue 
crack.  The  fatigue  crack  propagates  until  a piece  of  the  race  or  rolling- 
element  material  spalls  out  and  produces  the  failure.  Many  bearings 
fail  because  of  reasons  other  than  fatigue,  but  in  ordinary  applications 
these  failures  are  considered  avoidable  if  the  bearing  is  properly 
handled,  installed,  and  lubricated  and  is  not  overloaded. 

If  a number  of  similar  bearings  are  tested  to  fatigue  at  a specific  load, 
there  is  a wide  dispersion  of  life  among  the  various  bearings.  For  a 
group  of  30  or  more  bearings,  the  ratio  of  the  longset  to  the  shortest 
life  may  be  of  the  order  of  20  or  more.  A curve  of  life  as  a function  of 
the  percent  of  bearings  that  failed  can  be  drawn  for  any  group  of 
bearings.  For  a group  of  30  or  more  bearings,  the  longest  life  would 
be  of  the  order  of  four  or  five  times  the  average  life.  The  term  life, 
as  used  in  bearing  catalogs,  usually  means  the  life  that  is  exceeded  by 
90  percent  of  the  bearings.  This  is  the  so-called  B-10  or  10-percent 
life.  The  10-percent  life  is  one-fifth  the  average  of  50-percent  life  for 
a normal  life-dispersion  curve. 

If  two  groups  of  identical  bearings  are  run  to  fatigue  at  two  different 
loads,  the  life  varies  inversely  as  the  nth  power  of  the  load: 


For  point  contact  n=3  and  for  line  contact  n=4.  For  pomt  contact, 
then, 


PFiZi‘'®=prj£j‘'*=constant 


(6-63) 

(6-64) 


If  W in  equation  (6-64)  is  a radial  load  that  acts  on  a radial  bearing 
and  Z is  a million  revolutions  with  rotation  of  the  inner  race,  then  the 
constant  in  equation  (6-64)  is  the  specific  djmamic  capacity.  The 
specific  djmamic  capacity  for  thrust  bearings  is  determined  if  TT  is  a 
thrust  load. 

In  terms  of  the  specific  d3mamic  capacity  C, 
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where  L is  the  life  in  millions  of  revolutions  and  P is  the  equivalent 
load.  In  general,  ball  bearings  support  both  radial  and  thrust  loads, 
and  formulas  for  obtaining  the  equivalent  load  P in  terms  of  radial 
and  thrust  loads  are  given  for  various  bearing  types  in  most  bearing 
catalogs. 

The  bearing-design  factors  that  affect  the  specific  dynamic  capacity 
are  the  race  conformities,  the  rolling-element  dimensions,  and  the  num- 
ber of  rolling  elements.  Becent  research  has  i^own  that  the  bearing 
material  and  both  the  lubricant  viscosity  and  the  base  stock  can  have 
marked  effects  on  fatigue.  The  original  bearing-fatigue  investigations, 
which  include  those  of  Palmgren  (ref.  8),  were  made  before  the  advent 
of  the  extreme  temperatures  and  speeds  to  which  rolling  beerlngs  ere 
now  subjected.  As  a result,  the  great  majority  of  bearings  were  made 
of  8AE  51100  or  SAE  52100  alloys  and  wide  variations  in  material- 
fatigue  strength  were  not  encountered.  In  addition,  all  rolling  bear- 
ings were  lubricated  with  a mineral  oil  such  as  SAE  SO  or  with  a 
mineral-base  soap  grease  so  that  the  effect  of  the  lubricant  on  fatigue 
was  not  important  enough  to  be  included  among  the  parameters 
affecting  fatigue  life. 

This  problem  will  be  discussed  in  chapter  12  along  vdth  formulas  for 
calculating  dynamic  capacity. 

SPECIFIC  STATIC  CAPACITY 

From  considerations  of  allowable  permanent  deformation,  there  is  a 
limit  to  the  load  that  a bearing  can  support  while  ne  t rotating.  The 
maximum  load  that  a bearing  can  be  permitted  to  support  when  not 
rotating  is  called  the  specific  static  capacity.  It  is  arbitrarily  defined 
as  the  load  that  will  produce  a permanent  deformation  of  the  race  and 
the  rolling  element  at  a contact  of  0.0001  times  the  roUing-dement 
diameter.  When  permanent  deformations  exceed  this  ^^alua,  bearing 
vibration  and  noise  increase  noticeably  when  the  bearing  is  subse- 
quently rotated  under  lesser  loads.  Specific  static  capaeily  is  deter- 
mined by  the  maximum  rolling-element  load  and  the  race  conformi^ 
at  the  contact. 

As  a result  of  this  definition  of  the  specific  static  capacity  C„,  a 
bearing  can  be  loaded  above  the  specific  static  capacity  as  long  as 
this  load  is  applied  only  when  the  bearing  is  rotating.  The  permanent 
deformations  that  occur  during  rotation  will  be  distributed  evenly 
aroimd  the  periphery  of  the  races  and  will  not  be  harmful  ontil  they 
become  more  extensive. 

Static  and  dynamic  load  capacities  are  normally  given  for  all  bearings 
in  bearing  catalogs. 
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LUeRICATiON 

Th'3  term  lubrication,  in  the  broadest  sense,  means  the  effective 
reduction  of  friction  between  surfaces  in  relative  motion.  Some  sort 
of  lubrication  must  be  provided  to  rolling-element  bearings  to  ensure 
successful  operation.  In  many  rolling-element  bearing  applications, 
the  externally  applied  lubricant  serves  both  as  a lubricant  and  as  a 
coolant  and,  in  a few  extreme  cases,  strictly  as  a coolant.  These 
applications  include  extraue  speeds,  elevated  temperatures,  and  oper- 
ation in  fluids  such  as  funds  or  propellants  that  are  not  ordinarily 
considered  to  bs  lubricants.  Unusual  applications  will  be  consMered 
separately  and  conventional  lubrication  techniques  will  be  discussed 
hare.  Conventional  lubrication  techniques  can  be  divided  into  three 
broad  categories: 

(1)  Grease  lubrication 

(2)  Solid  oil  lubrication 

(3)  Oil-air-mist  lubrication 


Grease  Lubrication 

Lubricating  greases  consist  of  a lubricating  oil  and  a thickener. 
Grease-lubricatad  bearings  are  generally  used  for  moderate  operating 
conditions  and  bearings  that  are  required  to  operate  for  extended 
periods  of  time  without  relubrication.  Conventional  greases  are 
limited  in  temperature  to  about  2S0°  F and  in  DN  value  (product  of 
besuing  bove  in  mm  and  speed  in  rpm)  to  about  250,000,  although 
recent  re'iearch  on  synthetic  greases  has  extended  the  temperature 
limit  beyond  450°  F and  grease-lubricated  bearings  have  been  run 
succca^iully  at  DN  values  as  high  as  1 million.  Grease-lubricated 
beeriugs  with  double  seals  are  used  advantageously  with  contaminating 
conditions.  Sinte  the  bearing  cavity  is  charged  with  the  grease, 

que  values  are  not  as  low  as  with  an  oil-lubricated  b earing.  Greases 
cminot  be  used  if  heat  flow  to  the  bearing  is  significant  enough  to 
require  a circulating  flow  of  lubricant  to  remove  the  heat. 

The  thickeners  used  in  conventional  greases  are  usually  sodium, 
calcium,  or  lithium  ooaps,  although  barium,  strontium,  and  aluminum 
soaps  are  used  if  water  resistance  is  important,  li  recent  years, 
thickeners  of  inorganic  materials  such  as  bentonite  clay  have  been 
used  in  synthetic  greases. 

Lime-base  or  calcium-soap  greases  are  insoluble  in  water  and  are 
only  suitable  for  use  to  about  130°  F because  of  their  low  melting 
points.  Their  consistency  is  buttery  and  they  have  a tendency  to 
channel  or  to  separate  from  the  part  to  be  lubricated  as  a result  of 
centrifugal  forces.  The  calcium-soap  greases,  for  this  reason,  are 
more  sat  isfactory  for  use  in  sleeve  bearings  than  in  rolling  bearings. 

Soda-base  or  sodium-soap  greases  are  more  stable  than  calcium- 
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soap  greasea  and  are  suitable  for  temperatures  to  about  200°  F,  They 
are  water  soluble  in  contrast  to  the  lime-base  greases,  which  are  insol- 
uble in  water.  The  structure  is  spongelike  so  they  do  not  tend  to 
channel.  They  are  widely  used  in  rolling  bearings.  Aluminum-base 
greases  are  water  insoluble  and  do  not  tend  to  channel.  They  are 
stable  tp  fairly  high  temperatures  but  are  somewhat  more  expensive 
than  lime-  and  soda-base  greases. 

Lithium-soap  greases  have  been  used  recently  because  of  their 
desirable  characteristics  over  a wide  temperature  range  and  their 
good  oxidation  resistance. 

Common  greases  ordinarily  use  petroleum  oib  such  as  SAE  20  or  30. 
Low-temperature  greases  may  use  less  viscous  oils,  and  high-tempera- 
ture greases  may  use  more  viscous  oils.  Synthetic  greases  that  use 
silicones,  diesters,  polyglycols,  and  other  synthetic  oils  are  used  for 
applications  above  250°  F. 

So3id-Oil  Lubrication 

Solid-oil  lubrication  with  a recircidating  system  is  normally  em- 
ployed for  high-speed  applications  especially  when  a considerable 
■amoimt  of  heat  must  be  removed  from  the  bearing.  An  example  is 
the  lubrication  system  used  in  turbojet  engines  for  the  rotor  bearings. 
The  high  power  loss  in  the  bearings  plus  the  flow  of  heat  to  the  bearings 
from  hot  engine  parts  makes  it  necessary  to  use  high  oil  flows  to 
maintain  allowable  bearing  temperatures.  While  the  oil  acts  as  a 
coolant,  the  high  flow  rates  frequently  aggravate  the  problem  by 
increasing  the  rate  of  heat  generation  due  to  oil  churning. 

Oil  jets  or  nozzles  are  normally  used  to  introduce  the  oil  in  the  form 
of  a high-velocity  stream  directed  at  the  face  of  the  bearing.  The 
most  efficient  lubrication  and  cooling  is  obtained  when  the  jet  is 
directed  at  the  space  between  the  retainer  and  the  inner  race.  Mul- 
tiple jets  spaced  around  the  periphery  are  used  to  reduce  circum- 
ferential temperature  gradients  in  bearings  that  support  high  radial 
loads. 

Oil  is  normally  drained  from  both  sides  of  the  bearing  to  minimize 
oil  churning  losses.  If  bearing  temperatmre  is  critical,  the  oU  may  be 
drained  only  from  the  side  opposite  the  oil  jet,  which  forces  all  the 
oil  to  flow  through  the  bearing  and  increases  the  cooling  efficiency. 
This  method  is  sometimes  referred  to  as  puddling. 

Oil-Air-Mist  Lubrication 

At  extremely  high  speeds  where  any  appreciable  quantity  of  oil 
present  in  the  bearings  would  cause  an  intolerable  power  loss  due  to 
oil  chinning,  utilization  of  oil-mist  lubrication  is  necessary.  Small- 
bore bearings  that  operate  in  the  speed  range  from  50,000  to  above 
100,000  rpm  are  usually  lubricated  with  oil  mist.  The  effect  of  oil 
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flow  on  bearing  power  loss  for  a wide  range  of  oil  flows  can  be  siffinised 
from  the  data  reported  in  reference  19  and  shown  in  figure  6-24.  In 
the  low  oil-flow  range,  the  bearing  operating  temperature  increases 
with  increasing  oil  flow,  which  indicates  that  churning  losses  increase 
faster  than  cooling  effectiveness.  In  the  high  oil-flow  range  the  cooling 
effectiveness  increases  faster  than  the  churning  losses,  which  results 
in  a gradual  decrease  in  the  bearing  operating  temperature.  The 
bearing  power  loss,  however,  continues  to  increase  throughout  the 
entire  range  of  oil  flows. 

Oil-mist  systems  are  noncirculating;  the  oil  is  passed  through  the 
bearing  once  and  then  discarded.  Extremely  low  oil  flows  are  re- 
quired for  the  lubrication  function  exclusive  of  cooling.  Commercial 
oil-mist  generators  are  available  for  systems  that  contain  one  to 
many  bearings.  Since  the  required  oil  flows  are  low,  a nominal 
capacity  sump  is  adequate  for  supplying  a multiple-bearing  system 
for  an  extended  period  of  time. 

Data  on  the  minimum  oil-flow  requirements  of  ball  bearings  are 
presented  k>  reference  20.  Ball  bearings  with  75-millimeter  bore 
operated  satisfactorily  at  12,000  rpm,  400°  F,  and  1000-pound-thrust 
load  with  oil  flows  as  low  as  0.003  pound  per  minute. 
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CHAPTER  11 


Extreme-Temperature  Bearings 

By  WILLIAM  J.  ANDERSON 


Extbeme-tempbbatube  BEAEIN6S  ABB  OP  INTBBBST  (1)  at  tem- 
peratures from  —65“  F down  to  temperatures  approximating 
those  of  liquid  helium,  a few  degrees  above  absolute  zero,  and  (2)  at 
temperatures  of  400°  F and  above,  up  to  an  absolute  maximum  of 
3000“  F. 

For  the  low  temperatures,  one  of  the  lubrication  problems  involves 
operating  bearings  in  turbomachinery  that  pumps  high-energy 
cryogenic  propellants  for  chemical  rockets.  Lubrication  with  con- 
ventional oils  in  many  of  these  applications  may  not  be  practicable 
because  of  the  difficulty  of  raising  the  ambient  temperatime  of  the 
bearing  to  keep  the  oil  hot  enough  so  that  it  can  be  pumped.  Even  if 
heating  is  possible,  the  use  of  coventional  lubrication  systsmo  may 
necessitate  long  overhung  shafts  to  isolate  the  bearing  fcom  the  coM 
region.  These  systems  usually  lead  to  various  design  and  critical 
speed  problems.  Although  not  directly  related  to  bearings,  shaft 
seals  are  an  additional  problem.  Many  dynamic  sealing  problems 
can  be  alleviated  or  eliminated  completely  by  operating  the  baeringa 
in  the  working  fluid.  When  reliable  operation  can  be  accompHshed 
with  bearings  lubricated  and  cooled  by  the  working  fluid,  shaft  seals 
and  bearing  lubrication  systems  can  be  greatly  simplified.  This 
simplification  results  in  an  appreciable  .’eduction  of  complexity, 
weight,  and  cost.  Specific  applications  in  the  cryogenic  region  require 
bearings  to  operate  at  very  high  speeds  with  light  to  heavy  loads  for 
relatively  short  times  as  in  turbopumps  or  at  moderate  speeds  and 
loads  as  in  cooling-system  pumps. 

At  ele”  ted  temperatures,  bearing  applications  include  low  rotative 
speed  or  oscillafej  conditions  at  very  high  loads,  such  as  airframe 
control  bearingw  supersonic  aircraft.  Otter  applications  at  high 
temperatures  involve  high  rotative  speeds  with  loads  ranging  from 
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low  to  high.  An  example  of  this  application  would  be  small  high- 
speed turbomachinery  \(ith  bearings  located  close  to  hot  turbines. 
Jet-engine  rotor  bearings  for  superscn-c  aucraft  also  operate  hot  at 
high  DN  values  and  loadt'.  In  these  engines  limited  cooling  capacity 
and  high  stagnation  temperatures  result  in  high  ambient  temperatures 
around  the  bearinp. 

The  approaches  to  bearing  operating  problems  in  these  two  areas 
will  be  discussed  separately.  The  results  obtained  by  various  in- 
vestigators in  this  field  will  be  examined.  Problems  in  the  cryogenic 
temperature  region  will  be  discussed  first. 
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SYMBOLS 

semimajor  axis  of  contact  ellipse,  in. 
semtminor  axis  of  contact  ellipse,  in. 

,,  ifugal  force  on  ball,  ib 
bhu  diameter,  in. 
bearing  unit  pitch  diameter,  in. 
complete  elliptic  integral  of  the  second  kind 
race  curvature 

torque  about  bearing  axis,  in  .-lb 
ball  spin  moment,  in.-lb 
number  of  balls 
normal  ball  load,  lb 
oil  flow,  Ib/min 

heat  generated  between  balls  and  race  due  to  ball 
spin,  Btu/min 
race-ball  groove  radius,  in. 
bearing  thrust  load,  lb 

linear  velocity  of  inner-race  ball  contact,  in./sec 
thrust  load,  lb 

angles,  defined  on  figures,  deg 
contact  angle  under  load,  deg 
initial  mounted  no-load  contact  angle,  deg 
inner-race  contact  angle  at  load  and  speed,  deg 
outer-race  contact  angle  at  load  and  speed,  deg 
coefficient  of  sliding  friction 

angular  velocity  of  a ball  about  its  rolling  axis, 
radian/sec 

inner  race 
outer  race 
rolling 
spinning 
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LOW-TEMPERATURE  BEARINGS 

0 

When  bearings  are  operated  in  cryogenic  fluids  such  as  liquid  nitro- 
gen, liquid  oxygen,  or  liquid  hydrogen,  ample  cooling  capacity  is 
available.  These  fluids  are  poor  boundary  lubricants,  however,  so 
that  the  problem  is  one  of  preventing  surface  damage  in  sliding  and  in 
rolling  contact.  Before  a rolling  bearing  can  be  operated  successfully 
In  an  application  where  the  lubrication  is  marginal,  two  principal 
ptoblems  must  be  overcome.  First,  the  integrity  of  the  surfaces  in 
rolL’ng  and  in  sliding  contact  must  be  maintained.  Therefore,  the 
healings  should  be  made  of  materials  that  tend  to  exhibit  minimum 
wear  and  maximum  resistance  to  galling  and  to  surface  welding  in 
sliding.  Second,  the  heat  generated  within  the  bearing  must  be 
removed  to  maintain  an  equilibrium  operating  condition  and  to  pre- 
vent a total  loss  of  bearing  operating  clearance  that  could  result  in 
bearing  seizure.  The  bearing  material  and  design  must  be  chosen  to 
minimize  heat  generation  within  the  bearing  in  order  to  provide  a 
maaimiun  assurance  of  success.  There  are  two  principal  sources  of 
heat  generation  within  a ball  bearing:  (1)  the  sliding  friction  between 
the  retainer  and  its  locating  race  and  the  retainer  and  the  balls,  and 
(2)  the  friction  due  to  ball  spin  in  the  ball-race  contact  area.  Bear- 
ings must  be  dv'^igned  to  minimize  both  of  these  sources  of  heat 
generation  to  obtain  maximum  performance  in  cryogenic  fluids. 
Therefore,  retainer  materials  selected  for  test  should  be  chosen  from 
among  those  that  exhibit  low  friction  coefScients  and  good  resistance 
to  wear  as  determined  by  cryogenic  friction  and  wear  tests.  These 
tests  are  much  less  expensive  to  conduct  than  full-scale  bearing  tests. 
A backgroimd  of  knowledge  in  friction  and  wear  of  candidate  materials 
is  necessary  to  conduct  a bearing  experimental  program  intelligently. 
To  minimize  heat  generation  due  to  ball  spin  losses  requires  an  exam- 
ination of  various  design  parameters  such  as  ball  diameter  and  race 
curvatures  to  dei^rmine  the  amount  of  heat  generation  due  to  ball 
spinning. 


Friction  and  Wear  Experiments 

References  1 and  2 present  the  results  of  friction  and  wear  experi- 
ments in  both  liquid  nitrogen  and  liquid  hydrogen.  These  results 
indicate  that  filled  Teflon  compositions  show  promise  for  cryogenic 
applicatioBS.  In  reference  1,  25  percent  glass-fiber-fllled  Teflon 
sliding  against  304  stainless  steel  in  liquid  nitrogen  showed  low  wear 
at  sliding  velocities  to  6000  feet  per  minute.  In  this  materid,  the 
Teflon  provides  the  lubrication  while  the  glass  fibas  are  added  to 
increase  structural  strength. 
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Early  Bearins  Experiments 

Some  of  the  early  bearing  experiments  in  cryogenic  fluids  m'e 
reported  in  reference  3.  The  authors  started  out  with  SAE  52100 
steel  bearings.  These  radial  bearings  had  pressed  steel  separators  and 
gave  only  limited  service  in  liquid  nitrogen  and  liquid  hydrogen.  In 
all  these  bearings,  mechanical  failures  occurred  in  the  separator. 
Further  experiments  with  }^-inch  and  15-millimeter-bore  SAE  52100 
steel  angular-contact  bearings  equipped  with  cotton-cloth  phenolic- 
laminated  separators  showed  that  successful  operation  could  be  ob- 
tained at  speeds  from  3300  to  8000  rpm.  These  experiments  indi- 
cated, however,  that  52100  steel,  because  of  its  lack  of  corrosion 
resistance,  is  not  an  ideal  ball  and  race  material  for  cryogenic  applica- 
tions where  thermal  cycling  back  to  room  temperature  is  apt  to  occur. 
When  cycling  does  occur,  condensation  may  form  on  the  bearing 
surfaces,  and  since  they  are  free  from  organic  contaminants,  corrosion 
may  take  place.  Additional  experiments  were  conducted  with  bear- 
ings that  bad  races  and  balls  made  of  440C  stainless  steel,  and  satis- 
factory operation  was  obtained  for  262  hours  in  liquid  hydrogen  at 
12,000  rpm.  Other  bearings  in  these  experiments  were  operated 
successfully  at  3300  rpm  for  running  times  in  excess  of  4700  hours. 
Although  the  bearings  in  reference  3 were  run  at  nominal  speeds  and 
light  loads,  the  results  indicated  that  with  proper  design  and  good 
choice  of  retainer  materials  bearing  operation  at  very  high  DN  values 
was  a distinct  possibility.  A more  systematic  investigation  of  the 
operation  of  10-millimeter-hore  bearings  at  3150  rpm  under  a thrust 
load  of  144  pounds  in  liquid  nitrogen  was  conducted  in  reference  4. 
In  reference  4,  bearings  with  cotton-cloth  phenolic  laminate.  Teflon- 
coated  steel,  filled  Teflon  machined.  Teflon-coated  grade  A phosphor 
bronze,  grade  A phosphor-bronze  retainers,  and  full-complement 
bearings  with  alternate  undersize  440C  balls  were  investigated. 
Among  the  cotton-cloth  phenolic  laminates  were  inner-ring-riding 
retainers,  outer-ring-riding  retainers,  and  ball-riding  retainers.  With 
the  exception  of  the  machined  retainers  of  filled  Teflon  material,  all 
the  other  retainer  configurations  gave  life  results  from  0.4  to  20  hours. 
The  bearings  with  filled  Teflon  retainers  operated  without  failure  for 
1000  hours.  The  criterion  of  failure  used  in  these  experiments  was 
excessive  torque. 

High-Speed  Bearing  Experiments 

In  contrast  to  the  work  reported  in  references  3 and  4,  which  was 
aimed  at  the  development  of  bearings  with  long  lives  at  nominal 
running  speeds,  the  work  of  reference  5 is  directly  related  to  bearings 
for  high-speed  turbomachinery  with  short-duration  lives.  The 
objective  of  the  work  reported  in  reference  5 was  to  study  the  per- 
formance as  well  as  the  operating  limitations  of  ball  bearings  in  liquid 
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hydrogen  for  running  times  of  1 hour  at  DN  values  to  1.5X10*.  In 
reference  5,  both  retainer  material  and  hearing  design  were  studied. 
The  retainer  material  that  performed  best  was  again  the  filled  Teflon 
material,  which  agrees  with  the  results  obtained  in  references  3 and  4. 
Among  the  bearing-design  parameters  investigated  in  reference  5 
were  the  effects  of  diametral  clearance,  ball  size,  and  bearing  race 
curvatures  on  the  limiting  spcad  when  bearings  were  submerged  in 
liquid  hydrogen  and  operated  under  thrust  loads  from  100  to  500 
poimds.  The  majority  of  the  work  in  reference  5 was  conducted  with 
40-milhmeter  ball  bearings,  which  were  operated  successfully  at  speeds 
to  42,000  rpm.  A detailed  discussion  of  the  approach  to  the  problem 
of  heat  generation  in  the  ball-race  contact  is  presented  in  reference  5. 
An  approximate  analysis  was  made  of  the  effects  of  bearing  design 
parameters  on  the  amount  of  heat  generation  in  the  ball-race  contact. 
This  analysis  showed  that  open-race  curvatures  reduce  the  amount  of 
heat  generation  due  to  baU  spin.  Therefore,  higher  limiting  speeds 
can  be  obtained  with  bearings  designed  for  minimum  heat  generation. 
An  additional  important  factor  was  shown  to  be  ball  diameter,  which 
is  discussed  in  reference  5. 

Heat  generation  due  to  ball  spin. — In  a ball  bearing  that  operates 
imder  any  load  condition  other  than  radial,  ball  spinning,  in  addition 
to  rolling,  occurs  at  the  ball-race  contacts.  If  the  bearing  is  operated 
at  high  speed,  the  centrifugal  force  on  the  balls  creates  an  additional 
load  at  the  outer-race  contact.  The  effect  of  centrifugal  force  is  to 
shift  the  contact  points  between  the  balls  and  the  races  from  those  at 
lower  speeds.  The  result  is  an  increase  in  the  operating  contact  angle 
at  the  inner  race.  The  normal  ball  load  at  the  outer-race  contact  can 
be  expressed  by 


Po=CFcos  g ^o) 

nam^t 

(ref.  6),  whereas  the  ball  load  at  the  inner-race  contact  is 

T 


Pi- 


7»sin 


(11-1) 


(11-2) 


Usually  the  ball  will  have  either  outer-race  or  inner-race  control,  that 
is,  rolling  at  one  race  contact  without  spin  and  spinning  plus  rolling  at 
the  other  race  contact.  The  frictional  moment  created  by  ball  spin  in 
the  pressure  ellipse  at  the  ball-race  contact  can  be  expressed  approxi- 
mately as 

Af»=g)tt*PoS(&)  (ll-2a) 


693-499  0-64—21 


314 


ADVANCED  BEARING  TECHNOLOGY 


(See  ref.  7.)  The  ball  will  roll  at  the  race  contact  where  the  value  of 
the  friction  moment  is  the  greater. 

An  approximate  analysis  to  determine  the  heat  generated  in  the 
ball-race  contact  of  a thrust-loaded  ball  bearing  is  outlined  in  reference 
8 for  inner-race  rotation  where  gyroscopic  moments  are  neglected 
and  the  ball  rolls  on  one  race  without  spin.  The  following  assump- 
tions are  made  in  this  analysis: 

(1)  The  effective  ball  rolling  radius  r at  operating  conditions  is 
the  unstressed  radius  d/2. 

(2)  In  computing  the  spin  moment  M„  the  linear  slip  velocities  in 
the  direction  of  rolling  that  occiu*  because  of  the  curvature  of  the 
contact  elUpse  are  small  compared  with  the  slip  velocities  due  to  ball 
spin. 

(3)  Gyroscopic  moments  are  insufficient  to  cause  ball  slip. 

(4)  The  rotating  radial  load  that  results  from  shaft  imbalance  at 
high  speeds  is  neglected. 

From  figure  11-1  (a)  for  inner-race  control, 


FB=«t(f-|cosft) 

(11-3) 

. sin  jSi 

tan 

cos  j8< 

(11^) 

|(7+aj)=|(*— 

(11-5) 

E 

sin  (/S,-Fai)  j 

aa)=-5 tan  = (7+«j) 

^H-sin  Ot+oei) 

(11-6) 

aa=|(7+a2)  — |(7~aa) 

(11-7) 

u<  sin  |3i 

(tan  ai-f-tan  aj)  cos  ai 

(11-8) 

«*.o=«  sin  (ft+oii— /?,) 

01-9) 

Q,.o=na,.aM,,, 

(11-10) 

When  equation  (11-10)  is  converted  to  torque  about  the  bearing  axis, 


(b) 

(a)  Inner-race  control. 

(b)  Outer-race  control. 

Figobe  11-1. — Bearing  geometric  relations  used  to  calculate  heat  generation  due 
to  ball  spinning.  (F^om  ref.  5.) 
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From  figure  ll-l(b)  for  outer  race  control, 

Fa=M,(|-|cos/3.)  (11-3) 

tanaa=^°™^-  (11-13) 

^H-cos/J, 


A=2+,®t~/So+ as 
sin  A 


W= 


^Lsin  (|3o— «j)  J Lain  03<,— «j)  J J 

(f  —cos  (sin  «i+tan  aa  cos  at) 

~f  T E T T 1 T 

I 1+  ■.  r —2  -T — 7^ r COSAf 

Lam  (ft— aj)  J Lam  (A— aj)  J J 


(11-14) 

(11-15) 


(11-16) 


w,.<=co  sin  (|8<^j8oH-a2)+ci)<  sin /Si  (11-17) 

$f.  iil/f.  i (11—18) 

When  equation  (11-18)  is  converted  to  torque  about  the  bearing  axis, 

ilf,.i=%^  (11-19) 

at 

where,  from  reference  7 


iW,.  t=g  ii,P^iE{kt) 


(11-20) 


Calculations  were  made  on  a digital  computer  for  40-millimeter-hore 
bearings  of  an  extremely  light  series  (1908  with  0.250-in.-diam.  balls) 
and  an  extra  light  series  (108  with  0.375-in.-diam.  balls).  Four  race- 
curvature  combinations  were  assumed,  and  calculations  were  made  for 
thrust  loads  of  100,  200,  and  300  pounds,  initial  contact  angles  of  5°, 
10®,  15®,  and  20®,  and  a rotative  speed  of  40,000'  rpm  (1.6  million  DN) . 
The  resets  are  shown  in  table  (ll-I). 

A value  of  0.56  was  used  for  the  sliding  friction  coeflSicient  in  calcu- 
lating heat  generation.  This  value  was  obtained  in  reference  2 for 
440C  eliding  on  440C  in  liquid  hydrogen.  Since  the  heat-generation 


Table  H-I. — ^Tobqbe  Developed  About  Bbabins  Axis  Dub  to  Ball  Spin* 


(a)  lOg-Serles  bearing:  ball  diameter,  0.375  In.;  pitch  diameter,  2.111  in.;  coefficient  of  sliding  friction,  0.66;  ngniar  velocity  of  inner  race,  4U0  radlan/see 


Racecur'ature 

/;-0.61,/.-0.68 

/<>0.61,/,-0.66 

/<-0.C2,/.-0.64 

A-iX64,/.-0.52 

Initial  mounted  contact  angle. 

1 

1 

jmm 

fl',deg 

10 

16 

20 

20 

16 

20 

■1 

20 

6 

10 

16 

20 

Inner-race  contact  angle  at  300  lb. 

^odeg 

18.8 

24.0 

32.7 

44.6 

20.1 

21.8 

32.6 

42.7 

18.1 

22.3 

27.4 

34.0 

16.  S 

18.8 

22.S 

27.0 

Thrust  load,  T,lb 

Torque  about  bearlrrg  axis,  Jtfi,  lb-in. 

100. 

2.143 

2.006 

2.132 

2.314 

2.090 

2.106 

2.214 

1.088 

1.663 

1.020 

1.612 

1.366 

1.310 

1.286 

1.259 

2». 

4.830 

4.766 

4.765 

4.766 

4.904 

3.762 

3.083 

3.780 

3.648 

2.831 

2.884 

2.863 

300 

7.672 

7.604 

7.878 

7.604 

7.487 

7.678 

6.870 

6.785 

6.768 

6.768 

4.660 

4.632 

4.496 

(ill 

(b)  ISOS-Series  bearing:  ball  diameter,  0.260  In.;  pitch  diameter,  2.001  In.;  coefficient  of  sUdbig  friction,  0.66;  angular  velocity  of  Inner  race,  4100  radlan/eec 


Race  curvature 

/i-0.61,/.-C.&8 

/ 

-0.61,/.>0.66 

/<«0.62,/.«0.64 

/<>0.64,/.-0.62 

Initial  mounted  contact  angle, 

■ 

10 

16 

20 

■ 

10 

15 

20 

6 

10 

16 

20 

6 

10 

16 

20 

Irmer-raoe  contact  angle  at  300  lb. 

• 13.2 

•16.1 

•17.0 

31.7 

•14.1 

21.1 

26.7 

32.0 

18.6 

21.0 

24.8 

29.8 

17.2 

18.2 

22.4 

26.4 

Thrust  load,  T,lb 

Torque  about  bearing  axis,  Aft,  Ib-ln. 

1f»  

1.880 

1.831 

1.880 

1.999 

1.836 

1.831 

1.846 

1.910 

1.419 

1.412 

1.412 

1.428 

1.006 

1.092 

1.092 

1.092 

200  . . 

8.789 

3.789 

8.789 

3.864 

8.789 

3.789 

3.789 

3.884 

2.916 

2.912 

§1 

2.946 

2.269 

2.265 

2.261 

2.262 

am 

2.864<> 

3.298S 

3.864S 

6.832 

3.407S 

6.785 

6.796 

6.832 

4.468 

4.468 

4.468 

3.462 

3.448 

3.433 

3.440 



■From  ref.  6. 

s InneMaoe  control,  ball  spinning  at  outer  race. 
• Oater-iace  contact  angle  (!,. 
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calculations  are  aU  relative  and  are  used  for  comparative  purposes 
only,  the  actual  coefficient  of  Motion  is  unimportant. 

For  the  108-series  bearings,  ball  control  was  at  the  outer  race  for 
all  combinations  of  race  curvature  and  thrust  load  chosen.  For  the 
1908-series  bearings,  ball  control  was  at  the  outer  race  for  all  com- 
binations except  fom.  Ball  control  is  at  the  inner  race  for  a thrust 
load  of  300  pounds  and  the  following  sets  of  curvatures  and  contact 
angles: 

(1)  /,=0.51 
y„=0.58 

/S=5°,  10®,  and  15® 

(2)  /,=0.51 
/o=0.56 
/S=5® 

Inner-race  ball  control  is  desirable  because  it  results  in  relatively  low 
friction  torque  due  to  ball  spin. 

At  a spedfic  thrust  load,  the  values  of  Mi  do  not  change  appreciably 
with  initial  mounted  contact  angle  when  control  is  at  the  outer  race. 
The  torque  developed  decreases  with  increasing  race  curvature  at  the 
spinning  contact  and  is  not  affected  by  curvature  at  the  rolKng  contact. 
This  fact  is  apparent  since  close  values  of  ball-race  conformities 
(i.e.,  approaching  0.50)  result  in  high  rates  of  heat  generation.  The 
operating  contact  angle  is  given  for  a thrust  load  of  300  pounds.  The 
operating  contact  angle  and  the  angular  velocity  of  baU  spin  increase 
with  increasing  initial  mounted  contact  angle  for  all  race-curvature 
combinations  shown.  Torque  developed  at  the  inner-race  contact  of 
the  108-series  bearing  with  /j=0.52  and  /o=0.54  at  thrust  loads  of 
100  and  200  pounds  is  greater  than  that  developed  in  the  1908-series 
with  the  same  race  curvatures,  which  indicates  the  importance  of  ball 
diameter. 

The  importance  of  ball  spin  losses  can  be  noted  by  comparing  the 
results  for  the  two  series  bearings  shown  on  figure  11-2.  The  1908- 
series  bearings  with  inner-  and  outer-race  curvatures  of  0.54  operated 
to  higher  limiting  DN  values  than  did  the  lOS-series  bearings  with 
inner-  and  outer-race  curvatures  of  0.52  and  0.54,  respectively,  over 
the  entire  range  of  thrust  loads  investigated.  The  results  of  these 
tests  appear  to  indicate  that  ball-spin  losses  are  important. 

In  addition  to  ball  diameter  and  race  curvatures,  another  bearing  design 
parameter,  which  was  found  to  be  important  in  reference  5,  was  bear- 
ing diametral  clearance.  Limiting  DN  values  increased  with  diame- 
tral clearance  for  lOS-series  bearings  with  two  different  retainer 
materials  as  shown  in  figure  11-3. 

Bearing  experiments  in  cryogenic  and  other  propellants. — Keference  9 
contains  some  data  on  the  operation  of  rolling  bearings  in  liquid  hy- 
drogen, liquid  o^gen,  nitrogen  tetroxide,  and  RP-1,  a kerosene  base 
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1.75  X 10‘ 


Figure  11-2. — Limiting  DN  value  as  function  of  tbvu  it  load  for  108-aeries  and 
lOOS-series  bearings  with  filled  Teflon  retaine-s.  (From  ref.  5.) 


Figure  11-3. — Limiting  DN  value  as  function  of  diametral  clearance  for  108- 
series  bearings  with  two  different  retainer  materials.  (From  ref.  5.) 
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rocket  fuel.  As  in  references  4 and  S,  the  best  results  in  the  cryogenic 
propellants  were  obtained  with  bearings  having  glass-filled  Teflon 
retainers  and  glass-supported  Teflon  retainers.  The  bearings  used  in 
this  investigation  were  extra  light  (100  series)  and  light  (200  series) 
with  bore  sizes  from  35  to  45  millimeters.  These  bearings  were  run 
at  speeds  to  6400  rpm  in  liquid  oxygen  and  nitrogen  tetroxide  and  at 
25,000  rpm  in  liquid  hydrogen.  These  speeds  correspond  to  the 
actual  shaft  speeds  in  a turbopump  unit  that  pumps  liquid  oxygen 
and  liquid  hydrogen.  In  liquid  hydrogen,  bearings  with  severe 
different  types  of  metallic  retainers  all  failed  within  a few  minutes 
after  starting.  Likewise,  in  liquid  oxygen  and  nitrogen  tetroxide, 
bearings  with  metallic  retainers  had  very  short  lives.  Severe  wear 
and  galling  caused  failure. 

Bearings  with  phenolic  retainers  were  operated  with  some  success 
in  both  liquid  oxygen  ard  liquid  hydrogen.  In  liquid  hydrogen,  a 
speed  of  20,000  rpm  was  successfully  obtained.  A tendency  for  the 
bearing  to  exhibit  chatter  at  low  shaft  speeds  existed,  however,  because 
of  the  high  friction  coefficient  between  the  steel  and  the  phenolic  cage. 
Bearings  with  glass-supported  Teflon  retainers  were  operated  success- 
fully for  almost  10  hours  at  25,000  rpm  in  liquid  hydrogen,  9 hours  in 
liquid  oxygen,  and  almost  5 hours  in  nitrogen  tetroxide  at  6400  rpm. 
In  liquid  oxygen  successful  operation  was  also  obtained  with  a bearing 
that  had  a ribbon  steel  separator  with  a 0.010-inch  coating  of  Teflon 
on  the  retainer  parts.  This  bearing  was  run  for  1 hour  at  6400  rpm. 

Some  discrepancies  existed  in  results  obtained  in  various  unpublished 
researches  on  the  operation  of  roUing  bearings  in  liquid  oxygen.  In 
some  instances  (ref.  9),  no  severe  oxidation  of  the  bearing,  races,  or 
balls  was  evident,  and  in  impublished  tests,  severe  oxidation  occurred. 
This  discrepancy  or  anomaly  in  results  has  not  been  clarified,  but  there 
appears  to  be  some  evidence  which  indica.tes  that  the  presence  of 
moistme  on  the  bearing  is  extremely  critical.  The  presence  of  any 
moisture  may  cause  severe  corrosion  in  a highly  reactive  medium  such 
as  liquid  oxygen.  The  problem  of  maintaining  surface  integrity  is, 
of  course,  quite  different  in  a reducing  environment  such  as  liquid 
hydrogen  than  it  is  in  a highly  oxidizing  environment  such  as  liquid 
oxygen.  In  liquid  hydrogen,  the  temperature  reached  at  the  sliding 
asperities  woidd  be  sufficient  for  the  reactions  between  the  hydrogen 
and  any  oxide  films  to  ultimately  produce  clean  nascent  metals. 
Clean  metals  have  characteristically  poor  friction  and  wear  properties 
and  gall  readily.  In  a highly  reactive  oxidant,  such  as  liquid  oxygen, 
the  opposite  is  true.  Here  the  problem  is  one  of  controlling  surface 
corrosion.  Again  the  asperity  temperatures  would  be  sufficient  to 
cause  reaction  between  the  cxygen  and  the  metal  at  the  asperities  so 
that  the  maintenance  of  protective  oxide  films  should  not  be  a problem. 
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Discussion  of  Results 

The  general  bearing  design  philosophy  for  bearings  which  are  to  be 
used  in  cryogenic  applications  is  to  design  for  minimum  heat  genera- 
tion. The  sources  of  heat  generation  are  at  the  sliding  surfaces  be- 
tween the  retainer  and  the  races,  the  retainer  and  the  balls,  and  in 
the  sliding  contact  between  the  balls  and  the  races.  Materials  with 
good  friction  and  wear  properties  such  as  filled  Tefion  should  be  used 
«o  reduce  heat  generation  at  the  retainer  sliding  surfaces.  For  high- 
speed applications,  reinforcement  of  retainers  made  of  these  materials 
with  thin  shrouds  of  either  aliuninum  or  stainless  steel  is  necessary. 
For  high-speed  applications  where  loads  are  not  too  heavy  and  where 
heat  generation  is  very  critical,  open-race  curvatures  and  very  liberal 
diametral  clearances  must  be  used.  The  open-race  curvatures  do 
reduce  the  load  capacity  of  the  bearing  somewhat,  but  they  also  effect 
an  appreciable  reduction  in  the  heat  generation  at  these  contacts; 
this  extends  the  limiting  speed  at  which  the  bearings  can  be  success- 
fully operated.  Because  centrifugal  forces  become  predominant  at 
extreme  speeds  and  nominal  loads,  very  light  series  bearings  with  small 
balls  are  found  to  have  a higher  load  carrying  capacity  than  heavier 
series  bearings.  This  is  in  contrast  to  normal,  conventionally  lubri- 
cated bearing  applications  where  the  load  capacity  increases  as  the 
bearing  series  becomes  heavier.  A corrosiraj^resistant  ball  and  race 
material,  such  as  the  ferritic  tool  steel  is  recommended  rather 

than  the  standard  bearing  material  SAE  #2100  steel,  which  is  subject 
to  corrosion. 


HIGH-TEMPERATURE  BEARINGS 
Applications  and  Problems 

In  the  high-temperature  region,  applications  include  those  at  low 
rotative  speeds  or  oscillating  motion  and  very  high  load,  such  as 
airframe  control  bearings  for  supersonic  aircraft,  and  applications  at 
high  rotative  speeds  with  loads  ranging  from  low  to  high.  High 
rotative-speed  applications  include  small  high-speed  turbomachinery 
with  hot  bearings  located  close  to  hot  turbines  and  jet-engine  rotor 
bearings  for  supersonic  aircraft  where  limited  cooling  capacity  and 
high  stagnation  temperatures  result  in  high  ambient  temperatures. 

The  three  major  problems  that  are  encountered  in  operating 
rolling-contact  bearings  at  high  temperatures  are  materials,  lubricants, 
and  beariiag  designs.  These  problems  will  be  discussed  in  order. 

Materials 

Requirements. — The  material  problem  involves  obtaining  materials 
that  have  adequate  hot  hardness,  good  oxidation  resistance  if  the 
atmosphere  is  oxidizing,  and  good  dimensional  stability  at  high 
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SYMBOLS 

A constant  in  Weibull  equation,  e In  ^ is  vertical  intercept  on 
WeilbuU  plot  when  L=  1 

a half  axis  of  pressure  ellipse  in  direction  normal  to  rolling  direction, 
in. 

C specific  dynamic  capacity 
D rolling-element  diameter,  in. 
d diameter,  in. 

E bearing-pitch  diameter,  in. 
e slope  of  Weibull  plot 
F probability  that  a crack  wili  occur 
/e  coeflSicient  dependent  on  material  and  bearing  type 
i number  of  rows  of  rolling  elements 
L life  in  millions  of  revolutions 
I length  of  raceway  contact,  in. 
la  roller  length,  in. 

N angular  velocity,  rpm 
n mOIit'ns  of  stiess  cycles 
n load-hfo  exponent 
P bearing  or  system  thrust  load,  lb 
P,  bearirg  eqmvalent  load,  lb 
p pressure,  Ib/sq  in. 

R rolling-element  profile  radius  normal  to  direction  of  rolling 
r race  groove  xt>dius  normal  to  direction  of  rolling 
S probability  of  survival 
T temperature 
t time 

V stressed  volume 
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W bearing  load,  lb 
ys  standardized  excess  life 
yr  standardized  theoretical  life 
s number  of  balls  per  row 
Zo  depth  to  maximum  shear  stress 
a contact  angle 

13  slope  of  pressure-viscosity  cmwe 

fig  viscosity  at  atmospheric  pressure,  Ib-sec/sq  in. 

n,  viscosity  at  pressure  p,  Ib-sec/sq  in. 

<7  stress,  psi 

To  maximum  shear  stress,  psi 
(0,  angular  spin  velocity 
Subscripts: 
i inner 

m pitch  * 

0 outer 

SPECIFIC  DYNAMIC  CAPACITY 

In  chapter  6,  the  life  dispersion,  the  load-life  relations,  and  the 
meaning  of  specific  dynamic  capacity,  or  load  rating,  of  rolling  bearings 
were  discussed.  These  three  factors  must  be  imderstood  to  predict 
the  life  of  a given  bearing  in  a specific  application.  Formulas  for 
calculating  the  specific  d3mamic  capacity  must  be  available  because 
large  groups  of  bearings  cannot  be  tested  experimentally  to  determine 
the  expected  life  for  every  application. 

Lundbers-Palmgren  Theoty 

Much  of  the  analytical  and  the  experimental  work,  which  has 
resulted  in  specific-dynamic-capacity  formulas,  was  done  by  Palmgren 
(ref.  1)  and  Lundberg  and  Palmgren  (ref.  2).  An  empirical  method  for 
determining  specific  dsmamic  capacity  is  presented  in  reference  1,  and 
a more  refined  method,  based  on  statistics,  is  presented  in  reference  2. 

The  life  formula  developed  in  reference  2 is  based  on  the  known  fact 
that,  the  more  concentrated  the  stress  is,  thft  gi-eater  the  endurance. 
WeibuU’s  investigations  (refs.  3 and  4)  have  resulted  in  a statistical 
theory  of  strength  based  on  the  theory  of  probability,  where  the 
dependence  of  strength  on  volume  is  explained  by  the  dispersion  in 
material  strength.  Therefore,  the  dependence  on  volume  caused  by 
the  dispersion  in  material  strength  must  be  considered.  Weibull’s 
theory,  however,  assumes  that  the  first  crack  that  forms  eventually 
leads  to  a break.  Many  bearing  races  were  examined  and  were 
found  to  contain  numerous  subsurface  cracks  that  never  progressed  to 
failure;  thus  Weibull’s  assumption  is  questionable.  Therefore,  the 
depth  So,  at  which  the  maximum  shear  stress  occurs,  must  also  be 
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considered.  According  to  Weibull’s  theory,  the  logarithm  of  the 
inverse  of  the  probability  of  siurvival  is  proportional  to  the  magnitude 
of  the  stressed  volume.  This  relation  results  from  the  multiplicative 
law,  which  states  that  the  probability  of  failure  of  the  whole  is  equal 
to  the  product  of  the  probabilities  of  failure  of  the  parts.  In  equation 
form,  the  life  formula  is  therefore 

lni=if(r„«,e„)F  (12-1) 


where 

8 probability  of  survival 
F probability  that  a crack  will  occur 
To  maximum  shear  stress 
n number  of  stress  cycles  in  millions 
V stressed  volume 

The  function  Fean  be  expr^sed  as  a power  function: 

F(ro,n,So)-^^  (12-2) 

where  c,  e,  and  h are  exponents  to  be  determined  experimentally. 

An  arbitrary  expression  for  V is 

V=aZoi  (12-3) 

where 

a half  axis  of  pressure  ellipse  in  direction  normal  to  rolling  direction 
length  of  raceway 
Prom  equations  (12-1)  to  (12-3) 

(12-4) 

The  Lundberg-Palmgren  d3mamic  capacity,  is  developed  from  equa- 
tion (12-4).  The  exponents  in  equation  (12-4)  are  determined  from 
the  dispersion  of  bearing  lives,  the  dependence  of  life  on  load,  and  the 
dependence  of  the  specific  dynamic  capacity  on  bearing  size.  Limd- 
beig  and  Palmgren  extended  the  Hertz  theory  to  calculate  the  shear- 
stress  amplitude  in  a plane  parallel  to  the  direction  of  rolling  and  used 
this  amplitude  to  determine  the  dependence  of  dynamic  capacity  on 
conformity  between  rolling  elements  and  races.  Their  theory  of 
fatigue  strength  is  based  on  the  assumption  that  the  maximmn  shear 
stress  in  the  plane  parallel  to  the  direction  of  rolling  is  the  stress  that 
causes  failm-e.  Other  investigators  believe  that  either  the  maximum 
orthogonal  or  the  maximum  octahedral  shear  stress  is  the  stress  that 
causes  failure.  Extensive  studies  in  this  area  are  needed. 
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The  derivations  of  dynamic-capacity  formulas  in  reference  2 are 
complex.  Their  principal  value  is  that  they  improve  the  theoretical 
understanding  of  the  relations  between  the  statistical  nature  of  bearing 
fatigue  and  bearing-load  capacity.  The  empirical  approach  used  by 
Palmgren  in  reference  1 is  more  direct  and  will  be  outlined  herein. 
Weibull  (ref.  5)  postulated  that  the  fatigue  lives  of  a homogeneous 
group  of  rolling-element  bearings  are  dispersed  according  to  the 
following  relation: 

In  In  In  ^ (12-5) 

where  L represents  life  in  millions  of  revolutions  and  e is  the  dispersion 
exponent  (slope  of  the  Weibull  plot)  or  a measure  of  the  scatter  in 
bearing  lives.  Experimental  results  confirm  that  bearing  lives  con- 
form well  to  the  Weibull  distribution,  at  least  at  survival  probabilities 
ranging  from  0.5  to  0.9.  Bearing-fatigue  data  will  plot  as  a stiaight 
line  ivith  the  coordinates  given  by  equation  (12-5),  commonly  known 
as  Weibull  coordinates. 

The  factors  upon  which  the  specific  dynamic-load  rating  depends 
are  the  following: 

(1)  The  size  of  the  rolling  elements 

(2)  The  number  of  rolling  elements  per  row 

(3)  The  number  of  rows  of  rolling  elements 

(4)  The  conformity  between  the  rolling  elements  and  the  races 

(5)  The  contact  angle  under  load 

(6)  The  properties  of  the  material 

(7)  The  properties  of  the  lubricant 

(8)  The  operating  temperature 
The  operating  speed 

I -s  1 thi’ough  5 are  considered  in  standard  capacity  formulas. 
The  remaining  factors  will  be  discussed  later. 

According  to  the  Hertz  theory,  the  load-carrying  capacity  should  be 
proportional  to  the  square  of  the  rolling-element  diameter.  From 
extensive  experimental  data,  Palmgren  (ref.  1)  found  that  capacity 
varied  as  ® for  balls  up  to  about  25  millimeters  in  diameter  and  as 
Z?*  * for  balls  larger  than  25  millimeters  in  diameter. 

For  a constant  bearing  load,  the  normal  force  between  a rolling 
element  and  a race  will  be  inversely  proportional  to  the  number  of 
rolling  elements.  Therefore,  for  a constant  number  of  stress  cycles 
at  a point,  the  capacity  is  proportional  to  the  number  of  rolling 
elements.  On  the  other  hand,  the  number  of  stress  cycles  per  revolu- 
tion is  also  proportional  to  the  number  of  rolling  elements,  so  that 
for  a constant  rolling-element  load  the  capacity  for  point  contact  is 
inversely  proportional  to  the  cube  root  of  the  number  of  rolling 
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elements.  This  comes  from  the  inverse  cubic  relation  between  load 
and  life  for  point  contact.  Then  the  capacity  varies  with 


Multiple-row  bearings  with  i roira  of  balls  may  be  considered  as  a 
combination  of  { single-row  bearings.  From  equation  (12-5)  and  the 
theory  of  probability,  the  following  relation  between  the  life  of  a 
multirow  beaiing  and  the  lives  of  the  i individual  rows  is  obtained: 


Then 


I 

L*~Li 


(12-6) 


JL-i. 

L~L\ 


(12-7) 


If  each  row  of  the  bearing  is  loaded  with  a load  equal  to  the  specific 
dynamic-load  rating  of  one  row  C«,  then  £<=1  and,  from  equation 


(12-7), 

i 

(12-8) 

or 

r L 

i»/. 

(12-9) 

The  load  on  the  entire  bearing  is  iOf. 

In  chapter  6,  the  load-life 

relation  was  given  as 

K0 

(12-10) 

where  P*  is  the  equivalent  bearing  load. 

In  this  case. 

Pe^iCi 

(12-11) 

From  equations  (12-9)  to  (12-11), 

\iO,) 

(12-12) 

or 

(12-13) 

For  ball  bearings,  «=3  and  e is  approximately  1.1,  so  that  the  capacity 
of  multirow  bearings  varies  as  For  radial  ball  bearings,  the 
normal  force  between  a ball  and  a race  varies  as  l/cos  a,  so  tliat  the 
capacity  is  proportional  to  cos  a.  The  influence  of  the  degree  of  con- 
formity, bearing  type,  and  internal  dimensions  is  expressed  by 
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fc/icos  a)“  ®.  Therefore  the  capacity  of  a radial  ball  bearing  varies 
as  (i  cos 

For  thrust  ball  bearings,  the  normal  force  between  a ball  and  a race 
varies  as  1/sin  a,  so  that  the  capacity  is  proportional  to  sin  ot  or  to 
cos  a tan  a.  When  the  influences  of  the  degree  of  conformity,  of 
bearing  type,  and  of  internal  dimensions  are  included,  the  capacity  of 
a thrus  t ball  bearing  varies  as  (i  cos  a)®-’'  tan  a. 

For  loUer  bearings  with  line  contact,  the  exponent  in  the  life  equation 
is  4,  so  that  the  capacity  varies  as  s®'*.  From  equation  (12-13)  with 
71=4,  the  capacity  of  multirow-roller  bearings  is  found  to  vaiy  as 
^0.78  Theoretically,  the  capacity  of  roller  bearings  should  be  propor- 
tional to  laDa.  Experimental  data  indicate  that  capacity  varies  as 

The  formulas  for  specific  dynamic  capacity  as  developed  by 
Palmgren  (ref,  1)  and  Lundberg  and  Palmgren  (ref.  2)  are  as  follows: 


(1)  For  radial  ball  bearings  with  Z?<25  millimeters, 

C=fc{i  cos  a)o-7s2/323i.8  (12-14) 

(2)  For  radial  ball  bearings  with  Z>>25  millimeters, 

C—Jeii  cos  (12-15) 

(3)  For  radial  roller  bearings, 

C=Mi  cos  a)o.78^M2Ji.o7/o.78  (12-16) 

(4)  For  thrust  ball  bearings  with  a?^90°, 

C=fe(i  cos  a)°-^  (tan  (12-17) 

(5)  For  thrust  roller  bearings  with  a 5^90°, 

C=Ui  cos  a)®  » (tan  a)s®«I>«  ®'/®  " (12-18) 

(6)  For  thrust  ball  bearings  with  a=90°, 

C=J,.io-7sH3Di.a  (12-19) 

(7)  For  thrust  roller  bearings  with  «=90°, 

C-=/^iO.78^/42J».07/O.78  (12-20) 


The  coefficient  Jc  depends  on  the  material  and  the  bearing  type. 
For  ordinary  bearing  steels  such  as  SAE  52100  with  mineral-oil  lubri- 
cation,/<,  can  be  evaluated  by  using  tables  12-1  and  12-11. 
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Deviations  From  the  Weibull  Distribution 

Until  recently  the  analysis  of  bearing-fatigue  data  was  based  on  the 
primary  importance  of  two  lives,  the  iio  and  Lm  (the  lives  at  failure 
probabilities  of  10  and  50  percent).  As  previously  stated,  the  Weibull 
distribution  (eq.  (12-5))  predicts  the  life  dispersion  of  bearings  within 
the  failure-probability  range  from  10  to  50  percent  with  satisfactory 
accuracy.  Catalog  ratings  of  bearings  are  based  on  the  Zio  and  Zw 
lives. 

Requirements  for  high-reliability  mechanisms  in  space  vehicles  and 
other  applications  have  made  it  necessary  to  investigate  life  dispersion 
at  very  low  probabilities  of  failure.  Bearing-fatigue  data  are,  for  the 
most  part,  taken  from  relatively  small  samples,  so  that  the  reliability 
cannot  be  determined  accmately. 

A true  fit  with  the  Weibull  distribution  would  imply  a zero  minimum 
life,  and  knowing  whether  such  a true  fit  exists  over  the  entire  range 
of  failure  probabilities  from  0 to  100  percent  is  important. 

Tallian  (ref.  6)  analyzed  a composite  sample  of  2500  rolling-element 
bearings  and  concluded  that  a good  fit  was  obtainr  d in  the  failure 
probability  region  between  10  and  60  percent.  Outside  this  region, 
experimental  life  is  longer  than  the  Weibull  prediction.  In  the  early 
failure  region,  bearings  were  found  to  behave  as  shown  in  figure  12-1. 


Figure  12-1. — Life  distribution  in  early  failure  resion.  (From  ref.  6.) 
693-499  0-64—25 
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TabiiE  12-I,”—Conventionaii  Beabing  Types  • 
[Units  in  kg  and  mm.] 


Function 

Point  contact  of  ball  bearings 

Line  contact  of  roller  bearings 

C 

fc 

, . / 2r<  V “ 

Bcflf2 

Oc 

[-(g)T 

H^)T 

CilCc 

- /n  2r,-/)\‘’  " 
^^\ro2rt-D) 

'•(tf 
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Thrust 


Radial 

or=90“ 

D cos  a 

D 

dm 

f. 

(cos  a)“-’ 

(cos  or)®  ' tan  or 

B 

/, 

m 

6-10 

^0^ 

(l+7)>« 

/a 

104/4 

/4 

1 

h 

(S) 

> From  refs.  1 and  2. 


Thrust 


Radial 

a?s90“ 

fi 

11 

CD 

O 

0 

D cos  or 
dm 

D 

dm 

(cos  or)"® 

(cos  or)'/®  tan  or 

1 

18-25 

36-60 

-y2/ft(l--4y)29/27 

(1+7)*'^ 

-y3/3 

1.14/4 

fi 

1 

.38/J7 

(S) 

•A 

> 

M 

a 

d 

H 

HI 

a 

» 

0 

p 

HI 

a! 

S3 

1 

a 

p 

a 

H 

a! 

H 

H 

H 

> 

w 

IH 

fi 

ra 


Cl9 


Table  12-11. — Point  and  Line  Contact  op  Rolleb  Bearings  • 
[C=C,[l+(Ci/Co)‘]‘'<;  units  in  kg  and  mm.J 


Function 


Radial  bearing 

Thrust  bearing 

Radial  bearing 

Thrust  bearing 

j «^90“ 

a=90° 

ap£90° 

«=90'> 

Inner  race 

Outer  race 

D cos  a 

1 D 1 

1 D cos  a \ 

1 D 

Liue  contact  Point  contact  C« 


ftorC, 


(cos 

(cos  tan  a 

1 

(cos  a)“-’ 

(cos  a)°-^  tan  a 

1 

18-25 

36-60 

3.  5-3.  9 

6-10 

yin(i-y)»m 

7«-*(l +')')•■” 

(l  + y)iU 

-y)'« 

av 


Point  contact  C< 

Line  contact  C, 

C-- or  

/a 

(cos  a)®-^ 

(cos  a)®-'  tan  a 

1 

(cos  a)’/® 

(cos  a)"“  tan  a 

1 

fi 

3.  7-4. 1 

6-10 

15-22 

36-60 

/, 

yOJi 

7* '“(1+7)®*'’' 

^3/9 

(l+7)*« 

(1_7)1'3 

* From  refs.  1 and  2. 
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The  following  table  provides  expressions  for  excess  life  in  the  early 
failure  region: 


Probability 
of  survival, 
S,  percent 


S>99.9 


99.9><S>96--- 


95>5>40. 


Standardized 
theoretical 
life,  f/T 


Standardized 

life, 

yr+Va 


yr^O.OOl 


yr+y*= 0.004 — 


0.001<yr<0.05„ 


in  (yr+ya) 
=0.690  In 
0.328^3* 


0.05<yr<0.9 


y*= 0.013. 


Assumed  behavior 
of  points 
in  figure  12-1 


Points  approach 
vertical 
asymptote 
Points  fit  slop- 
ing interjKr- 
lated  straight 
line  in  WeibuU 
plot 

Points  deviate 
from  theoreti- 
cal WeibuU 
fine  by  con- 
stant excess 
life 


In  the  previous  table,  taken  from  reference  6,  yr  represents  the 
theoretical  standardized  life  as  obtained  from  reference  7,  and  is 
the  excess  standardized  life.  The  standardized  life  y is 

(12-21) 

In  terms  of  the  standardized  life,  equation  (12-5)  is  written 

S=exp  (—y)  (12-22) 

When  data  are  reduced,  y is  calculated  from  the  following  equation: 

In  2 (12-23) 

The  expected  life  at  very  low  probabilities  of  failure  can  be  calculated 
with  equation  (12-23)  to  obtain  yr  and  the  e.xpressions  given  in  the 
previous  table  for  the  sum  of  yr  and  y*.  The  sum  of  yr  and  at  a 
specific  survival  probability  gives  the  expected  life. 

OPERATING  VARIABLES 
Limitations  of  the  Capacity  Formulas 

The  capacity  formtdas  for  various  types  of  bearings  given  by  equa- 
tions (12-14)  to  (12-20)  are  valid  only  for  bearings  of  conventional 
steel  lubricated  ”.dth  mineral  oils  when  they  are  operated  at  nominal 
speeds.  Since  the  development  of  the  Lundberg-Palmgren  capacity 
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formulas,  many  bearing  applications  exist  in  which  rolling  bearings 
are  required  to  operate  imder  extreme  conditions  of  speed  and  tem- 
perature with  a variety  of  lubricants  and  lubncation  techniques. 
These  operating  conditions  have  made  the  development  of  new  bear- 
ing materials  necessary.  In  order  to  design  bearing  systems  intel- 
ligentlv,  the  sffects  of  bearing  materials  and  lubricants,  as  weU  as 
speed  and  temperature,  on  fatigue  life  and  load  capacity  have  been 
investigated.  The  effects  of  various  processing  and  operating  vari- 
ables will  be  discussed. 

Among  the  processing  variables  that  will  be  discussed  are  material 
composition,  melting  technique,  hardness,  fiber  orientation,  and 
contact  angle.  The  operating  variables  to  be  discussed  are  load, 
speed,  lubricant  type  (base  stock),  which  includes  dry-powder  lubri- 
cants, lubricant  viscosity,  and  temperature.  Each  of  these  process- 
ing and  operating  variables  has  an  effect  on  fatigue.  This  effect 
must  be  known  in  order  to  design  the  best  bearing-lubricant 
combination  for  a given  set  of  operating  conditions  and  to  predict 
accurately  its  performance  under  fatigue  conditions.  Obtaining 
rolling  fatigue  data  is  expensive  because  many  bearings  must  be 
tested  so  that  the  scatter  in  life  can  be  treated  statistically.  The  cost 
factor  plus  the  mgent  need  for  rolling-element-bearing  fatigue  data 
has  stimulated  the  development  of  several  bench-type  fatigue  testers. 
These  testers  obtain  fatigue  data  quickly  and  economically  \vith  easily 
fabricated  specimens  such  as  balls  or  cylindrical  rods.  Many  of 
the  data  reported  herein  were  obtained  on  bench-type  fatigue  testers, 
which  produce  fatigue  failures  similar  to  those  obtained  in  full-scale 
bearings  at  a reduction  in  time  and  cost. 

Load 

All  experimental  evidence  obtained  to  date  indicates  that  the  in- 
verse cubic  relation  between  load  and  life,  which  was  found  to  exist 
for  point  contact  with  conventional  bearing  materials  with  mineral- 
oil  lubrication,  is  approximately  true  for  other  materials  and  lubri- 
cants and  for  bench-type  fatigue  testers  used  for  studying  the  effects 
of  different  variables  on  rolling-element-bearing  fatigue.  Butler 
and  Carter  (ref.  8)  report  fatigue  data  obtained  with  52100  steel 
balls  in  the  fatigue  spin  rig.  A description  of  this  apparatus  is  given 
in  reference  9.  Balls  of  SAiE  52100  steel  were  tested  at  maximum 
Hertz  compressive  stresses  of  600,000,  675,000,  and  750,000  psi  in 
the  fatigue  spin  rig.  Weibull  plots  (given  in  ref.  8)  were  made  for 
each  of  these  three  lots  of  ball  specimens,  and  the  results  were  plotted 
as  the  applied  maximum  Hertz  stress  against  bail  life  at  the  10- 
percent  failure  point  (fig.  12-2).  The  slope  of  this  line  is  10.4. 
Normal  full-scale  bearing  data  produce  a slope  of  approximately  9, 
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Figure  12-2. — Variation  of  ball  life  with  applied  stress  for  SAE  52100  balls. 
Room  temperature;  lubrication,  SAE  10  mineral  oil;  fatigue  spin  rig.  (FYom 
ref.  8.) 


which  corresponds  to  a load-life  exponent  of  3.  These  results  indi- 
cate that  the  load-  or  stress-life  relation  in  the  fatigue  spin  rig  approxi- 
mates that  which  would  be  expected  in  full-scale  bearings. 

In  reference  10  the  relation  of  stress  and  life  was  investigated  for 
two  separate  lots  of  crystallized  glass  ceramic  balls  using  a five-ball 
fatigue  tester.  Crystallized  glass  ceramic  balls  taken  from  specimen 
lot  A were  run  -at  maximum  Hertz  stresses  of  265,000,  295,000,  and 
330,000  psi.  Weibnll  plots  (given  in  ref.  10)  were  made  at  each  of 
those  stress  levels,  and  the  10-  and  50-percent  lives  were  determined 
from  these  Weibull  plots.  The  plot  of  stress  against  life  for  specimen 
lot  A is  shown  in  figure  12-3(a).  The  stress-life  exponent  at  the 
10-percent  level  is  13.8  and  at  the  50-percent  level  is  11.6.  For  this 
particular  material,  the  sensitivity  of  life  to  applied  stress  is  slightly 
greater  than  that  for  steels.  The  results  for  specimen  lot  B,  which 
were  tested  at  maximum  Hertz  stresses  of  265,000  and  330,000  psi, 
are  shown  in  figure  12-3(b).  Here  the  stress-life  exponents  are  10.6 
at  the  10-percent  level  and  10.5  at  the  50-percent  level.  Again,  these 
results  indicate  a slightly  greater  sensitivity  of  life  to  applied  stress 
for  this  ceramic  material  than  for  steels. 

For  both  the  SAE  52100  steel  and  the  ceramic  material  investi- 
gated, the  load-  or  stress-life  relation  in  two  different  types  of  bench 
fatigue  testers  approximate  those  for  steels  in  full-scale  bearing  tests. 

Harwell  and  Scott  (ref.r  11)  used  a four-ball  fatigue  tester  to  de- 
termine the  load-life  relation  for  five  different  lubricants.  These 
lubricants  were  an  aircraft  mineral  oil,  a water  glycol,  a hydraulic 
petroleum  oil,  a chlorinated  diphenyl,  and  a synthetic  polyester. 
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The  results  of  tests  of  standard  ^-inch-diameter  balls  at  maximum 
Hertz  stresses  of  660,000  to  950,000  psi  are  shown  in  figure  12-4. 
For  all  five  lubricants,  the  inverse  cubic  load-life  relation  was  found 
to  be  true.  The  Ufe  used  in  these  tests  was  the  average  time  to  fail- 
ure. Further  load-life  tests  were  conducted  by  Scott  in  reference  12 
at  200“  C (392“  F)  by  use  of  a synthetic  diester  lubricant  and  T-1 
tool-steel  balls.  These  results  are  shown  in  table  12-III.  Again, 
the  inverse  cubic  relation  was  true. 

Cordiano,  Cochran,  and  Wolfe  (ref.  13)  report  fatigue  tests  with 
217-size  angular-contact  ball  bearings  that  were  flood  lubricated  with 
four  oils.  These  oils  included  a mineral  oil  and  three  combustion- 
resistant  hydraulic  fluids:  a phosphate  ester,  a phosphate  ester  base, 
and  a water-glycol  base.  Bearings  were  run  at  thrust  loads  of  12,900 
and  8600  pounds  with  the  phosph>  te  lubricants  and  at  an  additional 
load  of  4300  pounds  with  the  water-base  glycol.  The  load-life 
relations  obtained  are  plotted  in  figure  12-5.  The  exponents 
vary  from  2.7  for  the  glycol  to  4.2  for  the  phosphate  ester. 

Fatigue  life  varies  inversely  as  the  third  to  fourth  power  of  the  load 
for  a variety  of  materials  and  lubricants  (refs.  8 and  10  to  13).  This 
relation  apparently  will  exist  for  new  bearing  materials  and  lubricants. 


Lubricant  Viscosity 

at  20r  C, 
cs 


Figube  12-4. — Effect  of  load  on  time  to  failure  for  various  lubricants.  (From 

ref.  11.) 


FATIGUE  IN  KOLLING-BIiEMENT  BEARINGS 


387 


Table  12-IIL — Test  Results  With  Dibsteb-Type  Synthetic 

Lubbicant  • 


Test 

Load  on 
upper 
ball,  kg 

Tempera 

Start 

ture,  ° C 
Finish 

tI/3RT 

1 

600 

202 

197 

8 

8.6 

1229 

2 

600 

202 

202 

7 

8.6 

1229 

3 

600 

202 

206 

5 

8.6 

1229 

4 

600 

201 

200 

8 

8.6 

1229 

5 

600 

202 

202 

10 

8.6 

1229 

6 

600 

198 

195 

11 

8.6 

1229 

7 

600 

195 

192 

11 

8.6 

1229 

8 

500 

203 

202 

13 

BIB 

1214 

9 

500 

202 

202 

12 

Blifl 

1214 

10 

500 

202 

203 

13 

1214 

11 

500 

202 

202 

14 

14.3 

1214 

12 

500 

201 

197 

17 

14.3 

1214 

13 

500 

204 

202 

17 

14  3 

1214 

14 

400 

202 

201 

32 

31 

1257 

15 

400 

201 

198 

32 

31 

1257 

16 

400 

203 

202 

24 

31 

1257 

17 

400 

202 

206 

28 

31 

1257 

18 

400 

201 

201 

24 

31 

1257 

19 

400 

201 

205 

27 

31 

1257 

20 

400 

205 

198 

36 

31 

1257 

21 

400 

204 

199 

36 

31 

1257 

22 

400 

202 

202 

40 

31 

■■ 

• From  ref.  J 2. 


Lubricant  Base  Stock 

The  need  for  lubricants  with  better  oxidative  and  thermal  stability 
has  stimulated  research  on  the  synthesis  of  many  synthetic  compoimds 
that  offer  promise  as  high-temperature  lubricants.  Rolling-element 
fatigue  data  are  needed  with  these  new  lubricants,  for  new  oils  cannot 
be  used  vuth  any  confidence  %vithout  some  knowledge  of  their  effect 
on  the  fatigue  behavior  of  bearing  steels. 

In  reference  11,  fatigue  tests  with  }^-inch-diameter  balls  were  con- 
ducted with  26  different  lubricants.  The  life  results  with  five  of 
these  lubricants  are  shown  in  figure  12-4.  Of  these  five  oils,  the 
aircraft  mineral  oil  showed  the  best  life  and  the  water-based  glycol 
showed  the  poorest  life.  Viscosity  differences  among  these  lubricants, 
however,  make  an  unbiased  comparison  impossible  since  lubricant 
viscosity  has  a marked  effect  on  fatigue  life.  The  experiments  of 
reference  11  were  conducted  at  maximum  Hertz  stress  levels  up  to 
950,000  psi,  where  considerable  plastic  deformation  occms.  This 
deiormation  makes  the  validity  of  extrapolating  these  data  to  lower 
stress  levels  questionable. 
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Figvbe  12-S.  Load-life  relation  of  bearings  operated  in  four  hydraulic  fluids; 
LP"=constant.  (BVom  ref.  13.) 

Table  12-IV  shotvs  data  obtained  with  13  of  the  lubricants  tested  in 
reference  1 1 . Again,  viscosity  differences  make  imbiased  comparisons 


Table  12-IV. — Viscosity  and  Avbhage  Life  for  Different 
Lubricants  “ 


Typo  of  lubricant 

Viscosity 
at  20«  C, 
cs 

Average 

life, 

R<in 

Aircra'  mineral  oil 

21G 

89 

19 

17 

19 

174 

343 

40 

16 

1.6 

52 
97 

53 

59 

42 

40 

32 

18 

67.5 

40 

13 

11 

58 

64 

48 

51 

Mineral-base  hydraulic  oil  with 
additives 

Hydraulic  petroleum  oil 

Synthetic  silicate  ester.. 
Nonflammable  synthetic  polyester.  . 
Phosphate  ester 

Chlorinated  diphenvl 

Nonflammable  water-base  glycol 

Polyalkalene  elvcol 

Dimethyl  silosane 

Silicone . 

Tricrcsyl  phosphate 

Naphthenic-base  oil 

Prom  ref.  11. 
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difficult,  but  some  general  conclusions  can  be  made.  The  mineral 
oils,  which  include  the  aircraft  mineral  oil,  a hydraulic  oil,  and  a 
naphthenic-base  oil,  appear  to  give  good  fatigue  life.  The  nonflam- 
mable water  glycol  and  the  polyalkylene  glycol  appear  to  give  the 
poorest  fatigue  results.  Somewhat  better  are  the  synthetic  polyester 
and  the  synthetic  silicate.  The  (dimethyl)  siloxane,  despite  its  low 
viscosity,  gave  good  life,  and  the  silicone  appeared  to  be  one  of  the 
best  lubricants.  Closer  control  of  viscosity  among  the  various  base 
stocks  is  necessary  before  more  definitive  conclusions  can  be  drawn. 

Fatigue  lives  of  }(-inch-diameter  test  balls  were  determined  at  a 
maximum  Hertz  stress  of  830,000  psi  with  two  different  greases  in 
reference  12.  These  results  are  shoivn  in  table  12-V.  The  mineral- 


Tablb  12- V. — Average  Time  to  FAii.uHE  fob  Greases  • 
[Maximum  Hertz  stress,  830,000  psi;  test  temperature,  200°  C.] 


Lubricant 

Average 
time  to 
failure, 
min 

Remarks 

Lithium-base  grease 

Experimental  silicone 
grease  containing  chlo- 
rine 

93 

36 

Bearing  surface  and  balls 
clean  and  bright 
Balls  dull  with  etched 
surface  appearance 

• From  ref.  12. 


oil  lithium-base  grease  gave  significantly  better  fatigue  life  than  the 
experimental  silicons  grease  that  contained  chlorines.  These  tests 
were  conducted  at  200°  C (392°  F). 

Baughman  (ref.  14)  conducted  fatigue  tests  using  the  rolling-contact 
fatigue  tester.  In  this  tester,  the  test  specimen  is  a 5^-inch-diameter 
cylindrical  rod,  which  is  stressed  between  two  crowned  cylinders,  each 
7.5  inches  in  diameter.  Fatigue  results  with  a synthetic  diester  (14.2 
cs  at  100°  F),  a mineral  oil  (10.2  cs  at  100°  F),  and  a methylphenyl 
silicone  (10.8  cs  at  100°  F)  are  shown  in  figure  12-6.  These  results 
were  obtained  with  M-1  tool  steel  at  a maximiun  Hertz  stress  of 
725,000  psu  Ten-percent  fatigue  lives  for  the  silicone,  mineral  oil, 
and  dicster  were  4.0,  2.2,  and  1.1  million  stress  cycles,  respectively. 
Figure  12-7  shows  a plot  of  the  log  log  of  the  50-percent  life  plotted 
against  the  log  of  the  viscosity  at  80,000  psi  for  these  three  lubricants. 
Fatigue  life  appears  to  be  related  to  the  actual  viscosity  existing  in  the 
high-pressure  region. 

Experunents  similar  to  those  of  reference  14  are  reported  in  refer- 
ences 15  and  16.  Five  different  base-stock  lubricants,  each  ivith  an 
atmospheric  pressure  viscosity  of  about  10  centistokes  at  100°  F were 
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Figure  12-6. — Weibull  plot  of  data  from  rolling-contact  fatigue  tester  on  M-1 
tool  steel  when  tested  with  three  different  lubricants.  Maximum  Hertz  stress, 
725,000  psi;  room  temperature.  (From  ref.  14.) 

used  in  these  experiments.  AISI  M-1  balls  were  tested  at  a maximum 
Hertz  stress  of  725,000  psi  in  the  fatigue  spin  tester.  Figure  12-8 
shows  the  fatigue-life  results.  These  data  are  summarized  in  table 
12-VI.  Again,  as  in  reference  14,  the  silicone  gave  the  best  life, 
followed  by  the  mineral  oil,  the  polyalkylene  glycol,  the  sebacate,  and 
the  dioctyl  adipate. 

Figure  12-9  shows  tl  10-percent-life  data  from  figure  12-8  plotted 
against  the  pressure-viscosity  coefficients  for  the  five  lubricants.  The 
pressure-viscosity  coefficient  is  defined  as  the  slope  of  the  curve  of  the 
leg  of  absolute  viscosity  plotted  against  pressure.  Since  there  is  some 
curvature  in  each  of  these  plots,  the  initial  slope  is  used.  The  pressure 
viscosity  is  assumed  to  be  given  approximately  by  an  equation  of  the 
following  t3rpe: 


lip=/toX10^* 


(12-24) 
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Figure  12-7. — Rclaiion  between  lubricant  viscosity  at  80,000  psi  and  fatigue 
life  of  M-1  tool  steel.  Temperature,  210°  F.  (From  ref.  14.) 


Values  of  |3  sho\’ra  in  table  12-VI  were  obtained  from  reference  17  for 
aU  but  the  adipate  oil.  The  curve  of  figme  12-9  indicates  that 
fatigue  life  increases  with  increasing  pressure-viscosity  coefficient. 
Since  the  initial  viscosities  of  these  five  lubricants  were  all  approxi- 
mately 10  centistokes,  the  actual  viscosities  imder  pressure  would  be 
expected  to  vary  as  the  pressme-viscosity  coefficient.  The  good 
correlation  of  figure  12-9  may  indicate  that  actual  viscosity  is  a 
variable  of  prime  importance  in  determining  fatigue  life. 


CO 


Table  12-VI. — Fatigue  Lives  of  ^^-incu  AISI  M-1  Tool-Steel  Balls  Lubbicated  With  Vabious  Base-Stock  Fluids  ■ 


[Test  temperature,  100°  F;  maximum  Hertz  compressive  stress,  725,000  psi.] 


Lubricant 

Pressure- 
viscosity 
coefficient, 
/*,  l/psi 

Specimens 

tested 

Failures 

Kunouts 

10-percent 
failure  life, 
stress  cycles 

50-percent 
failure  life, 
stress  cycles 

Methyl  silicone. . 

8.  35X  10-» 

26 

5 

21 

106X  10» 

17,000X10*i> 

Paraffinic  miner'.'i  oil 

5.38 

28 

14 

14 

18 

660 

Glycol — 

3.28 

16 

11 

5 

7.6 

167 

Sebacate 

2.52 

22 

15 

7 

5.2 

200 

Adipate..  - 

Unavailable 

26 

12 

14 

2.4 

1,000 

• Fic’ta  ref.  15. 
•>  Extrapolated. 
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(a)  Mineral  oil  and  silicone.  (b)  Polyalkylene  glycol. 

(c)  Sebacatc.  Maximum  Hertz  stress,  (d)  Adipate. 

650,000  psi. 

Figure  12-8. — Fatigue  life  of  AISI  M-1  tool-steel  balls  with  various  base  stock 
lubricants.  Test  temperature,  100°  F;  maximum  Hertz  stress,  725,000  pei; 
fatigue  spin  tester.  (From  ref.  16.) 

Fatigue  tests  with  full-scale  217-size  angular-contact  ball  bearings, 
lubricated  with  three  combustion-resistant  hydraulic  fluids  and  a 
mineral  oil,  are  reported  in  reference  18.  These  bearings  were  run 
at  2150  rpm,  12,900-pound  thrust  load,  and  flood  lubricated  with  the 
oil  outlet  temperature  adjusted  to  160°  to  160°  F.  Viscosities  of  the 
test  oils  are  given  in  table  12-VII.  The  life  results  obtained  are 
s'jmmarized  in  table  12-VIII.  Comparison  of  modal  lives  ivith  that 
of  mineral  oil  shows  that  life  with  the  phosphate  ester  is  58  percent, 

Tabus  12-VII. — Lubricants  Used  in  Fatigue  Tests  op  Angular-Contact 
. Baud  Bearings  ■ 


Viscosity,  Saybolts  Seconds 

Universal  at — 

Lubricant 

100°  F 

210°  F 

Petroleum  oil 

182 

44  3 

Pliosphate  ester 

214 

42.3 

Phosphate  ester  base 

231.4 

44  2 

Water-glycol  base 

280.2 

69.5 

• From  ref.  18. 
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Figure  12-9. — Life  of  AISI  M-1  tool-steel  ball  as  function  of  pressure-viscosity 
coefficient.  Test  temperature,  100°  F;  aximum  Hertz  stress,  726,000  psi; 
fatigue  spin  tester.  (From  ref.  16.) 

life  with  the  phosphate  ester  base  is  31  percent,  and  life  with  the 
water-glycol  base  is  only  6 percent. 

Reference  13  presents  additional  fatigue  data  obtained  tvith  the 
lubricants  used  in  reference  18  at  200°  F and  at  various  loads. 
Fatigue  life  at  200°  F was  slightly  lower  than  at  150°  F for  both  the 
phosphate  ester  and  the  phosphate  ester  base  lubricants.  Attempts 
were  made  in  reference  13  to  determine  the  causes  fi,r  the  life  differences 
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Table  12-VIII. — Modal  and  Median  Lives  op  Angdlae-Contact  Ball 
Bearings  Operated  in  Petroleum  Oil  and  ThreeCombustion- Re- 
sistant Fluids* 


Lubricant 

Life,  revolutions 

Relative  life 

Modal 

Median 

Modal 

Median 

Petroleum  oil 

Phosphate  ester 

Phosphate  ester  base 

Water-glycol  base 

laexio* 

10.7 

5.8 

1.2 

24.9X10* 

13.5 

6.8 

1.3 

1.00 

.58 

.31 

.06 

1.00 

.54 

.27 

.05 

• From  ref.  18. 


shown  by  the  various  fluids.  Prrasure-viscosity  relations  for  the  oils 
were  detemined  at  three  temperatures  and  at  pressures  up  to  50,000 
psi  by  use  of  a rolling-ball  viscometer  to  determine  whether  a correla- 
lation  existed  between  pressure  viscosity  and  fatigue  life.  The 
results  are  shown  in  flgiu*e  12-10.  The  rise  in  viscosity  with  pressure 
for  the  phosphate  ester  base  and  phosphate  ^ter  fluids  is  similar  to 
that  for  the  petroleum  oil  but  at  a greater  rate.  In  contrast,  the 
relatively  flat  pressure-viscosity  curves  for  the  water-glycol-base 
fluid  indicate  that  the  relatively  low  viscosity  of  this  fluid  at  high 
pressures  may  be  a contributing  factor  to  the  poor  fatigue  life  with 
this  fluid.  There  is  no  correlation  between  pressure-viscosity  coeffi- 
cient and  fatigue  life,  however,  since  the  coefficients  for  the  other 
three  lubricants  are  in  reverse  to  the  fatigue  lives.  Thus,  the  data 
from  bench  tests  in  references  15  and  16  indicate  that  a correlation 
exists  between  pressure-viscosity  coefficient  and  fatigue  life,  and  the 
bearing  data  of  reference  13  indicate  that  it  does  not.  More  work  is 
necessary  to  establish  the  degree  to  which  pressure-viscosity  and  other 
rheological  properties  affect  fatigue  life. 

Rounds  (ref.  19)  has  conducted  an  extensive  investigation  of  the 
fatigue  properties  of  many  lubricants  by  use  of  a four-ball-type  appara- 
tus and  }^-inch-diameter  SAE  51100  test  balls.  Tests  were  conducted 
at  a maximum  Hertz  stress  of  1.2X10®  psi,  1582  rpm,  and  200“  F. 
The  extrapolation  of  these  data  to  the  lo  ver  stress  levels  that  exist 
in  bearings  is  questionable  because  of  the  extent  of  plastic  deforma- 
tion that  occurs  at  Hertz  stresses  in  the  regior?  of  10®  psi.  Some  60 
base  oils  were  selected  from  11  different  chemical  classes  that  include 
mineral  oils  and  most  of  the  commonly  used  synthetic  fluids.  Figure 
12-1 1 shows  some  fatigue-life  data  plotted  against  visciosty  for  mineral 
oils  and  several  polyphenyl  ethers.  Figure  12-12  shows  similar  data 
obtained  with  a group  of  esters.  Fatigue  lives  reported  are  relative 
to  the  life  obtained  with  an  MU-L-7808C  oil.  All  the  ethers  and  all 
the  esters  with  the  exception  of  two  high-viscosity  diabasic  acid 
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Pressure,  psi 


Fiovrb  12-10. — Pressure-viscoeity  isotherms  of  four  hydraulic  fluids.  (From 

ref.  13.) 

esters  showed  better  fatigue  lives  than  the  mineral  oils  when  com- 
pared on  the  basis  of  similar  viscosities. 

Figure  12-13  shows  fatigue  data  obtained  with  alcohols,  poly- 
glycoh,  and  acids.  The  fatigue  performance  of  the  fatty  acids  is 
verj’  poor,  and  the  higher  viscosity  polyglycols  show  poor  fatigue 
life.  The  fatigue  performance  of  silicones  is  shown  in  figure  12-14.  In 
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FiausB  12-11. — Effect  of  polyphenyl  ether  and  hydrocarbon  lubricanta  on 
fatigue  life.  (From  ref.  19.) 


Fiourk  12-12. — Effect  of  eater  lubricants  on  fatigue  life.  (From  ref.  19.) 


general,  the  performance  of  the  silicones  is  good  although  the  per- 
formance of  the  methylphenyl  silicone  with  polyglycol  chains  is 
extremely  poor.  Most  fatigue  data  obtained  with  silicone  oils,  such 
as  those  of  references  1 1 and  1 5,  indicate  that  silicones  give  superior 
fatigue  performance. 

Data  obtained  with  phosphate  esters  and  halogenated  hydrocar- 
bons are  shown  in  figure  12-15.  The  phosphate  esters  gave  good 
fatigue  life  but  the  other  lubricants  in  this  group  gave  poor  fatigue 
life.  Note  the  contrast  in  relative  fatigue  performance  of  the  phos- 


Relative  fatigue  life  Relative  fatigue  life 
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Viscosity  at  210*  F,  cs 


CURE 

4r- 


12-13. — Effect  of  alcohol,  polyglycol,  and  acid  lubricants  on  fatigue  life. 
(From  ref.  19.) 


range  Methylphenyl 

silicone  with 
polyglycd 
• chains 

J I I ^ I ^ i 

2 4 6 8 10  20  40 

Viscosity  at  210*  F,  cs 


Dimethyl 
silicone  -i 


Chlorinated 

methylphenyl 

) Orthosilicate 


Fioi'EE  12-14. — Effect  of  silicone  and  related  fluid  lubricants  on  fatigue  life 

(From  ref.  19.) 
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phate  eater  in  these  teats  and  in  the  full-scale  bearing  tests  of  reference 
13,  where  the  phosphate  ester  gave  poorer  fatigue  life  than  a mineral 
oil. 

Among  the  mineral  oils  investigated  in  reference  19,  the  naphthenic 
oils  showed  consistently  better  fatigue  life  than  paraffinic  oils.  These 
data  are  shown  in  figure  12-16. 


Viscosity  at  210*  F,  cs 

Floras  12-15. — Effect  of  phoapliate  ester  and  halogenated  hydrocarbon  lubri- 
cants on  fatigue  life.  (From  ref.  19.) 


An  anal^wis  of  the  data  of  reference  19  showed  that  several  factors 
significantly  affect  fatigue  life.  The  effects  of  viscosity  will  be 
discussed  more  fully  later.  One  factor  of  importance  appears  to 
be  the  phj-sical  shape  of  the  average  molecule  in  the  lubricant.  Fa- 


400 


ADVANCED  BEADING  TECHNOLOGY 


Figure  12-16. — Effect  of  mineral-oil  lubricants  on  fatigue  life.  (From  ref.  19.) 


tigue  life  seems  to  be  affected  by  the  number  of  aromatic  or  naphthe- 
nic rings  in  the  molecule  as  shewn  in  the  following  table: 


Base  oil  type 

Average 
number  of 
rings  per 
molecule 

Relative 
fatigue  life 
at  6-cs  vis- 
cosity 

0 

0.54 

1-2 

. 87 

2-3 

1.  62 

4-5 

2.32 

Tlie  presence  of  ring  structures  in  other  classes  of  fluids  is  appar- 
ently beneficial  to  fatigue  life.  Phosphate  esters  with  aryl  groups 
gave  better  life  than  those  with  alkyl  groups.  The  ring  structure  in 
phthalic  acid  may  account  for  the  better  fatigue  life  with  di  (2-ethyl- 
hexyl)  phthalafce  than  with  di(2-ethylhexyl)sebacate.  In  the  alcohol 
series,  the  ring  compound  cyclohexane  gave  better  life  than  the 
straight-chain  alcohols.  Except  for  the  chlorinated  biphenyl  and  a 
substituted  silicone,  all  fluids  containing  ring  structures  gave  longer 
lives  than  the  paraffinic  oils  and  many  were  superior  to  the  naphthenic 
mineral  oils.  Ring  structures  tend  to  make  the  molecule  more  com- 
pact, which  suggests  that  compactness  of  the  molecule  is  beneficial 
to  fatigue  life. 

Increasing  the  polarity  or  reactivity  of  the  molecule  appears  to  be 
detrimental  to  fatigue  life.  Changing  the  hydroxyl  group  in  oleyl 


FATIGUE  IN  ROLLING-ELEMENT  BEARINGS 


401 


alcohol  to  the  more  polar  carboxyl  group  in  oleic  acid  decreased  the 
relative  life  from  1.01  to  0.23;  with  the  phosphorous  compounds,  life 
decreased  progressively  in  going  from  tri(2-ethylhexyl)phosphate 
to  the  strongly  acid  diodecyl  phosphate.  Esters,  in  which  the  polar 
carboxyl  and  hydroxyl  groups  of  the  reacted  acid  and  alcohol  have 
been  effectively  neutralized,  generally  gave  longer  lives  than  did 
either  of  the  reactants  used  to  make  the  ester.  Examples  include 
isodecyl  pelargonate,  which  was  superior  to  7»-decyl  alcohol  and  pelar- 
gonic  acid,  and  dipropylene  glycol  dipelargonate,  which  was  superior 
to  dipropylene  glycol  and  pelargonic  acid. 

An  exception  to  this  rule  appears  to  be  the  chlorinated  compounds. 
The  addition  of  reactive  chlorine  compounds  to  mineral  oil  reduced 
life  but  chlorinating  either  the  polyphenyl  ether  or  the  methylphenyl 
silicone  increased  life. 

Scott  (ref,  20)  made  a more  extensive  study  of  the  effect  of  additives 
on  lubricant  fatigue  life.  A four-ball  tester  was  used  and  tests  were 
nm  at  a maximum  Hertz  stress  of  950,000  psi.  A parafBnic  mineral 
oil  was  used  as  a reference  fluid,  and  several  additives  of  the  extreme- 
pressure  type  were  added  to  the  parafiin  oil,  first  in  normal  percentages, 
and  then  in  greater  than  normal  percentages.  Table  12-IX  sum- 

Tabi.iT!  12-IX. — Ball  Fatigue  Lives  fob  Paraffinic  Minebal-Oil  Lubricant 
AND  Various  Additives  • 

[With  600-kg  load  and  normal  additive  concentrations.] 


Lubricant 

Additive 

Average 
time  to 
failure, 
min 

Paraffinic  mineral  oil.  . 

None 

41 

1 percent  dibutyl  phosphite... 

42 

1 percent  tricresyl  phosphate. 

40 

1 percent  chlorinated  wax 

35 

0.36  percent  elemental  sulfur.. 

58 

0.36  percent  clcrpcntal  sulfur 
■f  10  percent  lead  naphthe- 
nate 

1 percent  Rraphite 

50 

109 

1 percent  molybdenum  disul- 
fide 

79 

• From  ref.  20. 


marizes  the  results  obtained  with  conventional  amounts  of  additives- 
None  of  the  five  extrerae-pressure  additives  reduced  fatigue  life  any 
significant  amount  from  that  obtained  with  the  bass  oil.  The  addition 
of  1 percent  graphite  or  1 percent  molybdenum  disulfide  improved 
fatigue  life.  These  results  will  be  disrussed  fully  in  the  section  on 
solid  lubricants. 
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The  additioB  of  greater  than  normal  percentages  of  chlorinated  wax 
and  dibutyl  phosphite  produced  a sharp  reduction  in  fatigue  life  as 
shown  in  table  12-X.  The  addition  of  10  percent  tricresyl  phosphate, 

Table  12-X. — Ball  Fatigue  Lives  With  Lubbicants  Having  Gheateb 
Than  Normal  Additive  Concentrations* 


Lubricant 

Additive 

Average 
time  to 
failure, 
min 

Paraffinic  mineral  oil.  . 

None 

41 

5 percent  chlorinated  wax 

11 

10  percent  chlorinated  wax 

5'A 

10  percent  dibutyl  phosphite.. 

0 

10  percent  tricresyl  phosphate. 

43 

100-parcent  tricresyl 
phosphate 

None 

48 

• From  ref.  20. 


however,  did  not  reduce  fatigue  life,  and' fatigue  life  with  100  percent 
tricresyl  phosphate  was  comparable  to  that  with  the  paraffin  oil. 
Therefore,  in  lubrication  systems  where  a single  lubricant  is  used  to 
lubricate  both  bearings  and  gears,  tricresyl  phosphate  appears  to  be 
the  most  suitable  extreme-pressure  additive.  It  is  effective  as  a gear 
additive  and  will  not  reduce  bearing  fatigue  life. 

Effc'St  of  Water  in  Lubricant 

Some  very  interesting  experiments  to  determine  the  effect  of  water 
content  in  the  lubricant  on  rolling  fatigue  were  conducted  in  reference 
21.  Tests  were  conducted  in  a four-ball-type  apparatus  at  1500  rom 
using  both  standard  1 .5-percent,-cliromium  steel  balls  and  also  12- 
percent-chromium  stainless- steel  bails.  The  maximum  Hertz  stress 
level  was  about  1 X 10®  psi.  Five  lubricants,  which  are  widely  used 
in  the  lubrication  of  ball  bearings,  were  chosen  for  testing.  A de- 
scription of  the  test  oils  is  given  in  table  12-XI.  The  water  content 
of  each  lubricant  was  varied  over  a wide  range  by  a series  of  four 
treatment's: 

(1)  Dry — The  oil  was  dried  over  metallic  sodium  for  24  hours  before 
test. 

(2)  As  received. 

(3)  Saturated  with  water  before  test — A sample  of  the  oil  was  thor- 
ouglily  shaken  with  an  equal  volume  of  water  and  then  allowed  to 
settle  24  hours.  The  oil  was  carefully  decanted  for  the  test. 

(4)  Supersaturated  with  water  during  test — ^To  ensure  excess  water 
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Table  I2-XI. — Lcbricantb  Used  in  Ball  Fatigue  Tebtb  * 


Lubricant 

Type,  composition,  and  descrip- 
tion of  lulNicant 

Viscosity 
at  20“  C, 

cs 

A 

Compounded  oil  containing  94  per- 
cent mineral  oil  and  6 percent 

refined  rapoaeed  oil 

2200 

B 

Compounded  oil  oontainiiw  90 
percent  mineral  oil  and  10  per- 

cent  blown  rapOHMed  oil 

600 

C 

Refined  mineral  oil  containing  O.d 
percent  trieresyl  phosphate  as 
antiwear  additive.  Antioxidant, 
anticorrosive,  and  aulifoam  ad- 

ditives  may  be  present 

76 

D 

An  oil  containing  extreme-pressure 

additives 

90 

E 

Mineral  oil  formulated  for  use  in 

aircraft  engines 

200 

* From  ref.  31. 


(luring  test,  a smaU  quantity  (1  ml)  of  water  was  added  to  the  lubricant 
oath  immediately  after  the  start  of  each  test. 

The  moisture  (intent  of  each  oil  in  each  condition  is  shown  in 
taUe  12-XII.  Moisture  contents  varied  from  essentially  0 to 


Table  12-XII. — Water  Content  or  Oils  Afteb  Various 
Treatments  * 


Lubricant 

Water  content,  percent  by  weight 

Lubricant  condition 

(1) 

(2) 

(3) 

(4) 

A 

a 01 

a 027 

a IS 

6.  86 

a 

0 

. 022 

. 034 

a 83 

c 

0 

. 052 

. 060 

6.  80 

D 

_ 

0 

0 

& 63 

E 

0 

. 033 

5.  11 

• From  ref.  31. 


almost  7 percent  by  weight.  A summary  of  the  fatigue  lives  of  com- 
mercial EN  31  steel  balls  obtained  with  the  various  lubricants  is  pre- 
sented in  table  12-XIII.  A considerable  reduction  in  fatigue  life 
occurs  with  all  the  oils  with  increasing  water  (intent  as  shown  in 
figure  12-17.  The  fatigue  results  with  the  stainless-steel  balls  lubri- 
cated with  three  of  the  oils  are  summarized  in  table  12-XIV.  The 
i-tainleas-steel  balls  showed  no  reduction  in  fatigue  life  with  ino-easing 
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Table  12-XIII. — Fatigoe  Life  With  Commebcial  Steel 
Balls* 


Mean  fatigue  life,  min 

Lubricant 

Lubricant  condition 

(1) 

(2) 

(3) 

(4) 

A 

157 

124 

123 

ni 

B 

123 

110 

102 

54 

C 

82 

62 

54 

36 

D-. 

53 

47 

16 

E. 

107 

60 

34 

• From  ref.  21. 


water  content.  The  fatigue  life  of  the  stainless-steel  balls,  however, 
was  no  better  than  the  fatigue  life,  of  the  EN  31  balls  with  super- 
saturated oils.  The  fatigue  life  was,  in  fact,  much  shorter  with 
lubricant  A. 

The  reduction  in  fatigue  life  of  the  EN  31  balls  with  increasing 
lubricant-water  content  together  with  the  lack  of  this  effect  with  the 
stainless-steel  balls  suggests  that  corrosion  fatigue  may  be  an  impor- 
tant factor  in  causing  rolling  fatigue.  With  oils  A,  B,  and  E,  the 
track  surface  on  EN  31  balls  was  bright  and  failm-e  occurred  as  a 
siugle  small  pit,  which  was  independent  of  the  water  content.  Oils 
C and  D,  which  contained  reactive  additives,  produced  stained  or 


Figure  12-17. — Effect  of  water  content  of  lubricant  on  mean  life  of  balls.  (See 
table  12-XI  for  definition  of  lubricant.)  (From  ref.  21.) 
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Table  12-XIV. — Tests  With  Stainless-Steel  Balls  • 


Lubri- 

cant 

Lubricant 

condition 

Mean  Mfe, 
min 

Standard 

deviation, 

min 

Coeffi- 
cient of 
variation, 
percent 

Number 
of  tests 

A 

(1) 

34 

8 

24 

5 

(2) 

33 

10 

29 

10 

(3) 

(4) 

31 

7.  5 

24 

14 

D 

(1) 

(2) 

(3) 

16 

4 

25 

8 

u 

16 

5 

31 

5 

E 

(1) 

33 

14 

42 

7 

(2) 

(3) 

32 

5.  5 

17 

12 

(4) 

33 

1.5 

5 

6 

• From  ref.  21. 


dull  tracks,  and  supersaturation  of  these  oils  produced  roughening  of 
the  surface.  Almost  continuous  pitting  appeared  under  these  con- 
ditions. The  stainless-steel  balls  had  generally  bright  srafaces  and 
no  differences  were  observed  with  oils  with  different  water  contents. 

of  additives  in  lubricants  containing  water. — In  an  attempt  to 
extend  fatigue  life  of  lubricants  containing  water,  Grunberg  and  Scott 
(ref.  22)  conducted  ball  fatigue  tests  with  various  additives  added  to 
the  base  oils.  Two  oili  were  chosen  for  these  tests,  which  were  con- 
ducted under  the  same  conditions  of  speed  and  stress  as  those  of  refer- 
ence 21.  A description  of  these  oils  is  given  in  table  12-XV.  Five 


Table  12-XV. — Base  Lubricants  Used  in  Ball  Fatigue  Tests  * 


Code 

Lubricant 

Viscosity,  cs 

letter 

At  25°  C 

At  50°  C 

At  60°  C 

F 

Blend  of  two  high-vis- 
posity  index  compo- 
nents from  a Vene- 
zuclaii  source 

636 

134 

82 

vjr 

Distillate  from  a Vene- 
zuelan source 

14.  4 

6.  5 

5. 1 

• From  ref.  22. 


different  conditions  of  water  content  were  ^.sed.  Conditions  (1),  (2), 
and  (3)  were  the  same  as  those  in  reference  21.  Condition  (4)  was 
supersaturation  with  milliliter  of  water  added  before  test,  and  condi- 
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tion  (5)  was  the  same  as  condition  (4)  in  reference  21  (1  ml  of  water 
added  before  test).  The  fatigue  lives  obtained  with  the  two  lubricants 
in  five  conditions  of  saturation  without  additives  are  shown  in  table 
12-XVI. 


Table  12-XVI. — Effect  op  Water  Content  on  Fatigue  Life  • 


Mean  fatigue  life,  min 

Lubricant 

Lubricant  condition 

(1) 

(2) 

(3) 

(4) 

(5) 

F 

121 

63 

55 

26 

21 

G 

65 

48 

44 

10 

6 

• From  ref.  22. 


The  following  additives  were  used: 

(1)  Isoamyl  alcohol,  3 percent 

(2)  Oleic  acid,  2 percent,  a fatty  acid 

(3)  Triethanolamine,  2 percent,  an  amine 

(4)  Imidazoline  derivative,  2 percent,  a dewatering  agent 

(5)  Sarkosine  derivative,  2 percent,  a dewatering  agent 

(6)  Pheuoxy-acetic  acid,  2 percent,  a dewatering  agent 

(7)  Sodium  dodecane  sulfonate,  0.5  percent,  a typical  detergent 

(8)  0.5-Percent  sodium  nitrite  plus  0.5-percent  sodium  benzoate, 

corrosion  inhibitors 

The  fatigue  results  obtained  with  the  base  oils  and  the  base  oils 
with  various  additives  are  summarized  in  table  12-XVII.  The  addi- 
tion of  3-percent  isoamyl  alcohol  partially  counteracted  the  deleterious 
effects  of  the  presence  of  water  in  spite  of  the  fact  that  the  addition 
of  the  alcohol  lowered  the  viscosity  considerably. 

Both  oleic  acid  and  triethanolamine  lowered  the  fatigue  life  under 
conditions  of  water  saturation  (condition  3)  and  raised  the  fatigue  life 
under  conditions  of  high  supersaturation.  The  data  obtained  with 
these  two  additives  indicate  that  fatigue  life  is  independent  of  water 
content.  Of  the  three  dewatering  agents  (imidazoline  and  sarkosine 
derivatives  and  phenoxy-acetic  acid),  only  the  imidazoline  derivative 
was  effective  in  improving  fatigue  life  under  all  conditions  tested. 
The  sarkosine  derivative  and  the  phenoxy-acetk  acid  actually 
decreased  fatigue  life. 

In  reference  22,  post-test  examinations  showed  that  the  ball  tracks 
were  a bro\vnish  color  under  highly  supersaturated  conditions  but 
were  bright  and  polished  when  a surface  active  agent  was  added. 
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Table  12-XVII. — Mean  Fatiods  Life  as  Function  op  Water  Content  and 

Additive  Content  » 


Mean  fatigue  life,  min 

Lubricant 

Additive 

Lubricant  condition 

(1) 

(2) 

(3) 

(4) 

(5) 

Base  oil  F 

121 

63 

55 

26 

21 

3 percent  isoamyl 
alcohol 

2 percent  oleic  acid.. 

93 

33 

33 

32 

2 percent  triethanol- 
amine 

— 

— 

40 

— 

38 

2 percent  imi'lazoUne 
derivative 

— 

70 

— 

37 

2 percent  sarkosine 
derivative 

— 

— 

— 

18 

2 percent  pfaenoxy- 
acetic  acid 

— 

— 

— 

17 

0.5  percent  sodium 
benzoate  and  0.5 
percent  sodium 
nitrite 

23 

0.5  percent  sodium 
dodecane  sulfo- 
nate 

29 

Base  oil  G 

65 

48 

•*4 

10 

3 percent  isoamyl 
alcohol 

2 percent  oleic  acid.. 

50 

34 

— 

27 

23 

2 percent  triethanol- 
amine 

— 

29 

— 

26 

2 percent  imidazoline 
derivative 

50 

— 

17 

2 percent  sarkosine 
derivative 

— 

— 

— 

4 

2 percent  phenoxy- 
acetic  acid 

— 

— 

— 

8 

0.5  percent  sodium 
benzoate  and  0.5 
percent  sodium 
nitrite 

7 

0.5  percent  sodium 
dodecane  sulfo- 
nate 

4 

• f^om  ref.  22. 


In  the  absence  of  additives  under  supersaturated  conditions,  electron 
photomicrogranhs  revealed  that  the  track  surface  was  covered  with 
fine  pits  and  debris.  Tliis  pitting  is  strong  evidence  of  corrosion 
fatigue  and  of  the  likalihood  that  corrosion  promoted  fatigue  pitting. 

Lubricint  Viscosity 

The  most  important  single  property  of  a lubricant  in  its  effect  on 
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fatigue  is  viscosity.  Fatigue  data  that  treat  the  effects  of  viscosity 
will  be  dealt  with  as  a separate  operating  variable.  From  the  data 
obtained  by  Bounds  (ref.  19),  figure  12-16  shows  the  effect  of  viscosity 
on  life  for  both  paraffinic  and  naphthenic  mineral  oils  over  the  range 
from  1.7  to  30  centistokes  viscosity  at  210°  F.  Fev  both  naphthenic 
and  paraffinic  base  oils,  the  fatigue  life  doubles  for  a tenfold  increase 
in  viscosity  at  210°  F.  Further  gains  in  life,  however,  would  not 
seem  to  result  from  increasing  the  viscosity  above  30  centistokes. 
There  do  not  appear  to  be  sufficient  data  among  some  of  the  other 
classes  of  lubricants  studied  in  reference  16  to  evaluate  the  effects  of 
viscosity.  The  dibasic  acid  esters  (fig.  12-12)  show  an  erratic  and 
inconclusive  trend.  The  polyglycols  (fig.  12-13)  show  a decrease  in 
fatigue  life  with  an  increase  in  viscosity.  The  methylphenyl  silicones 
(fig.  12-14)  show  a fairly  constant  fatigue  life  with  varying  viscosity. 

Scott  (ref.  23)  corroborated  Bounds’  data  on  the  effects  of  viscosity 
on  life  for  mineral  oils  and  silicone  oik  (fig.  12-18).  The  mineral-oil 
results  shown  in  figure  12-18,  which  were  obtained  in  a four-ball 
fatigue  tester,  suggest  that  life  increases  at  a rate  approximately 
proportional  to  the  0.3  power  of  the  viscosity  The  silicone  oik 
show  no  change  in  life  with  viscosity,  which  agrees  with  Bounds*  data. 
The  polyalkylene  glycok,  however,  exhibit  a small  increase  in  life  with 
viscosity,  wMch  contradicts  the  results  obtained  by  Boimds. 

Carter  and  Anderson  (refs.  IS  and  16)  obtained  data  in  the  fatigue 
spin  tester  with  M-1  tool-steel  balk  and  four  paraffinic  mineral  oik, 
which  indicated  that  fatigue  life  varied  approximately  as  the  0.2 
power  of  viscosity.  These  oik  varied  in  vkcosity  from  5.1  to  119.1 
centistokes  at  100°  F.  A more  complex,  but  more  versatile,  equation 
was  fitted  to  the  results  for  life  against  vkcosity  in  references  IS  and 
16  by  consideration  of  extreme-value  theory.  Since  each  failure 
results  from  the  weakest  point  on  the  running  track,  all  other  points 


Lubricant 


Figure  12-18. — Effect  of  lubricant  viscosity  on  fatigue  life  with  various  types  of 
lubricants.  (From  ref.  23.) 
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on  the  track  are  of  necessity  stronger;  thus,  the  fatigue  lives  observed 
are  a series  of  extreme  values  for  all  the  infinitesimal  areas  of  the 
running  tracks.  An  extreme-value  analysis  results  in  an  equation  of 
the  form 


lnbl-(0,625+0.007VSh(^^^ 


(12-25) 


^irhere  L is  the  life  in  millions  of  stress  cycles.  Equation  (12-25)  can 
be  used  to  calculate  the  life  as  a function  of  viscosity  at  any  level  of 
stlrvival,  but  calculations  can  be  made  more  expedient  by  expressing 
equation  (12-25)  in  the  following  exponential  form: 


/ LX10-°  \ (*.825+0.007 
\6+0.42VS;/ 


(12-26) 


where  « is  the  Naperian  base. 

Equations  (12-5)  and  (12-25)  are  similar  in  form.  The  constant  e 
in  equation  (12-5)  has  been  replaced  by  the  fimction  0.625-f0.007  Vi*o 

10“® 

in  equation  (12-25)  and  the  constant  A by  the  function 

The  two  constants  e and  A in  the  Weibull  equation  are  obtained  from 
experimental  data  for  standard  material  bearings  lubricated  with  a 
mineral  oil.  From  equation  (12-25),  e and  A are  not  constants  but 
functions  of  viscosity.  The  function  e represents  the  slope  of  the 
Weibull  plot,  and  since 


e=0.625-|-0.007Vj«'„  (12-27) 

viscosity  has  a very  small  effect  on  the  Weibull  slope  or  scatter  in  life. 
The  life  at  any  survival  level,  however,  is  affected  markedly  by 
viscosity  as  shown  by 


A 


lQ-« 

5-|-0.42Vm^ 


(12-28) 


The  10-  and  50-percent  lives  obtained  in  references  IS  and  16  are 
plotted  in  figure  12-19  together  with  the  simple  exponential  relations 
and  the  more  versatile  extreme-value  relations.  The  exponential 
relations  fit  the  data  points  well  over  the  range  of  viscosities  that  were 
used,  but  they  predict  zero  life  at  zero  viscosity,  which  is  unrealistic. 
The  extrenie-value  relations  also  fit  the  data  points  well  and  are 
probably  more  correct  for  extrapolation  because  they  predict  a finite 
life  at  zero  viscosity. 

BarweU  and  Scott  (ref.  11)  in  their  four-ball  investigation  of  several 
different  types  of  lubricants  found  that  life  increased  with  increasing 
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viscosity  with  straight  mineral  oils,  naphthenic  base  oils,  a \d  poly- 
alkylene  glycols,  but  not  with  silicone  oils.  The  results  for  mineral 


Figur!5  12-19. — Variation  of  fatigue  life  with  lubricant  viscosity.  (From  ref.  16.) 


oils  are  shown  in  figure  12  -20.  These  results  are  similar  to  those 
obtained  in  references  15,  16,  19,  and  23. 

Another  approach  to  tht  study  of  the  effect  of  lubricant  viscosity 
on  fatigue  wos  taken  by  Baughman  (ref.  14).  He  determined  the 
actual  viscosities  of  several  test  lubricants  at  80,000  psi  and  found  a 
correlation  between  this  viscosity  and  fatigue  life.  These  results,  ob  - 
tained in  the  rolling-contact  tester,  in  which  the  test  specimen  is  a 
cylindiical  rod,  are  shown  in  figure  12-7.  The  log  of  life  is  a linear 
function  of  the  log  of  viscosity. 

Fatigue  tests  with  full-scale  roller  bearings  are  reported  by  Otterbain 
in  reference  24.  Lubricants  used  were  as  follows: 

(1)  SAE  80  motor  oil 

(2)  Five  synthetic  diesters  (Mil-L-7808  oils) 

(3)  A polyester  with  a viscosity  approximating  that  of  SAE  30 

motor  oil 

(4)  SAE  lOw  motor  oil 

(5)  A silicone  oil 

Figure  ]2-21  sho\re  average  life  on  a relative  scale  plotted  against 
viscosity.  A general  trend  exists  toward  longer  life  with  higher  viscos- 
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ity,  although  there  is  considerable  scatter  even  among  lubricants  of 
the  same  type  such  as  the  diesters.  Also,  the  silicone  appears  to  have 
produced  a much  longer  life  than  its  viscosity  would  warrant. 

Otterbein  concluded  that  low-viscosity  lubricants  are  detrimental 
to  fatigue  life  and  that  additives  such  as  viscosity  improvers  or  thick- 
eners are  not  effective  in  increasing  the  life  vrith  low-viscosity  base 
oils.  He  also  noted  that  some  low-viscosity  lubricants  tend  to  produce 
shallow  surface  pitting  that  resembles  corrosion  fatigue.  The  cause  of 
this  shallow  pitting  was  not  determined. 

Fatigue  life  in  both  bench  tests  and  full-scale  bearings  appears  to 
improve  with  viscosity  for  almost  all  the  classes  of  fluids  tested.  The 
silicones  appear  to  be  an  exception  and  exhibit  approximately  constant 
fatigue  life  over  a range  of  viscosities.  Life  at  the  higher  viscosities 
appears  to  level  off  in  some  instances,  but  more  work  with  high-viscos- 
ity oilf  is  needed  to  corroborate  this.  Tiife  has  been  foimd  to  vaiy  as 
the  0.2  to  0.3  power  of  viscosity  for  mineral  oils  over  the  range  of 
viscosities  investigated. 

Discission  of  Results  With  Lubricants 

The  reasons  for  the  variation  in  life  with  viscosit^T  and  with  base 
stock  are  not  known.  In  addition  to  its  fimction  as  a lubricant  for 
sliding  surfaces  and  as  a coolant,  the  lubricam  may  influence  the 
stress  distribution  and  thus  influence  the  maximum  stress  that  occurs 
in  the  contact  zone  between  a ball  and  a race.  Since  fatigue  life  for 
point  contact  varies  inveisely  as  the  maximum  stress  raised  to  the 
ninth  or  tenth  power,  small  reductions  in  the  maximum  contact  stress 
would  produce  significant  increases  in  life. 

Way  (ref.  25)  proposed  that  increasing  viscosity  results  in  longer 
fatigue  life  because  forcing  a more  viscous  lubricant  intc  an  incipient 
fatigue  crack  is  difficult.  In  fatigue  tests  of  steel  rollers.  Way  found 
that  (1)  a lubricant  must  be  present  if  pitting  is  to  take  place,  and  (2) 
pitting  can  be  prevented  if  the  lubricant  is  of  a viscosity  above  a 
certain  cntical  value,  which  depends  on  the  load. 

Way’s  theory  that  the  lubricant  acts  as  a wedge  offers  a plausible 
explanation  for  those  applications  in  which  fatigue  cracks  originate  at 
the  surface.  As  discussed  in  chapter  6,  however,  the  maximum  shear 
stress  occurs,  in  most  applications,  below  the  surface.  Since  the  maxi- 
mum shear  stress  is  the  stress  considered  most  damaging,  many 
fatigue  cracks  may  originate  in  the  subsurface.  Evidence  in  the  litera- 
ture shows  that  this  is  true.  Subsurface  structural  changes  due  to 
cyclical  stresses  were  observed  by  both  Jones  (ref.  26)  and  Carter 
(ref.  15).  The  change  in  structinre  resulted  from  additional  tempering 
of  the  martensite  and  is  believed  to  be  caused  by  a combination  of 
the"m(iil  and  strain  energy.  Carter  (ref.  15)  observed  that  many  fine 
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cracks  developed  in  the  areas  of  structural  change  and  that  these 
cracks  generally  became  enlarged  and  elongated  with  longer  running 
times.  Many  instanc.;s  of  fatigue  failures  that  originate  at  inclusions 
or  other  material  defects  in  the  subsurface  region  of  high  shear  stress 
have  been  observed;  thus  fatigue  failures  may  originate  either  in  the 
subsurface  or  on  the  surface.  Therefore,  Way’s  theoiy  does  not  com- 
pletely explain  the  role  of  the  lubricant  in  fatigue. 

Viscosity  of  lubricants  varies  with  pressure,  and  various  lubricants 
have  different  pressure-viscosity  characteristics.  The  actual  viscosity 
under  pressure  is  a function  of  th-  initial  viscosity  and  of  the  pressure- 
viscosity  coefficient.  The  pressure-viscosity  coefficient  has  a greater 
effect  on  the  actual  viscosity  under  pressure  than  does  the  atmospheric 
pressure  viscosity.  Therefore,  for  lubricants  in  the  normal  viscosity 
range,  the  pressure-viscosity  coefficient  is  of  prime  importance  in 
determining  the  actual  viscosity  under  pressure. 

Several  attempts  have  been  made  to  treat  analytically  the  problem 
of  lubricated  nonconforming  bodies  in  contact  under  high  pressure. 
This  is  the  so-called  elast  jhydrodynamic  problem,  which  requires  the 
simultaneous  solution  of  energy,  elasticity,  hydrodynamic,  and  vis- 
cosity equa'tions  for  an  exact  solution.  Simplifying  assumptions  must 
be  made  to  make  a numerical  solution  feasible  on  a digital  computer. 

Dorr  (ref.  27)  obtained  a solution  for  the  pressure  distribution 
between  an  infinitely  loig  roller  and  a race.  His  results  predict  a 
decrease  in  maximum  coatact  pressure  with  an  increase  in  viscosity, 
but  his  assumption  of  constant  viscosity  may  affect  the  validity  of 
the  results.  Other  notable  contributors  to  the  solution  of  the  elasto- 
hydrodynamic  problem  are  Grubin  (ref.  28),  Petrusevich  (ref.  29), 
Poritsky  (ref.  30),  and  Weber  and  Saafeld  (ref.  31);  however,  none  of 
the  solutions  in  these  references  is  completely  satisfactory. 

A numerical  solution  to  the  two-dimensional  problem  of  elastic 
cylinders  is  presented  by  Do^vson  and  Higgenson  in  reference  32. 
Their  findings  indicate  that  the  maximum  contact  pressure  when  a 
lubricant  is  present  is  about  the  same  as  the  Hertzian  pressure.  The 
only  significant  variations  in  the  pressure  distribution  from  the 
Hertzian  when  a lubricant  is  present  occur  at  the  inlet  and  the  exit 
of  the  load  zone  where  the  pressures  are  low.  Dowson  and  Higgenson 
assumed  that  the  viscosity  varied  exponentially  ivith  pressure  and 
simultaneously  solved  the  Reynolds  and  the  elasticity  equations. 

Sternlicht,  Lewis,  and  Flynn  (ref.  33)  present  a number  of  solutions 
to  the  two-dimensional  problem  of  rollers  in  contact.  'Fhese  solutions 
contain  varying  degrees  of  simplifying  assumptions.  For  specific 
minimum  film  thickness,  rolling  velocity,  viscosity,  and  variation  of 
viscosity  with  temperature  and  pressure,  the  following  load  capacities 
were  obtained; 
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Viscosity 

Load  capacity,  Ib/in. 

Rigid 

surfaces 

Elastic 

surfaces 

Constant 

140 

4S0 

/(p) 

320 

12,  000 

/(p,T) 

232 

9,780 

From  this  comparison,  the  influence  of  pressure  on  viscosity  and  on 
surface  deformation  increases  the  load-carrying  capacity  significantly, 
while  temperature  decreases  the  load-carrying  capacity. 

The  results  of  reference  33  agree  with  those  of  reference  32  in  that 
the  elastohydrodynamic  pressme  distribution  was  found  to  be  similar 
to  the  Hertzian  pressure  distribution.  The  results  of  reference  33  are 
based  on  a simultaneous  solution  of  the  Reynolds,  the  energy,  and 
the  elasticity  equations  with  the  assumption  that  viscosity  varies 
with  both  pressiwe  and  temperature.  While  the  stresses  were  found 
not  to  vary  with  various  lubricant  viscosity-pressure-temperatiu'e 
functions,  the  temperature  distributions  did  vary.  Reference  33 
hypothesizes  that  temperature  gradients  produce  thermal  stresses  that 
must  be  considered  in  conjunction  with  normal  pressures  in  order  to 
determine  maximum  shear  stress.  Thus,  the  lubricant  that  produces 
lower  thermal  gradients  within  the  contact  zone  will  yield  longer 
fatigue  life  in  rolling  contact. 

Full-scale  bearing-fatigue  tests  with  two  lubricants  were  conducted 
in  reference  33,  which  confirmed  the  analysis.  The  oil  that  produced 
the  lower  temperatm'e  gave  longer  fatigue  life. 

Lubricants  do  not  appear  to  affect  fatigue  life  because  of  direct 
influences  on  the  pressure  distribution.  Thermal  effects  may  be 
important  as  may  other  lubricant  properties  such  as  chemical  stability, 
chemical  activity;  or  bulk  modulus.  In  the  experiments  of  references 
15  and  16,  the  best  fatigue  life  was  obtained  with  the  least  reactive 
lubricants  (silicone  and  mineral  oil),  and  the  poorest  fatigue  life  was 
obtained  with  the  most  reactive  lubricants  (adipate  and  sebacate). 
Further  experimental  fatigue  work  with  lubricants  is  necessary  to 
define  the  important  lubricant  properties. 

Temperature 

Temperature  and  its  effect  on  fatigue  life  are  of  extreme  interest 
because  of  the  many  high-temperature  applications  in  which  bearings 
a'’e  expected  to  perform  satisfactorily  over  extended  periods  of  time. 
The  effects  of  temperature  are  reflected  on  both  the  lubi  leant  and  on 
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the  materid.  Decreasing  viscosity  will,  in  most  instances,  result  in 
decreased  fatigue  life.  Since  the  viscosity  of  lubricants  decreases 
with  rising  temperature,  an  increase  in  temperature  would  be  expected 
to  be  detrimental  to  fatigue  life.  The  hardness  of  bearing  materials 
is  reduced  as  temperatures  rise,  and  this  is  detrimentd  to  fatigue  life, 
as  shown  in  the  discussion  of  PROCESSING  VARIABLES. 

Carter  (ref.  15)  reports  fatigue  data  obtained  with  M-1  steel  balls 
and  a sebacate  lubricant  at  100°,  250°,  and  450°  P in  the  fatigue  spin 
tester.  Weibull  plots  of  these  data  are  shown  in  figure  12-22.  These 
results  show  a reduction  in  early  failure  lives  with  an  increase  in  test 
temperature.  On  the  basis  of  the  relation  between  life  and  lubricant 
viscosity  given  in  reference  15,  Ll/Z2=(M<I.l/Mo,2)®•^  some  reduction  in 
i life  could  be  anticipated  because  of  the  change  in  viscosity.  Table 
12-XVlII  shows  the  theoretical  reduction  in  ball  life  due  to  viscosity 
reduction  alone.  The  observed  lives  were  less  than  those  expected  if 
viscosity  of  the  lubricant  were  the  only  variable  that  affected  fatigue 
life.  The  difference  between  the  observed  and  the  theoretical  lives 
is  probably  caused  by  the  amplification  at  the  high  test  temperatures 
of  other  factors  that  affect  fatigue  life.  No  significant  changes  in 
the  appearance  of  the  test  traclra  with  temperature  were  noted.  In 
particular,  there  was  no  evidence  of  chemical  corrosion  present  on 
any  of  the  specimens. 


Figure  12-22. — Fatigue  life  for  J^-inch-diameter  AISI  M-1  tool-steel  balls  at 
various  test  temperatures.  Lubricant,  di(2-ethylhexyl)sebacate;  maximum 
Hertz  compressive  stress,  050,000  psi.  (From  ref.  15.) 
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Table  12-XVIII,— Fatigue  Life  Foe  K-Inch  AISI  M-1  Balls  At 
Various  Temperatures  • 


[Lubricant,  di(2-ethylhexyl)Bebaeate;  maximum  Hertz  compressive  stress, 

650,000  psi.] 


Temperature,  °F 

Lubricant  ms- 
cosity,  08 

Observed  10  per- 
cent life,  stress 
cycles 

Theoretical  10 
percent  life,  stress 
cycles 

loa 

250 

450 

13.5 
3.8 
1.  66 

15.  7X 10* 
10.2 
4.76 

• 16.  7X 10* 

‘>12.2 

‘■lO.O 

Temperature,  °F 

Life  ratio, 
observed 
theoretical 

Observed  50 
percent  life, 
stress  cycles 

Theoretical 
50  percent 
life,  stress 
cycles 

Life  ratio, 
observed 
theoretical 

100 

250 

450 

1 

.84 

.46 

680X10* 

109 

160 

b 580X10* 

°450 

”382 

1 

.24 

.42 

• From  ref.  16. 

Assumed  the  same  as  observed  life. 

' relation  Li/L2=(mo.i/#*o.i)®'’>  where  L is  life  in  stress  cycles  and 

lubricant  viscosity. 

Post-test  sectioning  of  the  test  specimens  of  reference  15  revealed  a 
metallurgical  transformation  in  the  subsurface  shear  zone.  This 
transformation  increased  with  increase  in  number  of  test  cycles  and  in 
temperature.  Jones  (ref.  26)  reported  a deterioration  of  metallurgical 
.structure  in  the  subsurface  zone  of  maximum  shear  for  SAE  52100 
steel  bearings.  This  transformation  consisted  of  a further  tempering 
of  the  martensite  and  resulted  from  the  accumulation  of  hysteresis 
energy  in  the  zone  of  high  shear  stress.  The  structure  of  the  trans- 
formed M-1  steel  that  was  reported  by  Carter  in  reference  15  has  not 
been  definitely  identified.  The  deterioration  of  structure  in  the  sub- 
surface shear  zone  may  be  one  of  the  factors  that  contributed  to  the 
loss  in  fatigue  life  at  higher  test  temperatures. 

•Fatigue  tests  of  crystallized  glass  ceramic  (Pyroceram)  balls  are 
reported  in  reference  34.  These  tests  were  conducted  at  test  tem- 
peratures of  80®  and  700®  F in  the  five-ball  fatigue  tester  at  330,000 
psi  maximum  Hertz  stress  with  a highly  refined  paraffinic  mineral  oil. 
The  fatigue  life  at  700®  P was  approximately  one-fourth  that  at  80®  F 
(fig.  12-23).  The  viscosity  of  the  test  oil  was  107  centistokes  at 
100®  F and  l.l  centistokes  at  700®  F.  If  the  life-viscosity  relation  of 
reference  15  is  used,  this  difference  in  viscosity  would  produce  a re- 
duction in  life  of  about  3K  to  1.  Thus,  the  observed  loss  in  fatigue 
life  at  the  higher  temperature  could  be  accoimted  for  by  changes  in 
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Figure  12-23. — Rolling-element-contact  fatigue  life  of  crystallized  glass  ceramic 
balls  as  function  of  temperature.  Contact  angle,  40°;  lubricant,  mineral  oil; 
masimum  Hertz  stress,  330,000  psi.  (From  ref.  34.) 
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lubricant  properties,  so  that  a deterioration  of  the  Fyroceram  ma- 
terial did  not  necessarily  occur. 

Otterbein  (ref.  24)  found  that  roller-bearing  fatigue  life  decreased 
steadily  with  an  increase  in  temperature  over  the  temperature  range 
from  120°  to  300°  F when  a single  diester  oil  was  used  as  the  lubricant. 
The  relative  life  was  a linear  function  of  viscosity,  as  shown  in  figure 
12-24.  These  data  show  a stronger  relation  between  life  and  viscosity 
than  do  the  data  of  Scott  (ref.  23)  or  Carter  (ref.  15)  because  two 
variables,  viscosity  and  temperature,  are  present  in  figure  12-24. 
Decreasing  viscosity  and  increasing  temperatiu^  both  contribute  to  a 
loss  in  fatigue  life.  An  increase  in  temperatme  from  120°  to  250°  F 
results  in  a drop  in  relative  life  from  70  to  ?0,  which  is  a dcciease  of 
about  70  percent.  The  significant  effect  that  operating  temperature 
has  on  fatigue  life  is  thus  apparent. 

Further  data  on  the  effects  of  temperature  on  full-scale  ball-bearing 
fatigue  life  are  shown  in  table  12-XEX.  These  data  are  from  reference 
37,  which  reports  the  results  of  a comprehensive  investigation  of  the 
effects  of  melting  practice  and  other  variables  on  ball-bearing  fatigue 
life.  This  work  includes  some  of  the  early  investigations  into  the 
fatigue  properties  of  tool  steels.  Data  were  obtained  with  45-milli- 
meter-bore ball  bearings  imder  a radial  load,  and  r-^sults  are  expressed 
in  terms  of  the  basic  AFBMA  load  capacity  for  conventionally  lubri- 
cated SAE  52100  steel  bearings.  Bearings  of  three  tool  steels,  M-10, 


Fighee  12-24. — Effect  of  viscosity  on  ball-bearing  life.  (From  ref.  24.) 
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Table  12-XIX. — Beabino  Load  Ratings  fob  Tool  Steels  • 


Melting  practice 

Tool  steel 

Tempera- 
ture, °F 

Rating  as  percent 
AFBMA  basic  load 
rating,  based  on 

10-percent 

life 

50-percent 

life 

Basic  arc 

M-10 

Room 

77 

70 

M-10 

450 

64 

64 

M-1 

Room 

83 

91 

M-1 

Room 

76 

78 

M-1 

450 

60 

54 

Induction  vacuum 

M-1 

Room 

132 

122 

Induction  vacuum 

M-1 

450 

64 

77 

Consumable  vacuum 

M-50 

Room 

144 

126 

Consumable  vacuum 

M-50 

450 

93 

100 

• From  ref.  37. 


M-1,  and  M-50,  were  tested  at  room  temperature  and  at  430°  F. 
The  reduction  in  load  ratings  from  room  temperature  to  450°  F are 
believed  to  be  caused  principally  by  the  lubricant;  the  bearings  at 
room  temperature  were  lubricated  by  a mineral-based  grease  and 
those  at  450°  F by  a synthetic  diester.  A discussion  of  the  effects  of 
melting  practice  will  be  given  in  the  section  PROCESSING 
VARIABLES. 

Solid  Lubricants 

Because  of  the  requirement  that  rolling-element  bearings  operate  at 
temperatures  above  the  range  in  which  organic  liquid  lubricants  are 
usable,  solid  lubricants  such  as  graphite  and  molybdenum  disulfide 
(MoSj)  have  been  considered  as  lubricants  for  rolling-element  bearings. 
The  effectiveness  of  solid  lubricants  in  preventing  failures  other  than 
those  due  to  fatigue  is  discussed  in  chapter  1 1 . Some  data  on  the  in- 
fluence of  solid  lubricants  on  rolling  fatigue  are  contained  in  references 
12,  15,  and  20.  In  reference  15,  fatigue  tests  of  }^-inch-diameter  M-1 
steel  balls  were  conducted  in  the  fatigue  spin  tester  with  the  following 
lubricants: 

(1)  Polyalkylene  glycol  st  100°  F 

(2)  Synthetic  sebacate  at  450°  F 

(3)  Polyalkylene  glycol  plus  0.2  percent  molybdenum  disulfide  at 

100°  F 

(4)  Polyalkylene  glycol  plus  0.2  percent  molybdenum  disulfide  at 

459°  F 

(5)  Dry  graphite  at  450°  F 

The  fatigue  residts  for  these  five  lubricants  are  given  as  WeibuU  plots 
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Fiquee  12-25. — Fatigue  life  for  Ji-inoh-diameter  AISI  M-1  tool-steel  balls  with 
various  lubricants.  Maximum  Herts  compressive  str^s,  725,000  psi.  (From 
ref.  15.) 


in  figure  12-25.  Fatigue  fives  obtained  with  the  glycol  and  the  sus- 
pension of  glycol  and  MoSa  at  100°  F are  almost  identical,  which  in- 
dicates no  effect  from  the  presence  of  the  MoSa.  The  suspension  of 
glycol  and  Mo&a  produced  a poorer  fatigue  fife  at  450°  F.  The  giycol 
was  chosen  as  a carrier  for  the  MoSa  because  it  evaporates  at  350°  F 
and  leaves  no  residue.  Thus,  at  450°  F,  the  lubricant  present  was 
essentially  dry  MoSa  powder.  Fatigue  tests  with  dry  graphite  and 
air  dust  produced  even  poorer  fatigue  fife  as  shown  in  figure  12-25. 
The  results  with  a S3mthetic  sebacate  at  450°  F are  shown  for  com- 
parison with  the  graphite  and  the  MoSa  results.  Fatigue  fife  with 
the  synthetic  sebacate  was  bettor  than  with  the  dry-powder  lubricants 
by  a factor  of  at  least  five. 

Either  physical  or  chemical  factors  could  have  been  resnonsible  for 
the  poor  fatigue  fife  with  the  dry-powder  lubricants.  Since  graphite 
is  quite  different  from  MoSa  chemically  but  similar  physically,  different 
results  would  be  expected  if  chemical  activity  were  a major  factor. 
The  similar  fife  results  with  graphite  and  MoSa  seem  to  preclude 
chemical  effects.  Post-test  examination  of  the  test  balls  run  with 
dry-powder  lubricants  revealed  two  annular  bands  of  small  spalls 
located  at  the  rolling  bands  rather  than  the  usual  single  track-ceutered 
spall  obtained  in  tests  with  liquid  lubricants.  Examination  of  the 
dry  powders  revealed  a maximum  particle  size  of  about  25  microns. 
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This  size  is  beKeved  to  be  sufficiently  large  for  the  particles  to  act  as 
stress  raisers  in  the  regions  where  they  were  not  sheared.  The  ap- 
pearance of  the  spalls  in  the  rolling  bands  apparently  confirms  this, 
since  the  relative  motion  of  the  two  surfaces  is  perpendicular  to  the 
plane  of  the  surfaces  in  the  rolling  bands.  The  stress  on  the  lubricant 
particles  would  be  purely  compressive  in  these  regions  and,  because 
of  the  quasi-hydrostatic  loading,  the  particles  could  carry  compressive 
stresses  higher  than  their  yield  strength. 

The  theory  that  the  dry-lubricant  particles  produce  high,  localized 
compressive  stresses  in  the  bands  of  pure  rolling  is  a hypothetical  one, 
but  one  that  is  supported  by  substantial  evidence  which  indicates 
that  some  localized  stress  raiser  that  is  not  present  in  fluid  lubricants 
is  present  with  dry  lubricants.  The  unique  appearance  of  the  spalling, 
the  intense  localized  incipient  matrix  damage  confined  to  the  region 
of  the  unique  spalling,  and  the  short  lives  support  this  theory.  The 
stress-raising  effects  that  were  noted  in  these  tests  may  not  be  present 
to  such  an  extent  in  full-scale  rolling-element  bearings  because  better 
conformity  exists  between  balls  and  races  and  because  relative  sliding 
of  the  surfaces  is  greater. 

Scott  (ref.  12),  in  four-ball  tests  conducted  at  200°  C (392°  F) 
and  at  a maximum  Hertz  stress  of  830,000  psi,  reported  improvements 
in  fatigue  life  with  M0S2  and  graphite  suspensions  in  oils.  The 
average  time  to  failure  with  two  silicone  oils  was  36  and  23  minutes 
(table  12-XX).  A suspension  of  M0S2  in  a soap-thickened  silicone 
fluid,  2-  and  10-percent  suspensions  of  graphite  in  mineral  oil,  and 
a M0S2  paste  in  a mineral-oil  carrier  generally  extended  fatigue  life. 
Dry  M0S2  was  beneficial  to  fatigue  life,  but  dry  graphite  and  a mixture 
of  dry  graphite  and  lead  oxide  produced  fatigue  lives  equal  to  or 
less  than  those  with  the  liquid  lubricants.  With  the  dry  M0S2, 
failure  was  caused  by  a progressive  surface  roughening  rather  than 
by  the  appearance  of  a surface  pit.  The  particle  size  of  the  dry 
powders  used  in  reference  12  was  not  given,  but  possibly  they  were 
smaller  than  those  used  in  reference  15. 

Further  tests  of  solid  lubrica^ts  -by  Scott  are  reported  in  refer- 
ence 20.  The  results  of  these  tests,  which  were  conducted  at  a 
maximum  Hertz  stress  of  10®  psi,  are  shown  in  table  12-XXI.  These 
tests  were  conducted  with  solid  lubricants  in  the  form  of  dry  powders 
and  dispersed  in  various  media;  however,  the  particle  size  of  the  dry 
powders  was  not  given.  The  results  with  M0S2  were  considerably 
better  than  those  with  graphite,  which  agree  with  reference  12. 
Better  results  were  achieved  when  MoS2  was  suspended  in  a mineral- 
oil  carrier  than  when  it  was  suspended  in  water.  Dilution  of  the 
paste-like  suspension  of  M0S2  in  water  resulted  in  severe  reduction 
of  life. 
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Table  12-XX. — ^Fatiqoti  Life  Eesdlts  With  Vaeious  Litbsicants* 


[Maximum  Hertz  stress,  830,000  psi;  test  temperature,  200°  G.] 


Lubricant 

Average 
time  to 
failure, 
min 

Remarks 

Typical  conventional  silicone 

36 

Considerable  amount  of 
wear  on  upper  ball; 
bottom  balls  dull 

Experimental  silicone  intended  for 
use  at  —60°  C and  above;  ojn- 
tains  chlorine 

23 

Normal  pitting  failure; 
single  small  pit 

Suspension  of  molybdenum  disulfide 
in  soap-thickened  silicone  fluid; 
lubricant  formulated  to  combine 
thermal  and  physical  properties 
of  silicone  with  lubricating  poten- 
tialities of  molybdenum  disulfide 

60 

Considerable  amount  of 
wear  on  upper  ball; 
bottom  balls  dull 

Experimental  lubricant:  2 percent 
graphite  in  special  mineral  oil 

66 

Normal  pitting  failure 

10  percent  graphite  in  thin  mineral- 
oil  base 

41 

Normal  pitting  failure 

Dry  graphite  power 

26 

Considerable  wear  and 
damage,  bottom  balls 
black 

Dry  grapliite  nwder  with  graphite- 
coated  balls 

20 

Bottom  ball  from  pre- 
vious test  used 

Mixture  of  dry  graphite  and  lead 
oxide  in  ratio  1 :2 

36 

Considerable  wear  and 
severe  damage;  bot- 
tom balls  black 

Dry  molybdenum  disulfide 

08 

Considerable  wear 

Molybdenum  disulfide  in  paste  form 
with  miueral-oil  carrier 

136 

Normal  pitting  failure 

• From  ref.  12. 


The  results  of  the  experiments  conducted  in  references  12,  15, 
and  20  indicate  that  solid  lubricants  can  be  beneficial  to  fatigue 
and  that  MoSa  appears  to  be  better  than  graphite.  Suspensions 
of  solids  in  conventional  lubricants  give  better  results  than  dry 
powders  or  at^ueous  suspensions.  Particle  size  appears  to  be  critical 
with  submicron  size  particles  that  are  necessary  for  good  fatigue 
results. 

Speed 

Conventional  calculations  of  bearing  life  are  based  on  the  fatigue 
of  the  components  due  to  the  externally  applied  loads.  At  high 
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Table  IZ-XXl. — ^Effect  of  Solid  Lubricants  on  Ball  Fatigue  Life  • 
[Maximum  Hertz  stress,  10*  psi.] 


Duration 

Description  of  lubricant 

of  test, 

Remarks 

min 

N,  suspension  of  larger  parti- 

105 

Test  to  failure 

cle  variety  of  molybdenum 

115 

disulfide  in  water;  soft 

80 

cream  consistency 

no 

N,  diluted  1 : 2 with  water 

Test  to  failure 

N,  diluted  1:5  with  water 

12 

Test  to  failure;  two  test  balls 

8 

9 

6 

5 

fractured 

N,  diluted  1:9  with  waLer 

4 

4 

3 

Test  to  failure 

Molybdenum  disulfide  in 

120 

No  failure 

p^te  form  in  mineral-aU 

150 

carrier 

285 

Suspension  of  molybdenum 

50 

No  failure  by  normal  pitting; 

disulfide  in  soap-thickened 

60 

considerable  wear  in  every 

silicone  fluid 

120 

instance;  bearing  track 

160 

had  abraded  appearance 

2 percent  by  weight  con- 

■iH 

Test  to  failure 

ventional  graphite  in  min- 

eral  oil 

■LH 

10  percent  by  weight  col- 

75 

Test  to  failure 

loidal  graphite  in  petro- 

63 

leum  base 

65 

100 

Dry  molybdenum  disulfide.. 

145 

No  failure 

210 

240 

Dry  graphite 

13 

Test  to  failure;  considerable 

15 

damage  to  ' upper  ball; 

10 

lower  balls  black  color 

Dry  graphite.. 

17 

Test  to  faUure;  lower  balls 

15 

from  above  test  appar- 
ently covered  with  graph- 
ite layer  used  as  upper 
ball 

Dry  grapliite  lead  oxide  mix- 

18 

Test  to  failure;  considerable 

ture,  i:2 

15 

wear  and  damage  to  upper 

20 

ball 

Graphite  suspension  in  alco- 

55 

Test  to  failure;  considerable 

hoi 

32 

damage  to  upper  ball; 

35 

alcohol  evaporated  and 
test  ran  almost  dry 

•From  ret  20. 
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speed,  the  centrifugal  force  on  the  balls  increases  the  load  at  the 
outer-race  contact.  In  addition,  bearing  temperature  may  rise  with 
increasing  speed  and  may  produce  an  effect  on  fatigue  life. 

Jones  (ref.  35)  analyzed  the  effects  of  high  speed  on  both  radial- 
loaded  and  thrust-loaded  bearings.  In  radial  ball  bearings  under 
radial  load,  the  effect  of  speed  is  to  reduce  life  because  the  centrifugal 
force  on  the  balls  increases  the  probability  of  failure  of  the  outer 
race.  These  results  are  shown  in  figure  12-26  for  a 209-size  bearing 
operating  under  a 400-pound  radial  load.  The  divergence  between 
the  calculated  static  load  life  and  the  high-speed  life  increases  with 
increasing  speed. 

In  angular-contact  bearings,  which  operate  under  thrust  load. 


Figure  12-26. — Ten-percent  failure  life  as  function  of  speed  as  calculated  by 
conventional  means  and  with  consideration  of  centrifugal  force  for  209-.3ize 
bearing  with  nine  balls  of  }£-inch  diameter;  race  curvatures;  inner,  51  percent; 
outer,  52  percent;  400-pound  radial  load.  (From  ref.  35.) 
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centrifugal  loading  of  the  balls  increases  the  inner-race  contact  angle 
and  reduces  the  stress  at  the  inner^race  contacts.  Thus,  the  relative 
probabilities  of  outer-  and  inner-race  failure  are  different  from  those 
calculated  from  static  load  conditions,  and  bearing  life  is  accordingly 
different.  Calculations  made  for  a 214-size  bearing  that  operates  at 
10,200  rpm  with  an  initial  contact  angle  of  about  20°  are  shown  in 
figure  12-27.  The  ratio  of  life  for  load  at  high  speed  to  that  for 
static  load  is  plotted  against  thrust  load.  At  zero  external  load, 
the  life  ratio  is  effectively  zero  because  the  total  load  originates  from 
centrifugal  forces.  The  life  ratio  increases  with  increasing  thrust 
load  and  is  greater  than  1 at  thrust  loads  above  about  5b0  pounds. 
Thus,  the  changes  in  contact  angle  produced  by  the  high  speed 
theoretically  increase  the  bearing  fatigue  life.  Experimental  results 
are  needed  to  confirm  these  analyses. 

The  load  capacify  of  a bearing  increases  as  the  rolling-element 
diameter  (or  the  bearing  series)  is  increased.  This  theory  is  true 
only  in  the  nominal  speed  range.  At  extreme  speeds,  higher  loads 
may  be  carried  with  a lighter  series  bearing  because  of  the  pre- 
dominance of  centrifugal  forces  on  the  rolling  elements;  an  example 
is  discussed  in  chapter  11.  The  Marlin-Rockwell  Corporation  has 
developed  the  following  criterion  for  establishing  the  limiting  speed 
of  thrust-loaded  ball  bearings: 


cos®« 


<31X10* 


(12-29) 


Figube  12-27. — Ten-percent  failure  life  for  load  at  high  speed  relative  to  life  for 
static  load  as  function  of  thrust  load  for  214-size  bearing  with  16  balls  of 
'Mo'inch  diameter;  contact  angle  a,  19.64°;  race  curvatures:  inner,  51  percent; 
outer,  52  percent;  inner  race  rotating  at  10,200  rpm.  (From  ref.  35.) 
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The  term  which  is  proportional  to  the  mass  of  a rolling  element, 
appears  in  the  inequality.  The  expression  in  the  numerator  is  akin 
to  a centrifugal  force  multiplied  by  an  angular  velocity  since  it  contains 
terms  equivalent  to  a radius,  an  angular  velocity  cubed,  and  a mass. 

Zaretsky,  Anderson,  and  Parker  (ref.  36)  ran  fatigue  tests  of  }^-inch 
M-1  balls  in  the  five-ball  fatigue  tester  at  5000  and  10,000  rpm  at  a 
contact  angle  of  30°.  In  a series  of  fatigue  tests  at  10,000  rpm  at 
various  contact  angles  (ref.  36),  life  decreased  with  increasing  contact 
angle  at  a constant  normal  load.  The  significance  of  these  results  will 
be  discussed  later,  but  of  importance  here  is  the  fact  that,  as  contact 
temperature  increased,  fatigue  life  decreased.  Contact  temperature 
at  5000  rpm  was  lower  than  at  10,000  rpm  so  that,  on  the  basis  of 
temperatme,  a longer  fatigue  life  would  be  expected  at  the  lower  speed. 
A 5000-rpm  life  was  predicted  from  the  10,000  rpm  data  and  measured 
contact  temperatures.  As  shown  in  figure  12-28,  the  predicted  life 
is  almost  identical  to  the  actual  life  at  5000  rpm.  These  experiments 
weie  conducted  under  conditions  where  centrifugal  loads  were  not 
present,  and  the  appearance  of  the  specimens  after  test  indicated  that 
hydrodynamic  lubrication  may  not  have  existed.  Contact  tempera 


Figure  12-28. — Rolling-element-contact  fatigue  life  at  5000  and  10,000  rpm  of 
AISI  M-1  tool-steel  balls  for  contact  angle  of  40°.  Initial  maximum  Hertz 
stress,  800,000  psi;  race  temperature,  120’  F.  (From  ref.  36.) 
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ture  appears  to  be  an  important  variable  that  is  influenced  by  speed, 
but  further  experimental  data  are  needed  to  confirm  this  hypothesb. 

PROCESSING  VARIABLES 

In  addition  to  the  environmental  or  operating  variables,  processing 
variables  such  as  material  and  melting  technique,  material  hardness, 
material  fiber  orientation,  and  contact  angle  also  affect  fatigue. 

Material  and  Meltins  Technique 

Morrison,  Walp,  and  Remorenko  (ref.  37)  thoroughly  investigated 
the  effects  of  melting  practice  with  vacuum-melted  52100  steel  and 
with  both  air  and  vacuum  melts  of  several  tool  steels.  For  reference, 
the  nominal  analyses  of  a number  of  bearing  materials  are  given  in 
table  12-XXII.  Table  12-XXIII,  from  reference  37,  shows  some 
data  obtained  with  induction  and  consumable-electrode  vacuum- 
melted  52100  steel.  Load  ratings  are  given  in  terms  of  the  APBMA 
basic  load  rating.  Specimens  were  inner  imgs  of  6309-size  bearings 
or  outer  rings  of  1309-size  self-alining  bearings.  These  data  show, 
generally,  that  consumable-electrode  melting  produces  material  with 
better  fatigue  properties  than  induction  vacuum  melting.  Un- 
published results  obtained  by  other  investigators  generally  confirm 
that  consumable-electrode  vacuum-melting  produces  the  most  consist- 
ent high-quality  bearing  material.  A partial  explanation  may  be 
that  a refractory  crucible  is  used  in  the  induction-melting  process  with 
the  result  that  refractoiy  particles  sometimes  get  into  the  melt.  In 
the  consumable-electrode-melting  process,  the  ingot  is  used  as  one 
terminal  of  the  arc,  and  the  process  is  completely  clean. 

Results  with  tool  steels,  obtained  in  reference  37,  are  shown  in 
table  12-XIX.  In  addition  to  the  two  vacuum-melting  techniques, 
several  heats  of  material  were  basic-arc  air  melted.  The  air-melted 
M-10  and  M-1  materials  were  deficient  in  load-canying  capacity. 
At  room  temperature,  load  capacities  based  on  the  50-percent  life 
ranged  from  70  to  91  percent.  At  450°  F with  S3mthetic  diester 
lubrication,  the  load  capacities  were  even  poorer.  The  induction- 
vacuum-melted  M-1  was  superior  to  the^  standard  AFBMA  rating 
at  room  temperatme,  but  quite  poor  at  450"  F.  Only  the  consumable- 
vacuum-melted  M-50  was  comparable  to  or  better  than  the  standard 
at  both  room  temperature  and  at  450°  F. 

The  authors  of  reference  37  state  that  little  correlation  was  found 
with  cleanliness  as  determined  by  inclusion  ratings  obtained  from  the 
Jernkontoret  chart  in  that  the  improvement  in  life  was  not  commensu- 
rate with  improvements  in  cleanliness.  This  r jnclusion  was  generally 
confirmed  by  Carter  (ref.  15),  who  conducted  ball-fatigue  tests  of  10 
different  materials  in  the  fatigue  spin  rig.  The  life  results  of  these 
tests  are  shown  in  a bav  graph  in  figure  12-29.  All  these  materials 
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Table  12-XXII. — Nominal  Analysis  op  Beabing  Matbriai^ 


Steel 

Analysis,  percent  by  weight 

C 

P 

(max) 

s 

(max) 

Mn 

Si 

Or 

V 

W 

Mo 

A1 

Co 

SAE  52100 

1.00 

0.025 

0.025 

0.35 

0.30 

1.  45 

AISI  M-1 — 

. 80 

.030 

.030 

.30 

.30 

4 00 

Loo 

1.  50 

8.o5 





AISI  M-50 — 

. 80 

. 030 

. 030 

. 30 

. 25 

4 00 

1.  00 

4 25 

AISI  M-2 

.83 

.030 

030 

.30 

.30 

3.85 

1.  90 

6. 15 

5.00 

AISI  M-10 — 

. 85 

. 030 

)30 

. 25 

. 30 

4.  00 

2.  00 

8.00 

AISI  T-1.. 

.70 

.030 

.030 

.30 

.25 

4 00 

1.  00 

18.00 

— 

— 

AISI  MV-1 - 

. 80 

. 030 

. 030 

. 30 

. 25 

4 10 

1.  10 

4.  25 

A1  steel  (MET) 

1.03 

. 025 

.025 

.35 

.35 

1.  50 

1.  36 



L.A.T.S.  (Halmo) 

.65 

.030 

.030 

.27 

1.  20 

4-6 

. 55 

5.  2 

TMT 

1.  00 

. 025 

. 025 

. 50 

1.  00 

1.  45 

.30 

. 08 

440C 

1.  03 

. 018 

. 014 

. 48 

. 41 

17.  3 

. 14 

|HHH 

. 50 

WB49.-- 

1.07 

.006 

.007 

.30 

.02 

44 

2.0 

6.8 

3.9 

m 
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Table  12-XXIII. — Test  RBStrLTB  foe  Vaoouu-Meltsd  SAE  52100  Steel  • 


Approximate 
ingot  size,  in. 

Melting  practice 

Rating,  percent  AFBMA 
basic  load  rating 

10-percent 

life 

50-percent 

me 

5H-m.  diam... 

Induction  vacuum 

95 

90 

5H-ia.  diam... 

Induction  vacuum 

108 

112 

fi  in.  Hq 

Tndiini.inn  vnniiiim 

71 

83 

Induction  vacuum 

100 

97 

Induction  va"'  -m 

95 

93 

Induction  va<‘  .am 

91 

94 

Induction  vacuum 

80 

90 

9}6  in.  sq 

Induction  vacuum 

103 

103 

9%  in.  sq 

Tndiinf.inn  vnniinm 

126 

123 

16-in.  diam 

Consumable  electrode 

124 

116 

16-in.  diam 

Consumable  electrode 

106 

112 

•From  ref.  37. 


had  inclusion  ratings  of  1 in  the  A and  D categories  of  the  Jernkontoret 
rating  system,  but  within  that  group  each  material  was  given  a rating 
of  excellent,  good,  fair,  or  poor  based  on  the  metallographer’s  judgment. 
The  air-melted  materials  tested  by  Carter  included  SAE  52100,  M-1, 
MHT,  TMT,  M-10,  T-1,  MV-1,  and  M-50.  Among  these  materials, 
no  particular  correlation  between  cleanliness  and  fatigue  life  was  noted. 
Two  heats  of  M-1  steel,  one  air  melt,  and  one  vacuum  melt  were  tested 
with  a glycol  lubiiaant.  The  vacuum  melt  M-1  produced  signifi- 
cantly better  fatigue  life.  The  two  modified  SAE  52100  base  alloys 
(MHT  with  1-percent  aluminum  and  TMT  with  1-percent  silicon) 
showed  an  improvement  over  standard  SAE  52100.  With  the  addi- 
tion of  these  deoxidizers,  fewer  short-lived  failures  were  obtained,  and 
the  scatter  in  life  was  reduced. 

Balls  of  several  materials  were  fatigue  tested  by  Jacl^on  (ref.  38) 
in  a modified  one-ball  fatigue  tester.  These  data  are  shown  in  figure 
12-30.  Metallurigical  data  obtained  with  balls  with  the  lowest  and 
highest  life  from  each  series  are  shown  in  table  12-XXIV.  Good 
cleanliness  does  not  ensure  good  fatigue  life  although  the  M-50, 
which  was  quite  clean,  had  the  best  fatigue  life.  The  MHT,  which 
was  quite  dirty,  had  good  fatigue  life,  whereas  the  Halmo,  which  was 
fairly  clean,  had  poor  life.  Jackson  found  that  life  can  vary  appre- 
ciably for  several  apparently  similar  heats  of  the  same  material,  which 
agrees  with  the  findings  of  the  authors  of  reference  37  (table  12- 
XXIII).  Note,  for  example,  on  table  12-XXIII,  the  load-capacity 
data  for  bearing  groups  5 and  6.  These  are  two  groups  of  bearings 
made  from  the  same  heat  poured  to  the  same  ingot  size,  and  yet 
bearing  group  6 had  a 15  percent  greater  capacity  than  did  group  5 
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Figure  12-29. — Summary  of  fatigue-life  data  giving  material  and  cleanliness 
ranking  within  A-1  and  D-1  Jernkontoret  ratings.  (From  ref.  15.) 

based  on  the  50-percent  life.  A 15-percent  difference  in  capacity 
corresponds  to  a 50-percent  difference  in  life. 

The  important  conclusions  regarding  the  effects  of  material  and 
melting  technique  on  fatigue  from  the  data  of  references  15,  37,  and  38 
are  as  follows; 

(1)  The  standard  Jernkontoret  cleanliness  measurements  are  not 
sufficient  to  establish  relative  quality. 


Table  12-XXIV. — Metallbbgical  Obsbbvations  of  Fatigue  Specimens* 


[Lowest-  and  highest-life  balls  from  each  series.] 


Steel 

Lot 

Series 

(■>) 

Jernkontoret  cleanliness 
rating 
(”) 

ASTM 

grain 

size 

(<») 

Carbide  distri- 
bution 

Poiarity, 

deg 

(«) 

Life,  stress 
cycles 

.gjAF.  52100 

19A 

16 

2D  thin 

20 

None 

60 

0. 1X10* 

19A 

16 

2D  thin 

20 

None 

60 

35 

A1  steel  (MET) — 

21A 

17 

3D  thick. 

20 

Light 

45 

42 

21A 

17 

3D  thick 

20 

Light 

90 

45 

440C  — 

18 

11 

2D  thin 

13 

Light 

0 

1.  3 

18 

11 

2D  thin 

13 

Light 

0 

47 

L.A.T.S. 

3 

10 

ID  thin 

8 

Heavy 

30 

11 

(Halmo) 

3 

10 

ID  thin 

7 

Heavy 

75 

41 

A7ST  M-50 

23 

20  A and  B 

Very  clean 

10 

Heavy 

30 

26 

23 

Very  clean 

10 

MpHinm  , , 

45 

103 

25 

V!Ri*y  clean  . 

10 

Light 

60 

33 

25 

22 

Very  clean 

10 

Light 

45 

176 

25A 

19 

1C  thin 

10 

Heavy 

30 

6 

25A 

19 

10  thin 

10 

Heavy 

75 

53 

4 

6,  8 

Very  clean 

13 

Light' 

15 

17 

4 

6,  8 

Verv  clean 

15 

Light 

0 

116 

26 

18'. 

Very  clean 

13 

Light 

45 

35 

26 

18 

Very  clean 

13 

Medium 

0 

80 

26 

21— 

Very  clean 

13 

Light 

0 

15 

26 

21 

Very  clean 

13 

Light 

30 

37 

• From  ref.  38. 

*>  Lowest-life  ball  in  each  scries  is  listed  first. 

*B.v  comparison  with  ASTM  £45-51  charts. 

Intercept  method. 

'Degrees  between  failure  pit  and  pole  as  determined  by  deep  etch. 
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Lubricant  Life,  Slope 
stress  cycles 


Figure  12-30. — Best  results  obtained  with  each  of  six  materials  tested.  (From 

ref.  38.) 


(2)  Vacuum  melting  appears  to  improve  fatigue  life  but  not  in 
proportion  to  the  improvement  in  cleanliness,  and  consumable-elec- 
trode vacuum  melting  produces  the  most  consistently  good  material. 

(3)  Vacuum  melting  does  not  reduce  the  number  of  early  failmes, 
since  the  scatter  in  life  is  about  the  same  with  vacuum-melted  materials 
as  with  air-melted  materials. 

(4)  The  material  M-50,  especially  vacuum-melted  M-50,  appears 
to  have  good  fatigue  life  (refs.  37  and  38). 

Hardness 

Material  hardness  is  of  prime  importance  because  a minimum 
hardness  is  required  to  prevent  brinelling  and  plastic  flow  in  the  race 
grooves.  In  addition,  hardness  varies  with  temperature.  Kno  ing 
how  fatigue  life  varies  with  hardness  is,  necessary  so  that  the  secondaiy 
effects  of  temperature  can  be  assessed.  Hardness  is  intimately  asso- 
ciated with  heat  treatment  and  structme  and  therefore  is  of  general 
interest  in  studying  rolling-element  fatigue. 
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Early  work  on  the  effect  of  hardness  on  bearing  life  was  reported 
by  L’win  (ref.  39).  Four  groups  of  SAE  52100  207-size  bearings  were 
fatigue  tested  and  produced  the  results  shown  in  figure  12-31.  A 
continuous  improvement  in  fatigue  life  was  noted  over  the  hardness 
range  from  Rockwell  0-59  to  C-63.  The  life  data  shown  in  figure 
12-31  were  replotted  in  terms  of  relative  capacity  as  a function  of 
hardness  and  are  shown  in  figure  12-32.  Also  shown  in  figure  12-32 
are  plots  of  hardness  and  temperature  for  SAE  52100,  MHT,  and 
M-50.  When  the  hardness  and  relative-capacity  curve  is  assumed 
the  same  for  all  three  materials,  the  relative  capacity  can  be  calculated 
for  each  material  at  any  temperatiure  over  the  range  for  which  hard- 
nesses are  given.  At  400°  F,  for  example,  the  Rockwell  hardnesses 
of  52100,  MHT,  and  M-50  are  C-£7.4,  C-59.1,  and  C-60.8,  respec- 
tively; these  hardnesses  produce  relative  capacities  of  65,  86,  and  95 
percent,  respectively.  The  importance  of  maintaining  high  hardness 
is  thus  evident. 

Jackson  (ref.  38)  conducted  fatigue  tests  of  three  groups  of  M-50 
balls  in  a modified  one-ball  fatigue  tester.  These  data,  which  are 


Figure  12-31.-—Ball-beaTing  fatigue  life  at  four  hardness  levels.  (From  ref.  39.) 
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Hardness,  Rockwell  C 

Figure  12-32. — Relation  between  temperature,  hardness,  and  bearing  load 
capacity  for  three  materials.  (From  ref.  39.) 

shown  in  figure  12-33,  indicate  a continuous  increase  in  fatigue  life 
with  increasing  hardness  over  the  hardness  range  from  Rockwell  0-60 
to  0-63.5.  The  improvement  in  life  over  this  hardness  range  is 
greater  than  one  order  of  magnitude.  Similar  data  were  obtained  by 
Zaretsky  and  Anderson  (ref.  40)  for  M-1,  M-50,  and  Halmo  steel 
balls  in  the  fatigue  spin  tester  and  for  WB-49  steel  balls  in  the  five- 
ball  fatigue  tester.  These  data  are  summarized  in  figure  12-34. 
Patigu'  life  for  each  of  these  materials  increased  continuously  with 
increasing  hardness  over  the  ranges  of  hardness  investigated.  For 
these  four  materials,  the  10-percent  fatigue  life  at  the  highest  hard- 
ness was  3 to  15  times  the  life  at  the  lowest  hardness.  These  data 
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Specimen  life,  stress  cycles 


Fiqubb  12-33. — Effect  of  hardness  on  fatigue  life.  One  lot  of  M-60  retempered 
Lubricant,  fresh  Mil-L-7808C.  (From  ref.  38.) 

from  reference  41  are  plotted  in  terms  of  relative  capacity  in  figure 
12-35.  The  capacity  of  the  softest  of  each  of  the  materials  varied 
from  70  to  40  percent  of  the  capacity  of  the  hardest  material  of  each 
alloy.  Thus,  a few  points  of  hardness  can  easily  double  the  load 
capacity  of  a given  material. 

Baughman  (ref.  42)  conducted  fatigue  tests  on  M-50  specimens  in 
the  rolling-contact  tester  to  determine  the  effects  of  hardness,  surface 
finish,  and  grain  size  on  fatigue  life.  Four  tests  were  conducted  at 
each  combination  of  grain  size,  hardness,  surface  finish,  and  stress 
level.  This  number  of  tests  for  each  combination  of  variables  is  a 
bare  minimum;  justification  is  based  on  previously  published  repro- 
ducibility studies  (ref.  14).  A statistical  analysis  was  used  to  deter- 
mine the  influence  of  each  variable  on  the  10-percent  life.  Because  of 
the  small  number  of  data  points  obtained  in  reference  14,  the  vididity 
of  the  conclusions  is  questionable. 

The  effect  of  grain  size  at  various  hardness  levels  and  values  of  sur- 
face finish  is  shown  in  figure  12-36.  Large  grains  (indicated  by  a 
small  grain-size  number)  are  beneficial,  especially  in  the  high  hardness 
range.  The  sensitivity  of  the  10-percent  life  to  grain  size  diminishes 
as  the  hardness  is  lowered.  Life  appears  to  improve  with  surface 
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Figure  12-34. — Ten-percent  fatigue  failure  life  as  function  of  hardness  for  four 
tool  steels.  (From  ref.  40.) 


finish  since  the  upper  bound  on  life  is  formed  by  the  2 rms  surface 
finish  (fig.  12-37).  As  the  surface  is  roughened,  life  decreases.  As 
with  grain  size,  the  sensitivity  of  10-percent  life  to  surface  finish 
diminishes  as  the  hardness  is  lowered.  The  effect  of  hardness  on  the 
10-percent  life  at  various  values  of  grain  size  is  shown  in  figure  12-38. 
At  the  larger  grain  sizes,  a continuous  improvement  in  10-percent  life 
with  increasing  hardness  is  indicated  over  the  entire  range  of  hardness 
investigated.  As  the  grain  size  decreases,  the  10-percent  life  peaks  at 
an  intermediate  hardness.  For  example,  at  a grain  size  of  10  and  a 
surface  finish  of  2 rms,  the  maximum  life  occurs  at  a hardness  of  Sock- 
well  C-62.  The  sensitivity  of  10-percent  life  to  hardness  decreases 
with  decreasing  grain  size. 

Bigure  12-39  (ref.  42)  shows  the  effect  of  hardness  on  10-percent 
life  at  various  values  of  surface  finish.  The  sensitivity  of  10-percent 
life  to  hardness  is  greatest  at  the  finest  surface  finish  and  diminishes  as 
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Material 
□ AISIM-1 
& AISIM-50 
O HALMO 
o WB-49 

SAE  52100  Bearings  (from  fig.  12-32) 


Figure  12-35. — Relative  load-carrying  capacity  of  bearing  steel  balls  tempered  to 
different  hardness  levels.  (From  ref.  41.) 


ASTM  grain  size 

(a)  Hardness,  Rockwel'  (b)  Hardness,  Rockwell  (c)  Hardness,  Rockwell 
C-62)^.  C-58.  0-64. 

Figtob  12-36. — Effect  of  grain  size  on  10-percent  fatigue  life  for  various  hard- 
nesses and  surface  finishes.  (From  ref.  42.) 
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(a)  Hardness,  Rockwell  (b)  Hardness,  Rockwell  (c)  Hardness,  Rockwell 
C-62>i  C-58.  C-54. 

Figure  12-37. — Effect  of  finish  on  IJ-percent  fatigue  life  for  various  hardnesses 
and  grain  sizes.  (From  ref.  42.) 


the  surf&ce  becomes  rougher.  Life  appears  to  improve  continuously 
over  the  entire  range  of  hardnesses  at  the  finer  values  of  surface  finish 
and  to  peak  at  an  intermediate  hardness  level  at  the  coarsest  surface 
finish.  For  example,  at  a surface  finish  of  10  rms  and  a grain  size  of 
2,  the  maximum  10-percent  life  occurs  at  a hardness  of  Rockwell  G-62. 
From  the  results  of  reference  42,  maximum  10-percent  life  for  M-50 
steel  is  obtained  at  maximum  hardness  (Rockwell  C-64  in  this  investi- 
gation), the  finest  surface  finish,  and  the  largest  grain  size. 

From  the  mass  of  fatigue  data  accumulated  with  materials  of 
various  hardnesses,  maximum  fatigue  life  is  obtained  with  the  highest 
hardness  material.  Highest  hardness  means  the  maximum  hardness 
obtainable  with  reasonable  heat-treatment  procedures.  This  con- 
clusion appears  to  be  true  for  the  various  iron-base  alloys,  which  are 
candidates  for  bearing  materials  for  service  at  temperatures  up  to 
1000®  F.  In  most  instances,  the  rate  of  increase  of  fatigue  life  (or  load 
capacity)  with  increasing  hardness  diminished  at  higher  hardness 
values,  which  indicates  tha  further  increases  in  hardness  would  pro- 
duce little  benefit  in  extended  life. 


Fiber  Orientation 

The  races  and  rolling  elements  of  most  rolling-element  bearings  are 
formed  by  forging.  Any  metallic  object  formed  by  forging  generally 
possesses  a fiber  flow  pattern  that  reflects  the  flow  of  metal  during  the 
forming  operation.  Nonmetallic  inclusions  are  progressively  elon- 
gated during  each  forming  operation  from  the  ingot  to  the  final  bear- 
ing-element shape,  and  although  the  desired  metallic  crystalline 
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Surface 

finish, 

rms 


(a) 


(a)  ASTM  grain  size,  2.  (b)  ASTM  grain  size,  4. 

(o)  ASTM  grain  size,  6.  (d)  ASTM  grain  size,  8.  (e)  ASTM  grain  size,  10. 

Figure  12-38. — Effect  of  hardness  on  10-percent  fatigue  life  for  various  grain  sizes 
and  surface  finishes.  (From  ref.  42.) 

structure  is  obtained  by  heat  treatment,  the  inclusions  retain  their 
accumulated  elongation  pattern.  This  pattern  is  best  described  as 
fibrous  in  appearance;  hence  the  term  fiber  flow  lines.  The  type  of 
forging  used  to  produce  rolling-element  hearing  components  determines 
the  fiber  pattern  that  exists  in  these  bearing  parts.  The  effect  on 
fatigue  of  the  orientation  of  fibers  with  respect  to  the  surface  being 
tested  is  reported  in  references  15  and  41. 

In  particular,  steel  balls  are  usually  fabricated  by  upsetting  between 
hemispherical  dies.  This  fabrication  technique  produces  a fiber  flow 
pattern  with  two  diametrically  opposed  areas  having  fibers  oriented 
approximately  perpendicular  to  the  surface.  These  areas  are  com- 
monly known  as  the  poles.  "Kie  excess  metal  extruded  from  between 
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Hardness,  Rockwell  C 

(a)  Surface  finish,  2 rms.  (b)  Surface  finish,  4 rms. 

(c)  Surface  finish,  6 rms.  (d)  Siuface  finish,  8 rms.  (e)  Surface  finish,  10  rms. 

Figukk  12-39. — Effect  of  hardness  on  10-percent  fatigue  life  for  various  grain 
sizes  and  surface  finishes.  (From  ref.  42.) 

the  two  dies  produces  a thin  band  of  perpendicularly  oriented  fiber 
when  the  flashing  at  the  die  parting  line  is  removed.  This  line,  when 
present,  is  commonly  termed  the  equator.  Thus,  a typical  ball  has 
several  surface  areas  with  varying  fiber  orientation. 

The  initial  effect  of  fiber  orientation  on  fatigue  life  (ref.  15)  was 
carried  out  in  the  spin  tester  using  two  lots  of  SAE  52100  balls.  Each 
of  these  two  lots  of  balls  was  modified  during  manufacture  by  a 0.050- 
inch  hole  drilled  diametrically  through  it.  This  predetermined  the 
axis  of  rotation  and  enabled  one  lot  to  be  nm  over  the  poles  and  the 
other  on  the  equator.  The  results  obtained  from  these  tests  are 
shown  in  figure  12-40.  The  results  are  shown  as  a bar  graph,  because 
most  of  the  balls  run  on  the  equator  did  not  fail  after  10®  stress  cycles. 
The  10-percent  life  obtained  from  the  balls  run  over  the  poles  was  of 
the  order  of  17  X 10®  stress  cycles.  These  results  indicate  a significant 
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4000X10* 


Across  poles  Cn  equator 


Figuek  12-40. — Comparison  of  tests  in  which  SAE  52100  balls  ran  on  equator  and 
across  poles.  Room  temperature;  synthetic  diester  lubricant;  maximum  Hertz 
compressive  stress,  714,000  psi.  (From  ref.  41.) 


693-499  0-64—29 
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improvement  in  fatigue  life  when  the  test  track  did  not  pass  through 
the  poles. 

Fatigue  data  obtained  with  10  different  hall  materials  (ref.  15)  were 
then  examined  with  respect  to  the  location  of  specific  spalls  on  the  ball 
test  specimens.  Each  of  the  ball  specimens  was  destructively  etched 
after  testing  to  indicate  the  location  of  the  failure  relative  to  the  pole 
areas.  From  these  data,  a plot  of  failure  density  against  ball  latitude 
starting  at  0®  at  the  equator  and  going  90®  to  the  center  of  each  pole 
was  made.  These  data  (fig.  12-41)  indicate  that  a small  increase  in 


Polar  area 


Fiouas  12-41. — Faflure  density  as  funetion  o.  ball  latitude  (for  211  failure*  and 
10  materials).  (From  ref.  41.) 
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faUure  density  occurs  at  the  equator  where  the  thin  band  of  perpen- 
dicular fiber  exists,  and  a very  significant  increase  in  failure  density 
occurs  in  the  polar  areas  or  regions  where  fiber  is  essentially  perpendicu- 
lar to  the  test  surface. 

Specimens  with  controlled  fiber  flow  were  obtained  by  machining 
race  cylinders  from  a billet  of  AISI  T-1  steel  at  various  angles  to  the 
direction  of  forging  to  obtain  better  control  of  fiber  orientation  than  is 
available  in  ordinary  test  balls.  As  shown  in  figure  12-42,  three 
cylinders  were  machined  with  axes  parallel  to,  at  45°  to,  and  perpen- 
dicular to  the  direction  of  fiber  flow.  The  first  cylinder  had  fiber  flow 
parallel  to  the  test  surface  (0°  cylinder),  the  second  had  fiber  orienta- 
tion that  ranged  continuously  from  parallel  to  45°  to  the  test  surface 
(0°  to  45°  cylinder),  and  the  third  had  fiber  orientation  that  ranged 
continuously  from  parallel  to  perpendicular  to  the  test  surface  (0°  to 
90°  cylinder).  For  each  of  these  three  test  cylinders,  approximately 
60  failures  were  obtained.  The  fatigue-life  results  for  the  three 
special  test  cylinders  are  given  in  figure  12-43.  The  0°  cylinder  had 
the  best  life,  while  the  0°  to  45°  and  0°  to  90°  cylinders  had  approxi- 
mately equal  lives.  The  difference  in  10-percent  lives  represents 
about  two  standard  deviations.  These  data  indicate  that  there  is  a 
significant  difference  in  life  between  the  0°  cylinder  and  the  other  two 
cylinders. 

In  addition  to  the  fatigue-life  data  obtained  from  these  cylinders, 
further  evidences  of  the  effect  of  fiber  orientation  on  fatigue  were 
obtained  by  examining  failure  density  as  a function  of  fiber-orienta- 
tion angle.  In  both  the  0°  to  45°  and  0°  to  90°  cylinders,  there  are 
four  similar  90°  quadrants  so  that  the  data  could  be  condensed  into  pne 
equivalent  quadrant.  The  equivalent  quadrant  was  then  divided 
into  four  zones  for  the  0°  to  45°  cylinder  and  five  zones  for  the  0°  to  90° 
cylinder,  and  the  number  of  failures  in  each  zone  were  counted.  The 
resulting  histograms  are  shown  in  figure  12-44.  This  figure  shows 


Figure  12-42. — T-1  tool-steel-cylinder  orientation  in  billet  stock.  (From  ref.  41.) 


0 5 15  25  35  45  0 10  20  30  40  50  60  70  80  90 

Fiber  orientation  angle,  deg 

(a)  0®  tr*  45®  cylinder.  (b)  0®  to  90®  cylinder. 

Fioums  12-44. — Variation  in  failure  density  with  fiber-orientation  angle  in  the 
0®  to  45®  and  0®  to  90®  T-1  tool  steel  cylinders.  (Prona  ref.  41.) 

that  for  both  cylioden,  the  failure  density  is  significantly  higher  in 
the  regions  of  greater  fiber-orientation  angles  than  in  the  regions  where 
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the  fibers  are  oriented  almost  parallel  to  the  test  surface.  Thus 
both  life  and  failure-density  data  indicate  that  large  fiber-orientation 
angles  are  detrimental  to  rolling-contact  fatigue. 

Jackson  (ref.  38)  also  found  that  a greater  than  expected  failure 
incidence  occurred  in  the  polar  areas  of  ball  specimens.  These  data 
are  shown  in  table  12-XXIV. 

To  summarize  the  fiber  orientation  results  obtained  in  references  15, 
38,  and  41  with  ball  and  cylinder  specimens,  it  would  appear  that 
better  life  could  be  obtained  with  rolling-element  bearings  if  forging 
processes  are  used,  which  result  in  parts  having  fiber  flow  parallel  or 
nearly  so  to  the  test  surface. 


Contact  Angle 

Palmgren  (ref.  1)  and  Lundberg  and  Palmgren  (ref.  2)  suggest  that 
the  load-carrying  capacity  of  a thrust  bearing  increases  as  a function 
of  increasing  contact  angle.  As  contact  angle  is  increased  for  a con- 
stant bearing  thrust  load,  the  normal  ball  load  is  decreased.  Since  the 
Lundberg-Palmgren  theory  predicts  constant  life  with  constant 
normal  ball  load,  fatigue  life  should  increase.  Unpublished  ball- 
fatigue  data  obtained  from  Pratt  & Whitney  Auuraft  for  specimens 
in  the  one-ball  testef  indicate  that  at  contact  angles  of  30°  to  55°, 
fatigue  life  decreases  with  increasing  contact  angle  at  constant  normal 
ball  load.  These  data,  therefore,  imply  a quantitative  discrepancy 
between  the  theory  and  the  experimental  results.  Further  experi- 
ments to  determine  the  effect  of  contact  angle  on  fatigue  are  reported 
in  reference  36.  The  five-ball  fatigue  tester  was  used  in  these  experi- 
ments with  tests  conducted  at  contact  angles  of  10°,  20°,  30°,  and  40°. 
The  Pratt  & Whitney  tests,  in  the  one-ball  tester,  were  conducted 
using  V-grooved  rollers  with  the  V-groove  angle  changed  to  vary  the 
contact  angle.  The  fatigue-life  results  obtained  by  Pratt  & Whitney 
and  in  reference  36  are  summarized  in  figure  12-45.  A smooth  curve 
results  when  the  data  from  both  testers  are  plotted  against  contact 
angle,  with  life  at  constant  contact  stress  that  shows  a continuous 
decrease  with  increasing  contact  angle.  These  life  data  were  con- 
verted to  thrust-load  capacity  and  compared  with  the  predicted  thrust- 
load capacity  as  shown  in  figure  12-46.  Again,  the  data  for  the  two 
testers  plot  as  a smooth  curve.  The  experimental  capacity  agrees 
well  with  the  predicted  capacity  at  contact  angles  up  to  30°.  At 
contact  angles  above  30°,  the  experimental  capacity  is  less  than  the 
predicted  capacity,  and  the  deviation  increases  as  contact  angle  is 
increased. 

The  discrepancy  between  thrust  capacity  as  predicted  by  the 
Lundberg-Palmgren  theory  and  experimental  results  may  be  due  to 
one  or  more  of  several  factors.  As  contact  angle  is  increased,  the  ball 
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Ft«3UBB  12-46. — Effect  of  contact  angle  at  constant  stress  and  stress  volume  on 
life  of  ball  specimen  relative  to  life  at  30°  contact  angle.  (From  ref.  36.) 

spin  velocity  (and,  therefore,  the  relative  sliding  between  ball  and 
race)  is  increased.  The  variation  of  life  with  relative  angular  spin 
velocity  is  shown  in  figure  12-47.  As  contact  angle,  and  thus  spin 
velocity,  are  increased,  the  rate  of  heat  generation  rises.  An  increase 
in  contact  temperature,  which  has  already  been  shown  to  bo  detri- 
mental to  fatigue  life,  results.  Increased  friction  and  heat  generation 
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Figure  12-46. — Increase  in  thrust  capacity  relative  to  thrust  capacity  at  30® 
measured  experimentally  and  as  predicted  by  the  Lundberg-Falmgren  equation. 
(From  ref.  36.) 

can  also  increase  the  shearing  stresses  for  two  bodies  in  contact.  The 
effects  of  friction  coefficient  on  shearing  stresses  are  treated  theoreti- 
cally by  Smith  and  Liu  (ref.  43)  and  those  of  heat  generation  by  Melan 
(ref.  44).  The  authors  of  reference  33  discuss  possible  effects  of 
thermal  stresses. 

Another  factor,  which  may  be  relevant,  is  the  effect  of  sliding  on 
viscosity  and  other  rheological  properties  of  the  lubricant  film.  Sibley 
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at  30*  contact  angle,  „ 

Figvbb  12-47. — Life  of  ball  specimen  relative  to  life  at  30®  contact  angle  against 
angular  spin  velocity  relative  to  angular  spin  velocity  at  30°  contact  angle  at 
constant  stress  and  stress  volume. 

and  Orcutt  (ref.  45)  show  experimentally  that  the  geomc-  < of  the 
contact  area  of  two  rolling  surfaces  changes  with  lubricant  shear  rate 
and  temperature.  Further  investigations  with  carefully  controlled 
variables  are  necessary  to  define  the  importance  of  rheological  prop- 
erties on  fatigue  life. 
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FOREWORD 


NASA  experience  has  indicated  a need  for  uniform  criteria  for  the  design  of  space  ve- 
hicles. Accordingly,  criteria  are  being  developed  in  the  following  areas  of  technology: 

Environment 

Structures 

Guidance  and  Control 
Chemical  Propulsion 

Individual  components  of  this  work  will  be  issued  as  separate  monographs  as  soon  as 
they  are  completed.  This  document,  part  of  the  series  on  Chemical  Propulsion,  is  one 
such  monograph.  A list  of  all  monographs  issued  prior  to  this  one  can  be  found  on  the 
last  page  of  this  document. 

These  monographs  are  to  be  regarded  as  guides  to  design  and  not  as  NASA  require- 
ments, except  as  may  be  specified  in  formal  project  specifications.  It  is  expected,  how- 
ever, that  these  documents,  revised  as  experience  may  indicate  to  be  desirable,  eventual- 
ly will  provide  uniform  des'gn  practices  for  NASA  space  vehicles. 

This  monograph,  “Liquid  Rocket  Engine  Turbopump  Bearings,”  was  prepared  under  the 
direction  of  Howard  W.  Douglass,  Chief,  Design  Criteria  Office,  Lewis  Research  Center; 
project  management  was  by  Harold  W.  Schmidt  and  Lionel  Levinson.  The  monograph 
was  written  by  Myles  F.  Butner  of  Rocketdyne  Division,  North  American  Rockwell 
Corporation,  and  was  edited  by  Russell  B.  Keller,  Jr.  of  Lewis.  To  assure  technical  ac- 
curacy of  this  document,  scientists  and  engineers  throughout  the  technical  community 
participated  in  interviews,  consultations,  and  critical  review  of  the  text.  In  particular, 
Fred  R.  Mallaire  of  Aerojet-General  Corporation,  Robert  L.  Thomas  of  Pratt  and  Whitney 
Aircraft  Division,  United  Aircraft  Corporation,  and  William  J.  Anderson  and  Herbert  W. 
Scibbe  of  the  Lewis  Research  Center  individually  and  collectively  reviewed  the  text  in 
detail. 

Comments  concerning  the  techni'^al  content  of  this  monograph  will  be  welcomed  by 
the  National  Aeronautics  and  Space  Administration,  Lewis  Research  Center  (Design 
Criteria  Office),  Cleveland,  Ohio  44135. 


March  1971 


GUIDE  TO  THE  USE  OF  THIS  MONOGRAPH 


The  purpose  of  this  monograph  is  to  organize  and  present,  for  effective  use  in  design, 
the  significant  experience  and  knowiedge  accumulated  in  development  and  operational 
programs  to  date.  It  reviews  and  assesses  current  design  practices,  and  from  them  estab- 
lishes firm  guidance  for  achieving  greater  consistency  in  design,  increased  reliability  in 
the  end  produce,  and  greater  efficiency  in  the  design  effort.  The  monograph  is  organized 
into  two  major  sections  that  are  preceded  by  a brief  introduction  and  complemented  by 
a set  of  references. 

The  State  of  the  Art,  section  2,  reviews  and  discusses  the  total  design  problem,  and 
identifies  which  design  elements  are  involved  in  successful  design.  It  describes  succinctly 
the  current  technology  pertaining  to  these  elements.  When  detailed  information  is  re- 
quired, the  best  avaiiable  references  are  cited.  This  section  serves  as  a survey  of  the 
subject  that  provides  background  material  and  prepares  a proper  technological  base  for 
the  Design  Criteria  and  Recommended  Practices. 

The  Design  Criteria,  shown  in  italic  in  section  3,  state  clearly  and  briefly  what  rule, 
guide,  limitation,  or  standard  must  be  imposed  on  each  essential  design  element  to  assure 
successful  design.  The  Design  Criteria  can  serve  effectively  as  a checklist  of  rules  for  the 
project  manager  to  use  in  guiding  a design  or  in  assessing  its  adequacy. 

The  Recommended  Practices,  also  in  section  3,  state  how  to  satisfy  each  of  the  criteria. 
Whenever  possible,  the  best  procedure  is  described;  when  this  cannot  be  done  concisely, 
appropriate  references  are  provided.  The  Recommended  Practices,  in  conjunction  with 
the  Design  Criteria,  provide  positive  guidance  to  the  practicing  designer  on  how  to 
achieve  successful  design. 

Both  sections  have  been  organized  into  decimally  numbered  subsections  so  that  the 
subjects  within  similarly  numbered  subsections  correspond  from  section  to  section.  The 
format  for  the  Contents  displays  this  continuity  of  subject  in  such  a way  that  a particular 
aspect  of  design  can  be  followed  through  both  sections  as  a discrete  subject. 

The  design  criteria  monograph  is  not  intended  to  be  a design  handbook,  a set  of 
specifications,  or  a design  manual.  It  is  a summary  and  a systematic  ordering  of  the 
large  and  loosely  organized  body  of  existing  successful  design  techniques  and  practices. 
Its  value  and  its  merit  should  be  judged  on  how  effectively  it  makes  that  material  avail- 
able to  and  useful  to  the  designer. 


iii 


CONTENTS 


Page 


1.  INTRODUCTION I 

2.  STATE  OF  THE  ART 4 

3.  DESIGN  CRITERIA  and  Recommended  Practices  31 

REFERENCES  69 

GLOSSARY  73 

NASA  Space  Vehicle  Design  Criteria  Monographs  Issued  to  Date  77 


SUBJECT 

STATE  OF  THE  ART 

DESIGN 

CRITERIA 

BEARING  ASSEMBLY  DESIGN 

2.1 

4 

3.1 

31 

Load  Capability 

2.1.1 

5 

3.1.1 

31 

Speed  Capability 

2.1.2 

12 

3.1.2 

31 

Stiffness 

2.1.3 

13 

3.1.3 

32 

Misalignment  Tolerance 

2.1.4 

14 

3.1.4 

32 

Bore 

2.1.5 

14 

3.1.5 

33 

Internal  Clearance 

2.1.6 

14 

3.1.6 

34 

Cooling 

2.1.7 

16 

3.1.7 

34 

Bearing  Mounting 

2.1.8 

18 

3.12 

40 

Bearing  Maicrlals 

2.1.9 

19 

3.1.9 

46 

Testing 

2.1.10 

23 

3.1.10 

52 

BEARING  COMPONENT  DESIGN 

22 

23 

3.2 

52 

Rolling  Element  Design 

22.1 

23 

3.2.1 

52 

Race  Design 

2.2.2 

25 

3.2.2 

59 

Cage  Design 

22.3 

28 

3.2.3 

63 

V 


LIST  OF  FIGURES 

Figure  Title  Page 

1 Split-inner-ring  ball  bearing  7 

2 Angular-contact  ball  bearings 7 

3 Roller  bearing  applications 8-9 

4 Balance  piston  bearing  systems 10 

5 Balance  pistot»  eyatem  clearances,  loads,  and  deflections 11 

6 Race  crowning  lo  allow  for  misalignment  in  roller  bearings 15 

7 Race-retention  methods  20 

8 Poisson’s  effect  jf  heavy  radial  load 21 

9 Bearing  clamping  to  eliminate  fretting  21 

10  Roller  crowning 25 

11  Ball  bearing  unloading  chute 29 

12  Types  of  lubrication  jets 38 

13  Inner  race  fits,  ABEC-5 41 

14  Outer  race  fits,  ABEC-5  42 

15  Shaft  shoulder  design 43 

16  Housing  or  shaft  shoulder  height  sizu.-- 45 

17  Provisions  for  race  removal  45 

18  Required  clamping  force  47 

19  Ball  size  basic  proportions 53 

20  Roller  size  basic  proportions 54 

21  Roller  dimension  terms  and  symbols 58 

22  Shouldi^r  configuration  terms  and  symbols  58 


Page 


23  Bearing  race  average  diameters  60 

24  Ball  bearing  race  shoulder  height 62 

25  Ball  bearing  raceway  edge  relief 62 

26  Cage  construction  64-65 

27  Coolant  flow  channels  66 


LIST  OF  TABLES 

Table  Title  Page 

I  Comparison  of  Turbopump  Bearings  4 

II  Summary  of  Current  Turbopump  Bearing  Capabilities  6 

III  Speed  Limits  for  Bearings  12 

IV  Curvature  and  Contact  Angle  for  Specific  Design  Goals  Using  Ball  Bearings  26 

V Bearing  Misalignment  Capabilities  33 

VI  Corrosion  Resistant  Race  and  Rolling  Element  Materials  48 

VII  Recommended  Cage  Materials  51 

VIII  Roller  Bearing  Capacity  Reduction  Caused  by  Bearing  Misalignment  59 


viii 


LIQUID  ROCKET  ENGINE 
TURBOPUMP  BEARINGS 

1.  INTRODUCTION 


Bearing  requirements  for  liquid  propellant  rocket  engine  turbopumps  have  forced  ad- 
vances in  a specialized  branch  of  bearing  technology  to  fulfill  the  special  and  unusual 
operating  conditions  of  speed,  load,  life,  and  environment.  Advances  in  technology 
presently  are  being  pursued  to  develop  longer  life  bearings,  roller  bearings  cooled  by 
propellants,  higher  speed  bearings,  bearings  for  :>ervice  with  liquid  fluorine,  and  solution 
of  b»ll  speed  variation  problems.  Also  in  progress  are  bearing-material  development 
programs  for  space  environments,  applications  with  heat  soakback,  hot  restarts,  and 
extended  exposures  to  propellants  at  elevated  temperatures. 

These  advances  in  bearing  technology  rely  heavily  on  empirical  results  of  testing  under 
actual  or  simulated  operating  environments.  In  addition,  computer  calculations  are 
utilized  extensively  to  evaluate  the  effects  of  speed,  geometry,  and  loading  on  bearing 
life,  stresses,  and  deflections,  and  to  determine  bearing  spring  rates  used  for  shaft 
dynamics  calculations. 

Presently,  rolling  contact  bearings  are  utilized  almost  exclusively  in  preference  to  fluid 
film  bearings  because  of  the  following  characteristics: 

• Large  capacity-to-volume  ratio 

• Ability  to  operate  independently  of  external  pressurizing  systems 

• Ability  to  operate  satisfactorily  after  ingesting  foreign  material 

• Tolerance  for  short  periods  of  coolant/lubrication  starvation 

• High  radial  spring  rate 

• Low  heat  generation  and  coolant/lubrication  consumption 

The  development  of  bearings  satisfactory  for  use  with  rocket  engine  turbopumps  has 
depended  on  the  solution  of  a number  of  basic  problems  in  bearing  design: 

(1)  Use  of  nonlubricants  for  cooling  high-speed,  high-load  bearings  has  required 
specialized  bearing  geometry,  careful  material  selection,  adequate  coolant  quantity, 
and  control  of  manufacturing  processes. 

(2)  Maintaining  quality  control  of  bearings  has  required  adequate  specifications  for 
physical  properties  of  what  may  often  be  new  materials,  for  material  identifica- 
tion, for  confirmation  of  material  integrity,  for  cleaning  and  packaging,  and  for 
inspection  of  new  bearing  physical  dimensions. 

(3)  Obtaining  shaft  dynamic  response  through  design  control  of  the  bearing  stiffness 
has  required  that  bearing  detail  design  be  performed  as  part  of  the  basic  turbo- 
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pump  layout  selection  input.  Computerized  analyses  of  bearings  and  shaft  sys- 
tems make  possible  the  rapid  evaluation  of  trial  designs. 

(4)  Permanent  race  and  rolling  element  dimensional  changes  that  occur  when  bear- 
ings are  chilled  to  cryogenic  temperatures  have  been  eliminated  by  the  use  of 
stabilizing  chill  cycles  prior  to  final  machining. 

(5)  Rolling  element  she  changes  due  to  thermal  effects  or  wear  remain  a problem. 
There  is  some  experimental  evidence  that  race  relief  (unloading  chute)  may  be  a 
solution  for  ball  bearings. 

(6)  Cage  wear  problems  largely  have  been  overcome  by  the  use  of  low-friction  ma- 
terials to  provide  the  lubricating  function,  use  of  adequate  clearances,  use  of 
sufficient  web  thickness  to  allow  for  wear,  material  properties  control,  and  manu- 
facturing quality  control. 

(7)  Damage  and  wear  caused  by  skidding  of  rolling  elements  operating  at  high  speed 
and  low  load  have  been  controlled  by  the  use  of  suitable  axial  or  radial  pre- 
loading. 

Prevention  of  bearing  problems  is  more  effective  and  less  costly  tiian  their  cure.  It  is 
essential  that  the  bearing  designer  participate  in  turbopump  preliminary  design  by  aiding 
the  mechanical  designer  in  basic  decisions  that  influence  the  bearing  application  and 
overall  reliability.  In  this  capacity,  the  bearing  designer  should 

• Reduce  the  DN  value  of  the  bearings  to  a minimum 

• Minimize  the  number  of  bearings  used 

• Guide  the  mechanical  designer  in  selecting  the  proper  bearing  type 

• Secure  hydraulic  balancing  of  impeller  forces 

• Select  bearing  materials  with  appropriate  chemical  and  mechanical  properties 

• Provide  for  mechanical  balancing 

• Provide  adequate  clean  coolant  supply 

• Assure  practical  means  for  bearing  assembly 

• Avoid  design  practices  that  lead  to  severe  misalignment  and  the  detrimental 
combination  of  radial  and  thrust  load 

These  provisions  are  more  easily  incorporated  as  integral  design  features  before  the 
design  is  hardened  than  as  adjustments  after  detailing  is  underway. 

After  a firm  turbopump  layout  has  been  adopted,  the  bearing  designer  should  review 
design  details  of  pump  parts  affecting  bearings,  e.g.,  fits,  finishes,  and  race  clamping; 
perform  detailed  examination  of  specimens  from  bearing  tests  to  detect  any  need  for 
bearing  design  improvements;  and  examine  bearings  from  component  (turbopump  hot 
fire)  and  engine  tests  to  verify  that  the  bearing  design  is  adequate  for  the  actual  operat- 
ing conditions  of  load,  alignment,  and  cooling.  This  step  is  mandatory  because  accu- 
rate prediction  of  pump  loads  and  temperatures  is  extremely  difficult. 
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The  material  that  follows  has  been  divided  into  two  categories:  (1)  the  fundamental 
problems  involved  in  bearing  assembly  design;  and  (2)  the  problems  involved  in  the 
design  of  the  three  basic  bearing  components — ^the  rolling  element,  the  race,  and  the 
cage. 

These  problems  are  considered  in  the  order  and  manner  in  which  the  designer  must 
handle  them.  The  designer  must  first  choose  a bearing  assembly  design  that  will  meet 
all  the  needs  of  the  proposed  application  and  then  design  the  components  to  meet  the 
needs  of  the  assembly.  In  all  cases,  there  is  cross-feed  between  these  two  design  ef- 
forts, and  accordingly  this  monograph  frequently  cross-references  and  dovetails  related 
material. 
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2.  STATE  OF  THE  ART 


2.1  Bearing  Assembly  Design 


Turbopump  shafts  are  generally  supported  at  two  bearing  positions.  These  are  placed 
as  closely  as  possible  to  major  rotating  components  to  reduce  radial  movement  and  to 
control  critical  speeds.  Ball  bearings  (Conrad-type,  angular-contact,  and  split-inner-ring) 
and  cylindrical  roller  bearings  are  used  because  of  their  capabilities  in  load,  speed, 
stiffness,  and  misalignment  tolerances  (see  table  I).  Film  bearings  have  found  limited 
use  in  specialized  applications.  Tapered  roller  bearings,  needle  bearings,  and  pure- 


TABLE  I. — Comparison  of  Turbopump  Bearings 


Bearing  type 

Advantages 

Disadvantages 

Primary  condition 
for  use 

Conrad-type 

ball 

Any  combination  of  radial  and 
thrust  direction;  large  mis- 
alignment capability;  mo- 
ment load  capacity 

Limited  number  of 
balls;  two-piece  cage 
necessary 

Combined  load;  two- 
direction  thrust 
loads 

Angular-contact 

ball 

Thirty  percent  more  capacity 
than  simiiar  size  Conrad; 
one-piece  cage 

Predominant  thrust  re- 
quired; one-direction 
capacity;  lower  mis- 
alignment tolerances 
than  Conrad 

High  speed,  high 
load;  single-direc- 
tion thrust 

Split-ring 

ball 

Thirty  percent  more  thrust  ca- 
pacity than  similar  size  Con- 
rad; one-piece  cage;  two-di- 
rection thrust  capability; 
lower  axial  clearance 
through  use  of  gothic  arch 

Predominant  thrust  re- 
quired; lower  mis- 
alignment tolerance 
than  Conrad 

Two-direction  thrust 

Cylindrical 

roller 

Much  higher  radial  capacity 
than  ball  bearing;  provides 
axial  freedom  of  shaft;  high- 
er radial  stiffness  than  ball 
bearings;  one-piece  cage 

No  axial  load  capacity; 
roller  ends  wear  in 
nonlubricating  cool- 
ants; lower  misalign- 
ment tolerance  than 
ball  bearings 

High  radial  capacity 
without  axial  re- 
straint; high  radial 
stiffness 

Balance 

piston 

High  thrust  capacity 

Must  be  protected  from 
thrust  loads  during 
start;  has  no  capa- 
city without  pres- 
sure; must  be  care- 
fully designed  for 
stable  operation 

Pump  shaft  thrust 
exceeds  rolling 
bearing  capacity 
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thrust  ball  bearings  have  not  been  used  in  rocket  engine  turbopumps  because  of  their 
limited  speed  capabilities. 

Table  II  presents  a summary  of  current  turbopump  bearing  practice  and  state  of  the  art 
regarding  bearing  tjrpe,  size,  speed,  load,  coolant  use,  and  other  factors  relevant  to 
displaying  bearing  capabilities. 

The  first  consideration  in  the  design  or  selection  of  a bearing  is  its  directional  loading 
capability  for  the  intended  application.  Then,  for  bearings  that  are  to  be  used  at  high 
speeds,  relationships  of  speed-load-life  that  account  for  centrifugal  force  must  be  used. 
Further,  because  bearing  radial  stiffness  is  a controlling  factor  in  critical  speed  control, 
it  is  often  a primary  consideration  in  bearing  type  selection  and  bearing  location  on  the 
turbopiunp  shaft. 

2.1.1  Load  Capability 

Currently,  Conrad-type  ball  bearings  are  often  used  because  of  their  ability  to  support 
a combined  radial  and  axial  load,  a thrust  load  in  both  axial  directions,  and  moment 
loading.  Their  capacity  depends  on  the  number  of  balls,  which  is  limited  by  the  assem- 
bly method.  Also,  they  require  a two-piece  cage,  which  limits  their  speed  capability. 

Split-inner-ring  ball  bearings  and  angular-contact  bearings,  which  have  approximately  30 
percent  more  thrust  capacity  than  Conrad-type  bearings,  are  used  singly  or  in  tandem 
to  support  heavy  axial  loads.  The  advantages  offered  by  split-inner-ring  bearings  are 
the  use  of  a one-piece  cage,  two-way  thrust  load  capability,  and  the  ability  to  lower  the 
total  end  pla«  the  bearing  through  the  use  of  the  gothic  arch  inner  race.  This  latter 
feature  makes  a predominant  thrust  load  requirement  for  satisfactory  operation.  A pre- 
dominant radial  load  results  in  a change  from  a normal  operation  (fig.  1(a))  to  a 
three-point  contact  (fig.  1(b)),  and  consequent  race-ball  distress.  Design  considerations 
are  given  in  reference  1,  pp.  44  and  45.  Angular-contact  ball  bearings  are  used  only 
for  predominantly  axial  loads  so  that  ball  contact  with  the  low  shoulder  does  not  occur 
(fig.  2(a)).  A conservative  rule  of  thumb  for  split-ring  and  angular-contact  bearings 
is  to  ensure  that  the  thrust  load  is  always  twice  the  radial  load. 

Tandem  duplexed  ball  bearings  are  used  when  the  thrust  load  is  greater  than  the  cap- 
ability of  a single  bearing  with  ball  size  maximized  to  centrifugal  limits.  Two  or  three 
bearings  are  used  to  share  the  loading  (ref.  2).  To  ensure  load  sharing,  face  flushness, 
bore  and  outside  diameters,  and  contact  angles  are  specified  within  close  limits  in  each 
set  of  bearings;  selective  assembly  may  be  used  rather  than  extremely  tight  tolerances. 
Duplexed  ball  bearings  with  opposing  contact  angles  are  used  to  limit  axial  deflection 
and  to  obtain  increases  in  bearing  radial  spring  rate  (figs.  2(b)  and  2(c)).  Preloaded 
springs  are  often  used  to  avoid  thermal  loading  of  the  bearings. 
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TABLE  Il.-Summary  of  Current  Turbopump  Bearing  Capabilities 


Bearing 

type 

Bore. 

nun 

1 

Materials  I 

j Load,lbf 

Speed, 
10^  rpm 

Coolant 

Experience 

Maximum 
test  hours 
per  bearing 
(no  failure) 

Maximum 

temperature, 

Ball  or 
roller 

Races 

Cage 

Fluid 

Flowrate, 

gpm 

Turbopump 

Test 

rig 

Axial 

Radial 

BaU 

3S 

Halmo 

Halmo 

S'Monel 

1,400 

1350 

40 

RP-1 

0-.2 

X 

5 

800 

Ball 

70 

52100 

52100 

AMS  4616 

5,900 

4700 

6.8 

RP-1 

0.1 

X 

1.75 

250 

Tandem 

130 

52100 

52100 

AMS  4616 

55,000 

0 

5.5 

RP-1 

4.0 

X 

20 

350 

Roller 

35 

4620 

4620 

AMS  4616 

0 

3700 

40.0 

RP-1 

0.2 

X 

5 

350 

Roller 

70 

S2I00 

52100 

AMS  4616  : 

0 

4000 

6.8 

RP-1 

0.1 

X 

1.75 

250 

Roller 

170 

11 

11 

AMS4616 

0 

500 

5.5 

RP-1 

1 

X 

100 

800 

Ball 

49 

KSH' 

440C 

25%GFT2 

2,700 

NA 

40 

50-50^ 

14 

X 

0.2 

NA 

Ball 

45 

K-96« 

K-96 

Graphite*  * 

300 

0 

25 

50-50 

1.1 

X 

0.6 

NA 

Roller 

40 

440-C 

440C 

25%GFT 

0 

500 

40 

50-50 

8 to  10 

X 

0.2 

NA 

Ball 

45 

440-C 

440C 

Armalon 

330 

0 

25 

EDA® 

1.5 

X 

1 

NA 

Ball 

45 

440-C 

440C 

Armalon 

315 

0 

25 

B5H96 

1 

X 

0.4 

NA 

Ball 

45 

440-C 

440C 

Armalon 

800 

100 

28.3 

Liquid  hydrogen 

100 

X 

6 

-350 

Ball 

45 

440-C 

440C 

Armalon 

300 

0 

34.5 

Uauid  hvdroaen 

10 

X 

9 

NA 

Ball 

50 

440-C 

440C 

Armalon 

3,000 

NA 

24 

Liquid  hydrogen 

20 

X 

3 

NA 

Ball 

60 

440-C 

440C 

Armalon 

800 

100 

28.3 

Liquid  hydrogen 

20 

X 

6 

•350 

Ball 

65 

440-C 

440C 

Armalon 

2,200 

100 

31.5 

Liquid  hydrogen 

40 

X 

3 

-350 

3 Tandem 

110 

440-C 

440C 

Armalon 

36,000 

NA 

13J 

liquid  hydrogen 

ISO 

X 

0.75 

NA 

Ball 

150 

440-C 

440C 

Armalon 

1,000 

0 

20 

Liquid  hydrogen 

ISO 

X 

0.5 

NA 

Ball 

200 

440-C 

440C 

Armalon 

5,000 

0 

IS 

Liquid  hydrogen 

150 

X 

1.6 

NA 

Roller 

50 

440-C 

440-C 

Armalon 

0 

2000 

24 

Liquid  hydrogen 

20 

X 

3 

NA 

Roller 

120 

440-C 

440C 

Armalon 

0 

5000 

13.3 

Liquid  hydrogen 

26 

X 

1.63 

NA 

Ball 

35 

440-C 

440C 

Rulon 

0 to  400 

ISO 

30 

Gaseous  hydrogen 

0.02  to  0.2  Ib/sec 

X 

5.5 

•400  to  -r60 

Ball 

40 

440-C 

440C 

Rulon 

140 

200 

30 

Gaseous  hydrogen 

0.03  Ib/sec 

X 

5.5 

atOO  to  +60 

Ball 

45 

440-C 

440C 

Armalon 

300 

0 

34.5 

Gaseous  hydrogen 

0.1  Ib/sec 

X 

9 

NA 

Roller 

30 

440-C 

440C 

7 

0 

300 

12 

Gaseous  hydrogen 

NA 

X 

5.5 

-60 

Roller 

40 

440-C 

440C 

7 

0 

200 

12 

Gaseous  hydrogen 

0.02  Ib/sec 

X 

5.5 

-60 

Ball 

45 

440-C 

440C 

Armalon 

330 

0 

25 

IRFNA® 

5 gpm 

X 

1 

NA 

Ball 

40 

440-C 

440C 

25%GFT 

1,500 

NA 

40 

N2O4 

5 to  15 

X 

0.25 

NA 

Ball 

45 

440-C 

440C 

Armalon 

330 

0 

25 

N2O4 

2 to  5 

X 

1 

NA 

Ball 

SO 

KSH 

440C 

2S7«GFT 

2,500 

NA 

25 

NjO. 

5 to  IS 

X 

0.25 

NA 

Roller 

40 

440-C 

440C 

25%GFT 

0 

1000 

40 

N2O4 

5 to  15 

X 

0.25 

NA 

Ball 

45 

440-C 

440C 

Armalon 

500 

0 

25 

Liquid  oxygen 

5 

X 

IS 

■250 

Ball 

60 

440-C 

440C 

Armalon 

3,500 

0 

8.8 

Liquid  oxygen 

10 

X 

6 

-250 

Sail 

110 

440C 

440C 

Armalon 

18,000 

NA 

4 

Liquid  oxygen 

8.5 

X 

0.9 

NA 

Roller 

lOS 

440C 

440C 

Armalon 

0 

3750 

4 

Liquid  oxygen 

2 

X 

2 

NA 

Ball 

45 

440C 

440C 

K-MoncI 

400 

0 

3.6 

Liquid  fluorine 

Submerged 

X 

1 

NA 

Ball 

45 

K162B» 

440C 

K'Monel 

400 

0 

3.6 

Liquid  fluorine 

Submerged 

X 

1 

NA 

Ball 

50 

440C 

440C 

BN440*® 

400  to  12 

0 

20 

Liquid  fluorine 

12  to  20 

X 

0.5 

-293 

rTtuigsten-tiUnlcm  carbide  ^Tungsten  carbide  ’Plated  lead  on  silver  on  ^inhibited  red  fuming  titanium  carbide  uBower  315 

^Glass-filled  teflon  SEthylene  diamine  AMS  <616  nitric  acid  MBerylco  Nickel  <40  »SU.S.  graphite,  grade  2 

aUDMH-NjH*  (50-50  mbrture)  opentaborane 


(a)  Normal  operation 
(clearance  at  a) 


(b)  Three-point  contact 
(wiping  contact  at  a) 


t 


I 


i 

f 


Figure  1. — Split-inner-ring  ball  bearing. 


(a)  Low  shoulder  contact  at  b 


(b)  Duplex  DB  (back-to-back)  (c)  Duplex  DF  (face-to-face) 

Figure  2. — Angtilar-contact  ball  bearfnga. 
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Cylindrical  roller  bearings  possess  several  times  the  radial  capacity  and  stiffness  of  ball 
bearings.  They  are  used  only  for  radial  loading;  axial  loads  are  taken  by  ball  bearings 
axially  connected  to  the  roller  bearing  shaft  (fig.  3(a)),  Occasional  uses  of  roller  bearings 


Retainer  nut 


, Integral  mounting  flange 


Grind  relief 


'Gearbox 


Quill  shaft 


(a)  Elimination  of  thrust  load  from  roller  bearing 


Thrust  carrying 
ball  bearing 
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(c)  Radially  tight  roller  bearing 
Figure  3. — Concluded.  Rcller  bearing  applications. 


for  axial  loads  are  limited  to  handling  the  loads  that  result  from  providing  axial  location 
for  rotating  components  (fig.  3(b)).  Roller  bearings  v/ith  negative  diametral  clearance 
can  be  used  for  propellant-cooled  service  (liquid  hydrogen)  (fig.  3(c))  (ref.  8,  pp.  505- 
518). 

Film  bearings  (e.g.,  balance  pistons)  are  prevented  from  rubbing  contact  during  startup 
until  sufficient  pressure  is  generated  to  lift  the  bearing.  Fipure  4 shows  typical  balance 
piston  and  bearing  configurations.  Figure  5(a)  is  a schematic  of  the  balance  piston/ 
bearing  arrangement;  while  figure  5(b)  is  a load-deflection  diagram  with  corresponding 
clearances  and  deflections.  The  values  will  vary  with  individtial  turbopump  designs; 
however,  the  basic  objective  is  to  prevent  balance  piston  contact  from  occurring  (fig. 
5(b),  V and  VI),  Thi.s  is  accomplished  by  selecting  gaps  3,  4,  5,  and  6 in  fig.  5(a),  so 
ihat  the  loads  at  V and  VI  exceed  the  net  pump  shaft  loads  when  insufficient  fluid  is 
pumped  for  balance  piston  operation. 

When  the  need  for  adequate  directional  load  support  capability  has  been  satisfied,  the 
requirement  that  the  bearing  possess  sufficient  load  capacity  must  then  be  considered. 
Load  capacity  is  a direct  function  of  bearing  size  unless  high-speed  effects  predominate. 
For  low-speed  applications  (DN  < 0.5  x 10^),  the  bearing  is  sized  by  selecting  a suf- 
ficiently large  bearing  from  manufacturers’  catalogs.  For  high-speed  applications,  this 
method  is  inadequate.  To  determine  the  necessary  capacity  for  required  life,  the  de- 
signer must  resort  to  load-life-speed  relationships  that  account  for  centrifugal,  inertial, 
and  friction  forces. 

'The  relations  for  dynamic  analysis  of  ball  and  roller  bearings  accounting  for  speed  ef- 
fects are  derived  in  reference  3.  This  analysis  has  been  programmed  for  digital  com- 
puters, making  possible  rapid  determination  of  high-speed  bearing  stresses,  life,  stiff- 
ness, dynamic  forces,  and  velocities. 


9 


Inducer 


Balance 

pitton 


'Spring  preloaded  ball  bearings ' 
(a)  Mark  IS— F turbopump 


Figure  4. — Balance  piston  bearing  systems. 
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Front 

land 

clearance 


1 


dearartce 


Front  stop 
clearance 


Rear  stop 
deararsce 


Balartce  piston 
rear  land 


(a)  Balance  piston  schentatic 


(b)  Load  and  deflection  chart 


Figure  S. — Balance  piston  system  clearances,  loads,  and  deflections. 


Bearing 

deflection 


Turbopump  required  service  life  is  usually  1 to  2 hours.  Bearings  are  sized  for  this 
service  by  specifying  a calculated  Bio  fatigue  life  (including  speed  effects)  that  exceeds 
turbopump  life  by  an  arbitrary  factor  (usually  10).  This  conservative  value  is  used 
not  only  to  prevent  fatigue  failures,  but  also  to  compensate  for  other  undefined  life- 
reducing  factors  such  as  the  low  lubricity  of  most  propellant/coolants.  Bio  fatigue  life 
is  the  operating  time  that  5*0  percent  of  identical  bearings  will  exceed  without  fatigue 
failure.  It  is  calculated  by  relating  the  stress  cycles  of  a new  design  to  the  statistically 
analyzed  results  of  repeated  fatigue  tests  on  controlled  test  bearings.  Most  bearing 
manufacturers  present  basic  life  data  on  their  bearings;  however,  their  life  rating  meth- 
ods do  not  include  effects  of  centrifugal  force.  These  effects  are  considered  in  the 
general  analysis  (ref.  3). 

f 

2.12  Speed  Capability 

DN  value  (product  of  bearing  bore  in  millimeters  and  shaft  speed  in  rpm)  is  used  as  the 
general  measure  of  bearing  speed  because  it  is  simple,  easy  to  compute,  and  is  widely 
understood  and  accepted.  DN  is  not  completely  descriptive  of  speed  severity  as  it  does 
not  account  for  rolling  element  size  or  bearing  internal  geometry;  however,  no  entirely 
acceptable  substitute  for  DN  has  been  proposed. 

Table  III  lists  the  approximate  maximum  speeds  that  have  been  achieved  for  bearings  in 
operational  turbopumps  and  experimental  programs  using  the  coolant  shown.  Maximum 
attainable  speeds  have  not  been  established  for  each  bearing  type  ar.J  coolant.  However, 
it  is  reasonable  to  expect  that  the  speed  levels  in  table  III  can  be  exceeded  provided  that 
the  propellant  coolant  has  a higher  rank  as  a lubricant  than  the  given  coolant  (sec. 
2.1.7). 


TABLE  III. — Speed  Limits  for  Bearings 


Bearing  type 

Existing 
maximum 
turbopump  DN, 
million 

Existing 
maximum 
test  DN, 
million 

Limiting  factor 

Test 

coolant 

Conrad-type  ball 

1.6 

1.6 

Cage  weakness 

Liquid  hydrogen 

Angular-contact  ball 

2.05 

3.0 

(ref.  4) 

Heat  generation 

Liquid  hydrogen 

Cylindrical  roller 

1.6 

1.6 

Roller  guidance,  cage 
slippage 

RP-1 

In  turbopump  designs,  bearing  speeds  near  the  ultimate  bearing  speed  capability  are 
avoided  because  operation  near  this  limit  makes  all  aspects  of  alignment,  loading,  cool- 
ing, lubrication,  and  manufacturing  variables  critical  to  success;  the  slightest  departure 
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from  ideal  conditions  may  result  in  failure.  Therefore,  to  gain  reliability,  DN  values  are 
held  to  the  lowest  possible  levels  consistent  with  pump  requirements. 

It  should  be  noted  also  that  a finite  minimum  load  (inherent  application  loads  or  pre- 
loads) is  required  at  each  bearing  speed  to  prevent  gross  skidding  of  rolling  elements 
and  consequent  damage  to  bearing  surfaces.  The  minimum  required  load  is  a function 
of  materials,  bearing  geometry,  lubrication,  and  acceptable  life  reduction.  Dynamic 
analyses  of  bearing  performance  (ref.  3)  are  required  to  determine  the  skidding  tenden- 
cies of  an  application.  A discussion  of  roller  bearing  skidding  appears  in  reference  1, 
pp.  321-328. 

The  sensitivity  of  bearings  to  speed,  load,  and  life  changes  (as  are  often  required  in 
uprating)  is  illustrated  in  the  two  examples  below: 

(1)  Conrad  bearings  with  phenolic  cages,  entirely  satisfactory  for  turbine  shaft  thrust 
bearing  service  at  1.2  x 10®  DN  in  Atlas  and  Thor  vehicle  turbopumps,  had  to  be 
replaced  by  split-inner-ring  bearings  with  one-piece  bronze  cages  when  the  speed 
and  load  were  increased  by  approximately  10  percent  for  service  in  the  H-1  engine. 

(2)  Extended  service  life  requirements  in  J-2  engine  fuel  pump  bearings  operating  at 
1.6  X 10®  DN  caused  failures  of  two-piece,  riveted  cages  made  of  Armalon  (glass- 
fabric-supported  polytetrafluoroethylene  (PTFE)).  The  substitution  of  a one- 
piece  (otherwise  identical)  cage  resulted  in  satisfactory  service. 

2.1.3  Stiffness 

Bearing  stiffness  is  a controlling  factor  in  shaft  dynamics  (critical  speed  control).  There- 
fore, bearing  detail  design  calculations  are  often  made  and  used  as  background  informa- 
tion for  decision  making  during  selection  of  the  shaft  layout.  Dynamic  analyses  (ref.  3) 
programmed  for  digital  computers  are  used  to  determine  quickly  the  radial  stiffness  of 
candidate  bearing  designs  for  tlie  expected  range  of  loads  and  speeds.  Bearing  type, 
preloading,  mounting,  and  shaft  layout  selections  are  often  determined  on  the  basis  of 
calculated  bearing  spring  rates  (stiffness).  Roller  bearings  are  sometimes  used  to  obtain 
adequate  stiffness  (1.5  to  2.0  x 10®  Ib/in.)  when  subcritical  operation  is  required,  e.g., 
in  throttled  engines.  Supercritical  operation  can  be  obtained  by  the  use  of  soft  mount- 
ings for  bearings,  thus  depressing  criticals  to  below  operating  speeds. 

On  one  particular  experimental  turbopump  a radial  stiffness  of  120,000  Ib/in.  was  re- 
quired for  critical  speed  control.  Analysis  indicated  that  at  the  desired  lower  preload 
limit  of  40  lb,  the  radial  stiffness  had  dropped  off  to  20,000  Ib/in.;  the  solution  required 
increasing  the  preload  to  60  lb  minimum  even  though  this  reduced  the  calculated  fatigue 
life  of  the  bearing.  This  type  of  compromise  often  is  required  in  a high-speed,  relatively 
lightly  loaded  ball  bearing  because  the  centrifugal  force  per  ball  is  large  relative  to  the 
total  ball  loads. 
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2.1.4  MisaligRiTient  Tolerance 

Misalignment  tolerance  of  ball  bearings  can  be  increased  by  providing  sufficient  cage 
pocket  clearance  (ref.  5)  to  allow  for  circumferential  advance  and  retard  of  ball  position 
caused  by  ball  speed  variation  (BSV).  Excessive  BSV  results  in  cage  pocket  wear  and 
heating.  In  reference  6,  the  detrimental  effects  of  BSV  are  discussed  and  methods  are 
providsd  for  calculating  BSV.  Some  designers  prefer  to  use  elliptical  bail  pockets.  With 
this  technique,  only  the  circumferential  cage  pocket  clearance  is  increased  while  the 
standard  axial  cage  pocket  clearance  is  unchanged;  this  practice  prevents  cage  wobble 
and  consequent  land  wear.  Digital  computer  programs  based  on  the  original  work  pre- 
sented in  reference  3 are  used  to  compute  cage-rolling  element  forces  and  rolling  ele- 
ment excursions  that  determine  the  required  minimum  clearance. 

Roller  bearing  misalignment  results  in  capacity  loss  caused  by  edge  loading  of  the  rollers. 
Misalignment  tolerance  is  increased  by  crowning  the  outer  race  (fig.  6)  (ref.  7).  In 
general,  the  misalignment  imposed  on  turbopump  bearings  is  minimized  by  proper  shaft 
and  housing  design  and  manufacturing  techniques  such  as  iine-boring  of  gear  cases. 

2.1.5  Bore 

Turbopump  bearing  bores  have  ranged  from  8 to  170  miilimeters,  and  testing  has  been 
conducted  on  bearings  with  200  millimeter  bore.  The  preferred  bore  size  is  the  smallest 
diameter  that  satisfies  the  shaft  strength,  stiffness,  and  bearing  capacity  requirements. 
For  extremely  high-speed  applications,  an  increase  in  bore  size  wiil  not  always  result 
in  an  increase  in  bearing  load  capacity  because  centrifugal  loading  of  the  rolling  ele- 
ments increases  faster  than  capacity  as  size  increases.  In  such  cases,  tandem  duplex 
thrust  bearings  are  utilized  (e.g.,  in  the  turbopumps  for  the  F-1  and  M-1  engines). 

Placing  splines  inside  bearings  is  avoided  because  the  bore  must  expand  to  accommodate 
two  torque-carrying  shaft  sections.  In  addition,  uneven  expansion  of  torque-carrying 
splines  tends  to  distort  bearing  races  into  cone  shapes;  this  results  in  roller  skewing  and 
consequent  end  wear. 

2.1.6  Internal  Clearance 

Unfitted  diametral  clearances  are  specified  with  allowances  made  for  all  causes  of  dia- 
metral clearance  loss.  Except  as  noted  below,  care  is  taken  to  prevent  the  occurrence 
of  negative  clearance,  which  almost  always  results  in  sudden  catastrophic  failure. 
Press  fits,  centrifugal  growth,  material  properties  (such  as  Poisson’s  ratio),  and  thermal- 
ly induced  differential  growths  are  all  considered  in  establishing  design  clearances. 
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Cylindrical  section 
of  roller 


Roller  bearings  are  sometimes  designed  utilizing  radial  preloading  where  light-load, 
high-speed  conditions  will  result  in  excessive  roller  skidding  and  wear.  Preloading  tech- 
niques include  elastically  deforming  the  outer  races  out  of  round  (ref.  1,  p.  323)  and  use 
of  zero  or  negative  diametral  clearance.  Special  design  considerations  for  radially  tight 
bearings  are  given  in  the  unclassified  appendix  of  reference  8,  vol.  III.  pp.  505-518.  In 
utilizing  zero  or  negative  clearance,  extreme  care  must  be  taken  to  ensure  that  sufficient 
cooling  is  available  to  prevent  a self-aggravated  thermal  growth  loading  cycle  that  will 
rapidly  result  in  a complete  bearing  seizure. 

2.1.7  Cooling 

Table  II  summarizes  current  bearing  cooling  practice.  Most  turbopump  bearings  are 
cooled  with  pumped  propellant.  A small  quantity  of  the  total  pump  flow  is  bled  from  a 
high-pressure  region  of  the  pump,  flows  through  the  bearings,  and  re-enters  into  a 
low-pressure  area  of  the  pump  or  at  the  pump  inlet.  An  investigation  of  the  bearing 
lubricating  ability  of  various  liquid  rocket  propellants  (ref.  18)  resulted  in  the  following 
ranking  (in  descending  order):  RP-1,  liquid  oxygen,  liquid  hydrogen,  N2O4,  IRFNA,  EDA, 
UDMH,  N2H4,  and  50-50  N2H4-UDMH. 

A few  turbopumps  still  use  conventional  lubrication  that  reauires  a separate  tanking  and 
circulation  system.  Oil  systems  in  use  include  recirculating  f fitan)  and  once-through 
overboard-drain  (Atlas  and  Thor). 

Coolant  effects. — ^Roller  end  wear  of  cylindrical  roller  bearings  is  aggravated  when  roller 
bearings  are  used  with  chemically  reducing  coolants  such  as  liquid  hydrogen  and  the 
amines  (50-50  mixture  of  UDMH  and  hydrazine).  Roller  end  wear  does  not  appear  to  be 
severe  with  liquid  oxygen  and  is  insignificant  with  N2O4  (refs.  2,  9,  and  10).  The  use 
of  dissimilar  roller  and  race  materials  will  reduce  the  end  wear  significantly  even  with 
chemically  reducing  coolants  (ref.  9). 

For  high-speed  turbapumps,  angular-contact  ball  bearings  with  one-piece,  outer-land- 
riding cages  made  from  self-lubricating  materials  containing  PTFE  are  preferred.  These 
bearings  have  been  tested  successfully  at  speeds  to  3.0  x 10^  DN  (ref.  4)  (table  II). 

Development  of  roller  bearings  for  propellant-cooled  high-speed  use  requires  special 
considerations  in  clearances,  guidance,  and  roller  skidding  prevention  (refs.  2,  8,  9,  and 
10). 

Coolant  quantity. — Coolant  quantity  is  established  by  heat  balance  calculations  confirmed 
or  modified  by  testing.  Typical  values  for  cc  lant  flow  range  from  0.1  gpra  of  RP-1  for 
low-load,  low-speed  bearings  to  150  gpm  of  liquid  hydrogen  for  large,  high-speed  bear- 
ings (table  II).  With  roller  bearings  cooled  by  liquid  hydrogen,  increasing  coolant  flow 
above  that  required  for  heat  balance  has  reduced  roller  end  wear. 
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Coolant  delivery  system. — ^Jets  of  lubricant  carefully  targeted  to  the  gap  between  the  in- 
ner race  and  cage  are  used  for  the  more  viscous  conventional  oils  and  most  RP-1  sys- 
tems (fig.  3(b)).  The  effectiveness  of  this  lubrication  system  depends  on  the  accuracy 
of  the  jet  targeting  and  the  elimination  of  other  possible  reasons  for  failure  of  adequate 
lubricant  to  reach  all  necessary  areas  of  the  bearing.  Churning  losses  are  less  than  those 
with  flooded  lubrication  systems,  decreasing  the  flowrate  required  (especially  with  vis- 
cous fluids  where  > 1 centistoke)  and  thereby  decreasing  the  payload  penalty  of  the 
lubrication  system.  Additional  coolant  flow  is  sometimes  directed  through  slots  in  the 
bearing  races  or  shaft  under  the  races.  Most  lubrication  systems  for  highly  loaded  power 
transmissions  used  at  low  ambient  pressures  (altitudes  of  100,000  ft  or  more)  are  pres- 
surized to  2 psia  to  provide  lubricant  circulation  by  windage.  Otherwise,  lubricants  may 
not  reach  critical  areas  of  the  bearing  and  the  bearing  will  fail. 

Tests  with  the  Atlas  and  Thor  engine  transmissions  have  demonstrated  that  outer-land 
cage-equipped  ball  and  roller  bearings  with  direct  lubrication  jet  cooling  can  operate 
successfully  at  very  low  ambient  pressure  (2  mm  Hg).  The  Agena  engine  employs  an 
unpressurized  splash-lubricated  gear  transmission  (no  lubrication  jets)  that  has  operated 
successfully  at  0.2  psia. 

Flooded  through-flow  systems  are  generally  used  for  propellant-cooled  bearings  for  two 
reasons: 

( 1 ) There  is  less  chance  of  blockage  of  jets  with  particles  of  foreign  matter,  or  with 
pieces  of  ice  in  cryogenic  systems. 

(2)  Churning  losses  and  heating  are  small  because  of  the  low  viscosity  of  most 
propellants. 

Coolant  quality  (liquid/vapor  fraction). — ^Attempts  are  made  to  maintain  the  coolant  at 
100-percent  liquid  condition  at  the  bearings  because  this  increases  the  cooling  effective- 
ness. lArlien  the  fluid  temperature  in  the  pump  is  above  the  critical  temperature,  the 
pressure  is  sometimes  altered  to  be  above  the  critical  pressure  (ref.  11).  Gaseous  hy- 
drogen has  been  used  in  the  RL-10  engine  turbopump  as  a bearing  coolant;  flowrate 
was  found  to  be  critical  to  successful  bearing  operation. 

Contamination. — Chemical  contamination  of  propellant  systems  is  controlled  by  applying 
cleanliness  standards  similar  to  MSFC-SPEC-164  (developed  for  liquid-oxygen  systems) 
(ref.  12),  which  controls  particle  size,  particle  number,  and  nonvolatile  residue.  In  addi- 
tion, passivation  by  controlled  exposure  to  fluorine  gas  is  required  for  components  in- 
tended for  service  in  liquid  fluorine  or  in  FLOX  (mixture  of  liquid  fluorine  and  liquid 
oxygen). 

When  bearings  are  not  corrosion  resistant,  water  is  excluded  from  the  bearing.  In  oil 
and  RP-1  systems,  this  is  accomplished  by  use  of  water-displacing  preservatives;  in 
cryogenic  systems,  by  use  of  dry  gas  purges  (MIL-P-27401B  nitrogen  (ref.  13)  or  MIL- 
P-27407  helium  (ref.  14))  or  desiccants  (MIL-D-3464D  (ref.  15)). 
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Filters  and  screens  are  used  to  prevent  blockage  of  lubricant  jets  and  damage  to  bear- 
ings by  particulate  contamination.  In  RP-1  and  oil  systems,  40-micron  filters  are  used, 
while  screens  with  10-micron  openings  are  used  in  the  flooded  coolant  system  in  the  J-2 
engine  liquid-oxygen  turbopump.  The  J-2  engine  fuel  pump  uses  no  filter  or  screen,  but 
relies  on  centrifugal  force  to  separate  particles  from  the  coolant  and  prevent  contamina- 
tion of  the  bearings. 

The  RL-10  engine  turbopump  depends  upon  the  initial  cleanliness  of  components  and 
system.  In  the  Titan  II,  turbine  ejchaust  gases  used  to  pressurize  the  gear  box  generate 
sludge  in  the  lubricant  (MIL-L-7808  (ref.  16));  replaceable  filters  are  used  in  the  turbo- 
pumps to  remove  this  sludge.  A bypass  check  valve  is  used  to  prevent  lubricant  starva- 
tion if  the  filter  clogs. 

2.1.8  Bearing  Mounting 

Interference  fits. — light  press  fit  between  the  rotating  race  and  its  mounting  is  main- 
tained to  prevent  relative  motion  and  consequent  fretting.  For  heavy  radial  loads,  heav- 
ier press  fits  are  required.  Some  applications  (H-1  engine  turbopump;  Thor  and  Atlas 
vehicle  turbopumps)  experienced  extremely  heavy  radial  loads,  and  creeping  of  races 
could  not  be  prevented  by  clamping.  The  problem  was  solved  by  making  the  inner  races 
integral  with  the  gears  (figs.  2(a)  and  3(b)). 

Maximum  interference  fits  are  held  below  the  fit  that  causes  inner  race  fracture.  Inter- 
ference fits  up  to  0.001  in./in.  of  bore  diameter  are  used  without  problems. 

Sliding  fits. — Spring-preload  bearings  and  axially  floating  bearings  as  used  in  tlie  turbo- 
pumps for  the  J-2  engine  require  loose-fit  outer  races  to  maintain  axial  freedom.  When 
sticking  of  the  outer  races,  coupled  with  shortening  of  the  rotor  due  to  the  Poisson  ef- 
fect of  centrifugal  force,  caused  loss  of  preload  and  shaft  dynamic  problems  in  the  en- 
gine fuel  pump,  looser  fits  for  the  bearings  and  increased  preload  were  used. 

Bearing  mounting  surfaces. — Shaft  journals  and  housing  bores  generally  are  chrome 
plated  to  prevent  galling  and  fretting  of  the  surfaces  due  to  the  relative  motion  of  the 
races  or  assembly  press  fitting.  This  practice  is  mandatory  for  Inconel  and  Monel  shafts 
used  in  cryogenic  pumps.  Titanium  shafts  cannot  be  chrome  plated,  but  the  contraction 
is  similar  to  440-C  steel;  therefore,  lighter  fits  are  possible,  and  galling  because  of  as- 
sembly and  disassembly  is  minimal.  SAE  4130  steel  shaft  journals  hardened  to  40 
generally  do  not  gall  even  with  heavy  press  fits. 

Corner  radius  interference. — ^Interference  of  the  bearing  bore  and  outer  diameter  corners 
with  the  shaft  shoulder  corner  radius  is  prevented  by  use  of  a grind  relief  (fig.  3(a)). 
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Mounting  surface  accuracy. — ^The  mounting  surface  accuracy  (roundness  of  cylindrical 
surfaces,  taper  of  diameters,  and  axial  runouts  of  shoulders)  is  maintained  by  speci- 
fying tolerances  equivalent  to  ABEC  5 or  RBEC  5 (AFBMA  Standards  (ref.  17)). 
Looser  tolerances  would  destroy  the  accuracy  obtained  from  the  bearing  design. 

Shoulder  heights. — Shaft  and  housing  shoulder  heights  are  chosen  to  provide  sufficient 
compressive  strength  to  transmit  clamping  loads  through  the  solid  race  sections  with- 
out bending  the  race  and  possibly  pinching  the  rollers.  Normally,  0.050  in.  or  more  of 
the  bearing  race  face  is  exposed  to  allow  pulling  of  the  bearing.  When  this  is  not  pos- 
sible, bearings  are  provided  with  grooves  or  they  are  disassembled  by  pulling  through 
the  rolling  elements,  a practice  that  often  damages  the  bearing. 

Race  retention. — ^Rotating  races  are  retained  by  nut  clamping  (fig.  7(a))  or  tension 
bolting  (fig.  7(b)).  Early  designs  that  relied  on  press  fit  alone  were  altered  when 
race  walking  caused  fretting  of  the  journals  and  axial  displacement  of  the  races. 

Snap  rings  for  turbopump  bearing  race  retention  have  been  abandoned  because  of 
the  possibility  of  removal  by  centrifugal  force,  shock,  and  vibration. 

When  either  of  the  bearing  races  rotates  relative  to  a heavy  radial  load,  the  clamp- 
ing load  must  be  large  enough  to  prevent  race  creep.  Figure  8 illustrates  the  Poisson 
effect  on  the  inner  race  of  a heavy  radial  load.  This  rotating  “bulge”  of  metal  caused 
severe  fretting  of  Atlas  turbopump  gear  bearing  inner  races.  Extremely  strong  retain- 
ers did  not  stop  the  fretting.  The  final  solution  was  to  make  the  inner  ruces  integral 
with  the  gear  (figs.  3(a),  (b)). 

The  bearing-retaining  nut  or  tension  bolt  is  designed  and  applied  to  provide  clamping 
loads  large  enough  to  prevent  the  stack  of  components  from  loosening  under  thrust, 
bending,  or  thermal  effects.  Clamping  loads  as  large  as  50,000  pounds  are  used  in 
the  bearing  tension  bolt  in  the  J-2S  engine.  A clamping-nut  torque  of  800  ft-lb  is  used 
in  the  F-1  engine  turbopump.  A case  of  severe  fretting  of  the  gear  and  bearing  race 
mating  surfaces  (fig.  9)  in  the  Atlas  sustainer  turbopump  was  eliminated  entirely  by 
increasing  the  clamping-nut  torque  to  200  ft-lb. 

2.1.9  Bearing  Materials 

Corrosion  resistance.— Bearings  are  made  of  corrosion  resistant  materials  for  propel- 
lant-cooled applications.  Races  and  roiling  elements  are  made  of  440-C  steel;  cages 
are  made  of  plastics,  and  occasionally  are  reinforced  with  corrosion  resistant  steel 
(CRES)  or  aluminum.  Standard  noncorrosion-resistant  materials  (52100,  tool  series) 
are  protected  during  idle  periods  by  preservatives.  Grade  440-C  steel,  the  most  com- 
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(b)  Bolted  retention 

Figure  7. — Race-retention  methods. 


monly  used  race  material  for  propellant-cooled  applications,  is  not  entirely  corrosion 
resistant,  and  investigations  are  underway  to  discover  a substitute;  none  has  been 
found  with  the  combination  of  hardness,  corrosion  resistance,  fatigue  life,  and  avail- 
ability displayed  by  440-C.  Nickel-based  alloys  are  corrosion  resistant,  but  soft.  Sin- 
tered carbides  are  corrosion  resistant  and  hard,  but  brittle.  Stellite  Star-J  has  been 
investigated  as  a cryogenic  bearing  material,  but  testing  has  not  produced  design 
recommendations. 
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Figure  8. — Poisson’s  effect  of  heavy  radial  load. 
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Figure  9. — Bearing  clamping  to  eliminate  fretting. 
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Hardness.— Since  full  capaciy  requires  a minimum  hardness  of  58  R^,  few  materials 
qualify  as  full  capacity  race  and  rolling  element  materials.  In  addition  to  the  ma- 
terials that  appear  in  table  II,  M-10  and  M-50  tool  steel  have  been  used.  To  date, 
materials  softer  than  58  have  not  been  used  in  turbopump  bearings.  Extensive 
testing  would  be  required  to  provide  reasonable  confidence  in  the  life  capabilities  of 
softer  materials. 

Adhesion  resistance. — ^Adequate  resistance  to  adhesion  between  the  rolling  element 
and  race  is  attained  for  most  propellant  environments  using  440-C  (table  III).  Oil  and 
RP-1  pose  no  problems  for  52100  or  tool  steels.  However,  440-C  displayed  adhesive 
degradation  of  races  and  balls  when  cooled  by  strong  reducers  (N2H4,  UDMH,  and 
mixtures  of  both)  (refs.  18  and  i9).  In  reference  9,  however,  successful  testing  of 
the  same  material  combinations  is  reported.  Additional  testing  is  required  in  this  area 
of  conflicting  results.  As  noted  earlier  the  use  of  dissimilar  race  and  rolling  element 
materials  reduces  wear  rates  in  chemically  reducing  coolant  environments  (ref.  9). 

Dimensional  stability. — Stabilization  by  repeated  cycles  of  chilling  with  liquid  nitrogen 
and  then  tempering  has  successfully  eliminated  dimensional  changes  noted  in  liquid- 
oxygen  and  liquid-hydrogen  bearings.  Stabilizing  chill  cycles  are  part  of  most  cryo- 
genic bearing  design  specifications  for  440-C  bearings.  Requirements  for  stabilization 
procedures  for  nickel-based  alloys  and  carbides  are  not  known. 

Grinding  burns. — Grinding  burns  once  were  a source  of  dimensional  changes  and  in- 
ternal stresses  that  resulted  in  race  fracture.  These  have  been  largely  eliminated  by 
more  rigid  controls  of  grinding -wheel  grit  speed  and  feed  and  of  coolant  type  and 
amount.  Nital  etch  will  detect  grinding  burns  in  52100  and  4620  steels,  but  no  satis- 
factory test  has  been  rroposed  for  grindiLig  burn  detection  for  440-C  steel.  (Picric 
etch  ha^  been  proposed  as  a detection  method,  but  its  effectiveness  has  not  been 
proven.)  Grinding  burns  are  nol  a significant  problem  area  if  effective  quality  control 
methods  are  used  to  ensure  proper  processing. 

Material  cleanliness. — ^Vacuum  melted  steels  are  used  erttensively  for  race  and  rolling 
elements  to  ensure  freedom  from  nonmetallic  inclusions  and  consequent  increase  in 
fatigue  life  (refs.  20  and  21).  Consumable  electrode  vacuum  melting  (CEVM)  is  pre- 
ferred, as  it  produces  more  consistently  clean  steel  than  can  be  obtained  by  use  of 
other  vacuum  melting  processes.  The  reduction  in  nonmetallic  inclusions  obtained  by 
vacuum  melting  also  reduces  the  possibility  of  chemical  attack  by  reactive  propellants. 

Cage  material  friction. — ^Low-friction  materials  are  used  for  cages;  those  used  for  pro- 
pellant lubrication  provide  their  own  lubricity  and  in  addition  may  lubricate  the  roll- 
ing surfaces  by  transfer  of  a low-friction  film  from  cage  to  balls  to  raceway  (ref. 
22).  Table  II  presents  the  cage  materials  used  with  the  various  propellant/coolants. 
An  exception  in  the  self-lubricating  quality  sought  for  propellant-cooled  service  is 
the  K-Monel  and  other  high-nickel  alloys  used  vith  liquid  fluorine.  It  is  poisible  that 
low-shear-strength  nickel  fluorides  form  on  the  cage  and  provide  a slick  film  on  the 
surface.  Testing  is  continuing  on  bearings  cooled  by  liquid  fluorine. 
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2.1.10  Testing 

Bearing  designs  are  subjected  to  full-scale  empirical  tests  in  test  rigs  or  in  turbo- 
pumps to  evaluate  coolant  flow  and  geometric  configurations  including  tolerance  range. 
Great  care  is  taken  to  assure  that  test  conditions  simulate  as  closely  as  possible  the 
expected  operating  condition.  Bearings  often  are  made  separable  to  permit  periodic 
inspection  of  bearing  components  during  test  programs. 

Subscale  tects  of  rolling  element,  race,  and  cage  materials  are  often  used  for  screen- 
ing candidate  new  materials.  The  value  of  these  tests  is  limited  by  the  accuracy  of 
simulation  of  the  actual  bearing  operating  conditions;  therefore,  the  results  of  simple 
rolling  and  sliding  tests  must  be  interpreted  with  care  and  confirmed  with  full-scale  tests. 

Rolling  contact  tests. — Subscale  rolling  contact  screening  tests  are  used  to  select  bear- 
ing race  and  rolling  element  materials  for  later  fabrication  of  full-scale  bearings.  An 
example  of  this  procedure  is  illu.strated  in  reference  19  where  a Barwell  conversion 
of  the  Shell  four-ball  machine  was  used  to  screen  various  rolling  contact  material 
combinations. 

Sliding  friction  tests. — Simple  button  riders  held  in  contact  with  a spinning  plate  have 
been  used  extensively  in  cage  material  screening  tests  (refs.  18  and  19).  The  infor- 
mation from  the  testing  described  in  reference  23  was  used  directly  in  selecting  suc- 
cessful cage  materials  for  liquid-hydrogen  and  liquid-oxygen  service  for  the  J-2  engine 
turbopumps. 

2.2  Bearing  Component  Design 
2.2.1  Roiling  Element  Design 

Ball  and  roller  element  complements  (size  and  number)  are  selected  by  performing 
dynamic  analyses  of  candidate  bearing  designs  (ref.  3),  with  the  following  consid- 
erations: 

• Maximum  ball  or  roller  size  is  limited  to  the  diameter  whose  further  increase 
results  in  a decrease  in  capacity  because  of  centrifugal  force  effects  (contact 
stress,  spinning  and  sliding).  Ball  sizes  for  turbopump  bearings  range  from  about 
3/16  to  7/8  in.  diameter;  roller  sizes  range  from  approximately  1/4  to  1 in. 
diameter.  Where  capacity  requirements  exceed  the  increase  available  by  increas* 
ing  diameter,  tandem  duplexed  bearings  are  used.  Minimum  ball  or  roller  size  is 
limited  to  the  diameter  that  results  in  an  adequately  strong  cage  cross  section 
and  adequate  coolant  flow.  Cage  radial  thickness  of  0.100  in.  and  coolant  flow 
radial  space  of  0.070  in.  are  generally  the  minimum  used  for  bearings  of  over 
40-mm  bore. 
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• The  maximum  number  of  rolling  elements  is  limited  by  cage  web  thickness  con- 
siderations. It  was  found  (ref.  9)  that  for  nonmetallic,  propellant-cooled  bear- 
ing cages,  a minimum  cage  web  thickness  of  0.150  in.  is  desirable.  Metallic 
cages  can  utilize  narrower  bars  because  of  greater  strength.  In  addition,  metal- 
lic cages  are  not  adaptable  to  sacrificial  wear  as  are  low-friction,  nonmetallic 
cages  because  metallic  wear  debris  is  potentially  more  detrimental  to  the  bearing. 

• The  minimum  number  of  rolling  elements  is  not  a usual  design  goal.  The  typical 
minimum  number  occurs  in  a Conrad-type  bearing;  the  space  between  balls  is 
slightly  less  than  ball  diameter. 

Ball  and  roller  diameter  uniformity. — ^Ball  and  roller  size  variation  is  limited  in  new 
bearings  to  10  to  20  microinches  (/t  in.).  Excessive  size  variation  leads  to  orbital 
velocity  variation  that  results  in  cage  distress.  Ball  quality  criteria  have  been  stand- 
ardized by  industry  into  AFBMA  standard  grades.  These  grades  specify  diameter  uni- 
formity among  individual  balls  (in  a bulk  container)  and  ball  roundness  in  an  indi- 
vidual  ball.  Balls  for  turbopump  bearings  are  >xsually  AFBMA  grade  10  (AFBMA 
Standards  (ref.  24)). 

Ball  and  roller  roundness.--Ball  and  roller  roundness  is  specified  to  limits  of  10  to 
20  /u  in.  to  ensure  smooth  running  bearings  and  load  sharing  among  roiling  elements. 
Excessive  size  variation  will  result  in  heavy  cage  wear  and  potential  fatigue  failure. 

Ball  and  roller  surface  finish. — ^AFBMA  Standards  are  utilized  to  specify  ball  quality; 
in  addition  to  roundness  and  size  variation,  these  standards  also  control  ball  surface 
finish.  The  AFBMA  grade  10  specified  for  turbopump  bearing  balls  controls  the  sur- 
face finish  to  1.0  II  in.  arithmetic  average  (AA)  maximum. 

Presently,  a roller  finish  must  be  specified  separately  as  there  is  no  AFBMA  stand- 
ard for  rollers.  Typical  roller  surface  finishes  are  4 n in.  AA  on  outer  diameters  and 
6 {I  in.  AA  on  the  roller  ends. 

Roller  guidance. — ^Roller  guidance  is  extremely  important  to  satisfactory  wear  per- 
formance of  rollers  and  is  ensured  by  control  of  the  following  design  features: 

(1)  Roller  length/diameter  ratio  of  1 is  preferred;  1.3  is  used  as  a maximum. 

(2)  Roller  ends  are  held  square  within  0.0001  in.  of  the  total  indicated  runout. 

(3)  Roller  bearing  race  shoulders  are  14  to  20  percent  of  the  roller  diameter, 
providing  a guiding  contact  chord  of  75  percent  of  the  roller  diameter. 

(4)  Roller  end  clearance  between  guiding  lips  in  the  guiding  raceway  may  range 
from  0.0002  to  0.0020  in.  in  turbopump  bearings.  (Care  is  taken  to  avoid 
roller  pinch  from  clamping  loads.)  Roller  end  clearance  uniformity  within 
an  individual  bearing  assembly  is  assured  by  specifying  roller  length  to  be 
uniform  within  0.0002  in. 

(5)  Roller  comer  radii  concentricity  control  of  0.002  in.  TIR  (total  indicated 
runout)  is  necessary  to  avoid  roller  cage  wear  caused  by  roller  unbalance. 
Bearing  manufacturers  are  now  developing  techniques  that  will  enable  them 
to  supply  rollers  with  the  end  radii  concentric  within  0.0005  in.  TIR. 
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Roller  comer  radii. — Roller  corner  radii  are  controlled  so  that  the  maximum  value 
still  results  in  adequate  roller  guidance,  but  the  minimum  does  not  interfere  with 
race  shoulder  corner  radii.  Typical  turbopump  bearing  roller  corner  radii  are  con- 
trolled to  be  within  the  range  0.020  to  0.030  in. 

Roller  end  relief  (crowning). — ^To  prevent  stress  concentration  at  the  roller  end,  rollers 
are  crowned  (fig.  10)  an  amount  slightly  greater  than  the  elastic  deflection  of  the 
heaviest  loaded  roller.  In  addition  to  the  amount  for  end  relief,  crowning  provides 
an  allowance  for  misalignment. 


2.2.2  Race  Design 

Race  cross  section. — race  cross  section  thickness  less  than  0.04  times  the  mean  di- 
ameter promotes  brittle  fracture  of  440-C  races  used  in  liquid-hydrogen  service,  and 
therefore  greater  thicknesses  are  used. 

Ball  bearing  transverse  race  curvature. — ^Transverse  race  radii  less  than  51  percent  of 
the  ball  diameter  result  in  such  wide  contacts  that  excessive  spinning  and  sliding 
occur.  The  breakover  point  where  closer  curvature  results  in  excessive  heat  genera- 
tion rate  varies  with  speed  and  bearing  size.  In  a bearing  with  close  curvatures,  small 
changes  in  clearance  make  large  proportional  changes  in  contact  angle.  The  bear- 
ing geometry  is  quite  sensitive  to  manufacturing  tolerances,  and  dimension  variations 
that  would  be  insignificant  in  a bearing  with  54  percent  curvatures  would  make 
rapid  changes  in  diametral  clearance  and  contact  angle  in  a bearing  virh  51  percent 
curvatures. 
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To  reduce  heat  generation  iri  high-speed  ball  bearings,  race  curvatures  are  made 
wider  than  the  normal  51  to  53  percent.  The  maximum  race  curvature  presently  used 
in  turbopumps  (J-2  engine  fuel  pump)  is  59  percent.  A further  increase  in  curvature 
increases  stress  and  decreases  capacity,  with  diminishing  returns  in  spin  reduction. 

Inner  (Ft)  and  outer  (F„)  race  curvatures  are  varied  independently  to  achieve  spe- 
cific design  goals  as  indicated  in  table  IV.  Most  rules  and  guidelines  used  are  the 


TABLE  IV. — Curvature  and  Contact  Angle  for  Specific  Design 
^ Goals  Using  Ball  Bearings 


Bearing  design  parameter 

Goal 

♦F 

Fi 

P. 

degrees 

Maximum  thrust  capacity 

Minimum 

—0.52 

Minimum 

—0.52 

Maximum 

—35 

Maximum  radial  c icity 

Minimum 

—0.52 

Minimum 

0.52 

Minimum 
— 12 

Minimum  contact  angle  di- 
vergence 

Maximum 

—0.59 

Maximum 

—0.59 

Minimum 
— 12  to  15 

Minimum  torque 

Maximum 

—0.59 

Maximum 

—0.59 

Minimum 
12  to  15 

Maximum  radial  stiffness 

Minimum 

0.52 

Minimum 

0.52 

Minimum 
12  to  15 

Inner  race  control 

Maximum 

>0.54 

Minimum 

<0.54 

Minimum 
12  to  15 

*F  = race  radius  divided  b>  ball  diameter. 
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result  of  analysis,  with  little  if  any  empirical  confirmation  in  full-scale  bearings.  In 
general,  if  a combination  performs  satisfactorily  during  testing,  the  design  is  adopted 
and  no  further  experiments  are  performed,  partly  because  testing,  especially  with 
cryogenic  coolants,  is  extremely  expensive.  Some  results  of  rig  testing  at  extremely 
high  speed  (ref.  4)  have  indicated  that  designing  for  minimum  heat  generation  allows 
operation  at  3 x 10®  DN  with  large  (ISO  to  200  mm)  bearings.  In  general,  bearings 
for  liquid-hydrogen  service  are  required  to  operate  at  high  speed  because  of  the  low 
density  of  hydrogen.  These  bearings  are  therefore  designed  for  a low-heat-generation 
maximum-speed  capability. 

Optimum  high-speed  bearing  design  seeks  to  minimize  the  detrimental  inertial  effects 
of  speed.  This  requires  minimizing  initial  contact  angle  p to  reduce  the  dynamic  con- 
tact angle  divergence  (p,~  Po)-  Large  total  curvatures  (Fo  -1-  F,  — 1)  permit  lower 
contact  angle  while  maintaining  a required  safe  diametral  clearance  (see  sec.  2.1.6). 

Within  the  total  curvature  required  for  adequate  clearance,  inner  and  outer  race 
curvature  can  be  varied,  and  the  designer  is  free  to  select  a beneficial  combination 
Fg/F,.  There  is  theoretical  justification  for  attempting  to  obtain  inner  race  control 
(IRC)  (refs.  25  and  26)  by  setting  F«  < Fg.  IRC  exists  when  rolling  action  is  main-  ‘ 
tained  at  the  inner  race  contact  and  spinning  occurs  predominantly  at  the  outer  race 
contact.  The  advantage  of  IRC  is  that  it  produces  less  bearing  torque  than  ORC 
(outer  race  control)  and  allows  small  F<,  resulting  in  lower  contact  stress  and  longer 
inner  race  fatigue  life.  The  limitation  to  the  benefits  obtained  in  this  way  are  that 
(1)  it  is  difficult  to  obtain  IRC  in  bearinr^s  of  over  50  mm  bore,  and  (2)  at  extremely 
high  speeds,  the  centrifugal  force  acting  on  the  balls  makes  the  outer  race  stress 
the  more  significant  life-controlling  factor.  In  general,  in  extremely  high-speed  bear- 
ings Fg  is  made  less  than  F(.  This  reduces  heat  generation  caused  by  bail  spinning 
at  the  inner  race  contact  without  unduly  affecting  bearing  fatigue  life,  which  is 
limited  primarily  by  the  outer  race  because  of  centrifugal  ball  forces. 


Race  finish. — ^Although  extremely  fine  finishes  are  possible,  the  following  finishes  are 
easily  attainable  and  give  satisfactory  service: 


Surface! 

Waviness!*2 

Direction 

roughness 

17  to  330  peaks/revolution 

4 to  17  peaks/revolution 

Raceway,  circumferential 

6 /t  in.  AA 

30  ju  in. 

60  p U1./30''  circumferen- 
tial arc 

Raceway,  transverse 

30  n in.  AA 

NA 

NA 

Cage  land,  circumferential 

25  p in.  AA 

75  p in. 

NA 

^See  ASA  B46.1  - 1962  (ref.  27)  for  surjface  texture  definitions. 

^Waviness  is  normally  defined  as  the  maximum  pealt-to-valley  dimension;  however,  wavi- 
ness of  bearing  races  is  often  defined  as  the  average  deviation  from  a nominal  surface 
(see  ref.  27). 
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Some  users  require  even  finer  finishes  in  special  cases.  Bearing  manufacturers  can  ob- 
tain a transverse  finish  of  6/.-  in.  AA  with  resulting  improvement  in  circumferential  finish. 
Production  techniques  for  providing  these  finer  finishes  are  under  development. 

Surface  finish  refinement  promotes  formation  of  elastohydrodynamic  (EHD)  films,  pro- 
vides smooth  bearing  operation,  increases  fatigue  life,  and  aids  in  the  formation  of  trans- 
fer films  (ref.  22).  Actual  formation  of  EHD  films  is  unlikely  in  turbopump  bearings 
regardless  of  the  raceway  finish  because  the  viscosity  of  the  propellant/coolants  is  low. 
(For  a review  of  current  EHD  technology,  see  ref.  28,  pp.  36-37.)  Although  fatigue  life 
generally  increases  with  finer  finishes,  some  preliminary  results  of  single-ball  fatigue 
testing  indicate  there  may  be  a decrease  in  fatigue  life  when  race  finishes  are  reduced 
below  5/1  in.  AA. 

Ball  bearing  shoulder  configuration. — Ball  bearing  shoulder  heights  are  specified  as  a 
percent  of  ball  diameter,  the  value  being  derived  from  analyses  that  describe  the  dy- 
namic position  of  the  ball  and  the  size  of  the  contact  ellipse.  The  shoulder  height  is 
specified  high  enough  to  contain  the  contact  ellipse  under  all  anticipated  loading  condi- 
tions. Normal  ball  bearing  shoulder  heights  vary  from  18  to  22  percent.  High-speed 
ball  bearings  with  low  contact  angles  often  have  much  lower  shoulders,  some  only  12 
percent. 

To  provide  a safety  factor  for  overloads,  the  race  edge  is  relieved  to  prevent  ball  creas- 
ing. The  value  of  edge  relief  was  shown  in  tests  of  highly  loaded  thrust  bearings  for 
the  F-1  engine  turbopump;  ball  bearings  with  edge  relief  survived  axial  loads  that  re- 
sulted in  approximately  0.030  in.  excursion  of  theoretical  contact  ellipse  length  beyond 
the  race  edge.  Bearings  with  no  relief  or  inferior  edge  relief  failed  immediately. 

Race  relief. — Cage  problems  caused  by  ball  size  variation  in  bearings  under  constant 
thrust  load  are  not  solved  simply  by  enlarging  ball  pocket  size.  Rather  than  alternately 
advancing  and  retarding  from  a nominal  position,  different  size  balls  tend  to  continue 
to  advctice  or  retard,  applying  excessive  forces  on  the  cage.  In  limited  testing  at  2.0  x 
10°  DN  in  liquid  hydrogen,  a small  raceway  relief  or  unloading  chute  (fig.  11)  0.003  in. 
deep  by  0.300  in.  long  was  effective  in  reducing  the  cage  forces. 

2.2.3  Cage  Design 

Cage  strength. — Cages  made  of  weak  or  brittle  materials  are  often  stiffened  and  strength- 
ened with  metal  shrouds  or  reinforcing  bands.  Cages  of  serviceable  strength  have  thus 
been  constructed  from  otherwise  unsatisfactory  materials  such  as  filled  PTFE  composi- 
tions (ref.  9).  The  early  Armalon  (glass-fabric-supported  PTFE)  cages  were  reinforced 
with  aluminum  side  bands,  but  subsequent  testing  and  practice  have  shown  Armalon  to 
be  rigid  and  strong  enough  at  cryogenic  temperatures  to  be  satisfactory  even  when 
unsupported. 
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Outer  race 


Figure  11. — Ball  bearing  unloading  chute. 


Coolant  flow  area. — Cages  are  designed  with  minimum  cross  section  to  allow  free 
through-flow  of  coolant.  Minimum  radial  thickness  of  Amaalon  cages  used  for  liquid- 
hydrogen  and  liquid-oxygen  bearings  has  been  0.100  in.  for  cages  approximately  3.5  in.  in 
mean  diameter  and  0.150  in.  for  cages  approximately  8 in.  in  mean  diameter.  Cages  of 
weaker  materials  are  made  thicker  or  are  reinforced;  metallic  cages  are  usually  no 
thinner  than  Armalon  cages  in  order  to  preserve  a generous  contact  area  for  the  rolling 
element  in  the  ball  pockets  or  to  avoid  off-center  contact  with  rolling  elements. 

Cage-rolling  element  contact. — ^The  cage  pocket  contact  with  the  ball  or  roller  is 
usually  centered  at  the  rolling-element  complement  pitch  line  to  avoid  jamming  or 
deflecting  the  cage  as  the  rolling  element  tends  to  “climb”  over  the  cage  web.  This  is 
not  mandatory,  because  in  some  applications  the  cage  makes  contact  above  the  pitch 
line  with  satisfactory  results.  Limitations  generally  are  not  explored,  and  changes  are 
made  only  if  difficulty  is  encountered. 

Web  thickness. — Cage  web  thicknesses  of  less  than  0.150  in.  are  unsatisfactory  for 
propellant-cooled  bearings.  Metallic  cage  webs  can  be  made  thinner,  but  minimum 
thicknesses  must  be  determined  by  testing  because  of  differences  in  operating  severity. 

Guiding  land  clearance. — Cage  guiding  land  clearance  is  maintained  at  some  positive 
value  for  all  operating  conditions,  but  ge  lerally  has  a minimum  value  of  approximately 
0.010  in.  Larger  clearances  are  occasionally  necessary  to  allow  ball  advance  and  retard 
because  of  misalignment  or  combined  load  (ref.  6).  Standard  land  clearances  can  be 
used  if  the  circumferential  cage  pocket  clearance  is  sufficient  to  allow  ball  excursions. 
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Pocket  clearance. — Cage-ball  pocket  clearance  is  extremely  important  in  cases  of  mis- 
alignment or  combined  load  (refs.  5 and  6).  Pocket  clearances  of  0.025  to  0.035  in.  are 
often  used  when  some  ball  speed  variation  is  expected.  Elliptical  cage  pockets  with 
major  ellipse  diameter  in  the  circumferential  direction  are  sometimes  used  when  low 
transverse  pocket  clearance  is  desired  to  prevent  cage  wobble. 

Cage  sides  protrusion. — ^Total  cage  widths  are  normally  limited  so  that  the  cage  side 
does  not  protrude  beyond  the  bearing  faces  during  operation.  Countersunk  or  counter- 
bored  rivet-head  sockets  are  often  used  instead  of  flat  surfaces  for  the  rivet  heads  to 
reduce  cage  width  and  still  maintain  the  cage  sidewall  thickness  that  will  provide  ade- 
quate strength. 

Cage  rivet  tightness. — Cage  rivet  fit  and  tension  are  carefully  controlled  to  prevent 
loosening  of  rivets.  Plating  is  not  allowed  between  cage  halves  or  under  rivet  heads. 
Rivet  and  cage  materials  are  thermally  matched  to  prevent  loosening  by  differential 
response  to  changes  in  temperature.  The  diameters  and  lengths  of  cage  rivets  are  es- 
tablished to  obtain  rivet  stretch  sufficient  to  maintain  tightness  while  not  deforming  the 
cage  or  side  plate  material. 
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3.  DESIGN  CRITERIA  and 
Recommended  Practices 

3.1  Bearing  Assembly  Design 

3.1.1  Load  Capability 

The  bearing  shall  be  suitable  for  supporting  the  type  and  magnitude  of  the  predicted 
loading  (radial  only,  one-direction  axial  only,  two-direction  axial  only,  and  combined 
radial  and  axial  loads). 

Bearings  fulfilling  the  load  direction  requirements  shown  in  table  I should  be  analyzed 
for  dynamic  characteristics  (including  speed  effects)  by  methods  given  in  reference  3, 
The  most  favorable  configuration  and  internal  geometry  should  then  be  established  on 
the  basis  of  fatigue  life,  heat  generation,  stiffness,  coolant  suitability,  and  misalignment 
tolerance.  It  is  recommended  that  bearings  for  turbopiunp  service  display  a calculated 
minimum  Bio  fatigue  life  of  10  times  the  required  turbopump  life. 

3.1.2  Speed  Capability 

The  bearing  shall  satisfy  the  speed  requirements  of  the  application. 

The  use  of  any  bearing  type  that  dynamic  analysis  shows  has  either  of  the  following 
weaknesses  should  be  avoided:  (1)  an  outer  race  inadequate  to  survive  fatigue  induced 
by  centrifugal  force  of  the  rolling  elements;  or  (2)  a cage  whose  structural  capacity  is 
exceeded  by  centrifugal  force  or  is  subject  to  unsatisfactory  dynamic  interaction  such 
as  excessive  sliding  and  heat  generation  of  the  rolling  elements  and  races.  The  limita- 
tion on  the  last  condition  is  difficult  to  define  quantitatively  because  it  is  subject  to  im- 
provement by  changes  in  loading,  cooling,  and  geometry. 

Experience  to  date  in  the  design  of  bearings  for  high-speed  applications  provides  a basis 
for  the  following  recommendations: 

(1)  One-piece  cages  should  be  used  for  speeds  over  1.0  x 10^  DN. 

(2)  Angular-contact  ball  bearings  should  be  used  for  speeds  between  1.0  and  3.0  x 

106  DN. 

(3)  Reference  8 should  be  consulted  for  maximum  speeds  with  cylindrical  roller 
bearings. 

(4)  Rolling  element  bearings  should  not  be  used  for  speeds  over  3.0  x 106  DN  with- 
out prior  testing. 
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3.1.3  Stiffness 


Through  a dynamic  analysis  of  performance  under  operating  conditions  of  speed  and 
load,  the  proposed  bearing  design  shall  exhibit  stiffness  adequate  for  the  intended 
use. 

Digital  computer  programs  based  on  the  generalized  bearing  analysis  presented  in  refer- 
ence 3 should  be  used  to  analyze  bearing  designs;  such  programs  provide  a means  for 
quickly  performing  complex  calculations  that  would  be  prohibitively  time  consaming 
to  perform  by  hand. 

If  the  stiffness  of  a proposed  design  is  inadequate,  another  design  or  loading  condition 
must  be  evaluated.  For  example,  assume  that  a proposed  design  of  a single  ball  bearing 
has  too  low  a radial  stiffness;  any  of  the  following  design  alternatives  will  yield  a stiffer 
bearing: 

(1)  Increase  tlie  size  of  the  bearing. 

(2)  Increase  the  axial  preload. 

(3)  Decrease  the  contact  angle. 

(4)  Change  the  design  to  incorporate  a greater  number  of  smaller  diameter  balls. 

(5)  Substitute  a duplex  pair  of  ball  bearings  for  the  single  bearing. 

(6)  Substitute  a roller  bearing  for  the  ball  bearing. 

(7)  Lengthen  rollers  (see  sec.  3.2.1.5  for  precautions  on  maximum  roller  length/ 
diameter  ratio). 

3.1.4  Misalignment  Tolerance 

The  misalignment  capabilities  of  the  bearing  design  shall  exceed  the  misalignment 
imposed  by  the  application. 

The  misalignment  imposed  on  the  bearing  in  the  turbopump  design  should  be  minimized. 
The  maximum  recommended  stationary  race  misalignment  of  common  bearing  types  is 
presented  in  table  V. 

The  misalignment  tolerance  in  ball  bearimigs  can  be  maximized  by  providing  adequate 
circumferential  cage  pocket  clearance  to  allow  for  orbital  ball  speed  variation  (BSV). 
In  reference  6 Barish  discusses  the  cause  and  effects  of  BSV  and  proposes  a means  of 
calculating  the  cage  clearance  required  to  minimize  cage  distress  caused  by  BSV. 

A roller  crown  should  be  provided  in  roller  bearings  to  reduce  the  loss  of  capacity 
caused  by  tiie  edge  loading  of  the  rollers  (see  sec.  3.2.1.7). 
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TABLE  V. — ^Bearing  Misalignment  Capabilities 


Misalignment  capability 

Bearing  type 

(1) 

(2) 

(3) 

Conrad-type  (ref.  6) 

O'*  15' 

0'’25' 

— 

Angular-contact,  spring  preload 
(ref.  6) 

0°  2' 

O^IO' 

— 

Angular-contact,  rigid  preload 

— 

— 

0°0' 

Cylindrical  roller  bearing  (ref,  20) 

— 

— 

0°5' 

Split-inner-ring  (ref.  20) 

0°  2' 

— 

— 

Notes: 

(1)  Cage-guiding  land  and  ball-bail  pocket  clearances:  0.005 
to  0.015  in. 

(2)  Cage-guiding  land  and  ball-ball  pocket  clearances:  0.025 
to  0.035  in. 

(3)  No  clearances  specified. 


3.1.5  Bore 

The  bearing  bore  shall  be  sufficiently  small  to  reduce  the  detrimental  effects  of  high 
speed. 

The  bearing  with  the  smallest  diameter  that  meets  shaft  strength  and  stiffness  require- 
ments should  be  utilized. 

When  analsTzing  the  shaft  stiffness  to  determine  the  minimum  bearing  bore,  the  stiffen- 
ing effect  of  spacers,  races,  and  clamping  forces  should  be  included;  this  effect  may 
allow  a smaller  bearing  size  to  be  used. 

Hie  maximum  allowable  bearing  bore  is  limited  by  the  centrifugal  loading  on  the  ma- 
terials of  the  rolling  elements  at  design  speed.  A tandem  set  of  ball  thrust  bearings 
should  be  used  when  the  capacity  of  a single  be  ing  is  inadequate  but  an  increase 
in  bearing  bore  would  result  in  a loss  of  capacity  because  of  centrifugal  loading. 

Do  not  put  a spline  inside  a bearing.  A spline  generally  enlarges  the  required  bore 
and  may  result  in  inner  race  taper  distortion  produced  by  spline  tooth  loads. 
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3.1.6  internal  Clearance 


Internal  clearance  in  rolling  bearings  shall  not  become  negative. 

The  unfitted  diametral  clearance  should  be  specified  to  maintain  positive  operating 
diametral  clearance  by  using  the  formula 

Q = Co  + C,  + C,  + C„ 


where 

Cj  = Unfitted  diametral  clearance 

Co  = Operating  diametral  clearance,  which  should  be  (1)  the  results  of  the  con- 
tact angle  and  curvatures,  or  (2)  0.0005  in.  minimum 
Cf  = Clearance  change  caused  by  press  fitting  (see  sec.  3.1.8) 

C,  = Clearance  change  caused  by  the  temperature  difference  between  the  inner 
and  outer  race.  Measmed  values  or  heat-transfer  analysis  results  should  be 
used.  If  temperatures  are  unknown,  use  the  following  guideline  values  when 
the  inner  race  is  warmer  than  the  outer  race: 


Bearing  DN,  millions 

at,°f 

0.5 

0 

0.5  to  1.0 

50 

1.0  to  1.5 

100 

1.5  to  3.0 

150 

Ce  = Clearance  reduction  caused  by  the  centrifugal  growth  of  the  inner  race 
(calculated  by  the  methods  of  ref.  29,  pp.  214-221). 

Exceptions  to  the  rule  for  maintaining  positive  diametral  clearances  should  be  consid- 
ered in  applications  where  roller  skidding  may  occur  because  of  insufficient  radial 
load.  Testing  then  must  confirm  that  the  cooling  provided  is  adequate  to  establish 
stable  safe  temperature  levels  (ref.  8). 

3.1.7  Cooling 

3. 1.7.1  Coolant  Effects 

The  bearing  type  shall  be  suitable  for  and  appropriate  to  the  coolant  available. 

Ball  bearings  are  preferable  to  roller  bearings  for  nonlubricating  coolant  applications 
where  the  ball  bearings  are  adequate  for  the  required  load  capacity,  speed  capacity, 
and  stiffness.  Full-scale  bearing  tests  should  confirm  the  use  of  cylindrical  roller  bear- 
ings particularly  in  applications  involving  chemically  reduced  coolrnts. 
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The  most  favorable  bearing  design  for  propellant  lubrication  is  the  angular-contact 
all  beanng;  the  relieved  shoulder  provides  good  coolant  circulation,  and  the  separable 
feature  of  the  bearing  aliows  full  cleaning  and  cleanliness  verification  that  would  be 
impossible  mfh  a Conrad-type  bearing.  Alternatively,  a split-inner-ring  bearing  should 
be  used  where  thrust  load  capacity  is  required  in  both  directions. 


3. 1.7.2  Coolant  Quantity 

The  flowrate  of  bearing  coolant  shall  be  sufficient  to  maintain  temperatures  that 
do  not  endanger  bearing  integrity. 

Positive  through-flow  of  bearing  coolant  should  be  of  sufficient  quantity  to  maintain 
acceptably  low  temperatures  throughout  the  bearing  system.  The  required  quantity 
can  be  determined  as  follows: 

(1)  Estimate  the  heat-generation  rate  of  the  bearing  by  utilizing  the  results  of 
d^amic  analyses,  or  use  an  effective  friction  coefficient  applied  to  bearing 
dimensions  and  load.  For  jet-  or  mist-lubricated  applications  involving  oil 
and  RP-1,  use  the  following  effective  friction  coefficients  (refs.  30  and  31) 
applied  at  the  bearing  bore  radius: 


Bearing  type  Rolling  friction  coefficient 

Ball  bearing,  radial  load  0.0015 

Ball  bearing,  axial  load  0.0018 

Cylindrical  roller  bearing  0.0010 

As  bearing  speed  increases,  the  value  used  for  friction  coefficient  should  be 
increased  to  allow  for  churning;  the  increased  value  may  be  as  much  as 
tv/ice  the  original  value  for  jet-lubrication  applications  and  up  to  ten  times 
the  original  for  flooded-lubrication  systems. 


For  ball  bearings  with  combined  load,  the  conservative  approach  is  to  add 
the  effects  of  the  radial  and  axial  loading.  For  close  determination  of  the 
effective  friction  coefficient,  test  the  actual  bearing. 

(2)  Estimate  the  heat  input  from  external  sources  such  as  turbine  heat,  heat 
from  the  atmosphere  (for  cryogenic  coolants),  or  frictional  heat  from  seals, 
gears,  or  other  mechanical  devices  associated  with  the  bearings. 
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(3)  Determine  the  allowable  heat  capacity  of  the  coolant. 

For  storable  propellants,  subtract  the  maximum  expected  inlet  temperatmre 
from  the  maximum  desirable  fluid  temperature  (that  which  assures  no  deg- 
radation of  the  fluid)  to  obtain  the  minimum  anticipated  useable  tempera- 
ture differential. 

Multiply  the  AT  found  by  the  specific  heat  of  the  fluid  to  obtain  the  heat 
capacity  per  unit  of  mass  allowable. 

For  cryogenic  coolants,  determine  the  enthalpy  change  for  constant  pressure 
heating  that  will  maintain  desirable  fluid  temperature  (preferably  liquid). 

(4)  Divide  the  total  heat  input  from  (1)  and  (2)  by  the  allowable  heat  capacity 
of  the  fluid  from  (3).  Tiie  result  is  the  minimum  quantity  (flowrate  of  cool- 
ant required). 


3. 1.7.3  Coolant  Delivery  System 

The  coolant-system  configuration  shall  not  result  in  excessive  heat  generation. 

The  choice  between  a jet-fed  and  a flooded-lubricant  system  should  be  based  on  avoid- 
ing excessive  heat  generation  caused  by  churning  of  the  fluid. 

Flooded-lubricant/coolant  systems  should  be  chosen  for  propellant-cooled  bearings. 
Most  flooded-lubrication  systems  return  the  coolant  to  the  pump  low  pressure  area, 
so  the  flow  of  coolant  does  not  represent  a complete  loss. 

All  passage  areas  should  be  maximized  to  avoid  restriction  caused  by  contamination. 

The  flow  on  the  downstream  side  of  bearing  should  be  throttled.  This  is  particularly 
desirable  in  cryogenic  cooling  systems  to  maximize  pressure  and  thereby  inhibit 
vaporization. 

Cranulative  foaming  of  a lubricant  an  a recirculating  lube  system  can  be  prevented 
by  selecting  a foam-resistant  coolant  and  by  providing  adequate  stay  time  in  the  oil 
sump  to  allow  gas  escape.  Testing  may  be  required  to  obtain  optimum  balance  be- 
tween foam  control  and  system  compactness. 

In  a recirculating  lubrication  system,  a scavenge  pump  should  be  provided  with  a 
capacity  four  times  the  lubricant  flowrate. 

The  flow  system  should  be  designed  with  the  fewest  possible  turns,  crevices,  and 
dead-ended  areas  to  facilitate  maintenance  of  liquid  conditions  throughout  the  bear- 
ing area. 
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The  return  point  for  the  coolant  should  be  chosen  so  that  it  causes  the  least  disturb- 
ance to  the  pump  hydrodsmamic  performance. 

The  coolant  should  be  taken  from  the  cleanest  area,  and  when  possible  centrifugal 
force  should  be  used  to  exclude  particles  from  the  flow  system. 

Jet  or  mist  feed  should  be  used  for  coolants  other  than  the  pumped  propellants. 

In  conventional  lubricant  or  RP-1  systems,  ample  coolant  exit  passages  from  the 
bearing  area  should  be  provided.  A simple  rule  of  thumb  is  to  use  four  times  the 
area  required  for  liquid  flow  to  allow  for  foaming. 

In  noncryogenic  coolant  systems,  submergence  of  the  bearing  in  stagnant  coolant  or 
preservative  can  be  prevented  by  placing  the  drain  at  the  lowest  point  of  the  system. 

Positive  through-flow  of  coolant  can  be  ensured  by  employing  a slinger  adjacent  to 
the  bearing. 

The  jet  should  be  placed  as  close  to  the  bearing  as  practical  to  ease  targeting.  Large- 
diameter  small-cross-section  O-rings  should  not  be  used  as  static  seals  for  lubrication 
jet  rings;  they  become  clipped  easily  during  installation.  Standard-cross-section  O- 
rings  should  be  used  when  possible. 


3.1. 7.3.1  Jet  Targeting 

Lubrication  jets  shall  direct  the  coolant  to  the  area  between  the  inner  race  and 
the  cage. 

To  ensure  that  the  stream  of  coolant  always  enters  the  area  between  the  inner  race 
and  cage,  a tolerance  stackup  of  all  related  parts  should  be  performed.  Correct  tar- 
geting of  the  jet  can  be  obtained  by  (1)  shimming  a bayonet  type  jet  to  strike  a 
scribed  line  on  plastic  target  or  (2)  controlling  closely  the  jet  angle  and  diameter 
tolerances  for  fixed  lubrication  jet  rings  (fig.  12).  All  possible  reasons  for  mistar- 
geting  the  stream  must  be  eliminated.  Jets  should  be  checked  for  flowrate  and  for 
stream  separations  thar  would  make  a significant  portion  of  the  flow  ineffective. 

Outer-land-riding  cages  should  be  utilized  to  increase  the  target  area  (the  gap  be- 
tween inner  race  and  cage). 

If  the  use  of  inner-land-riding  cages  is  unavoidable,  the  bearing  area  should  be  pres- 
surized to  2 psig  minimum  with  gas  (such  as  nitrogen)  so  that  sufficient  windage 
occurs  to  ensure  distribution  of  the  lubricant. 
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I 


(b)  Ringjct 


Figure  12. — Types  of  lubrication  jets. 

3. 1.7.4  Coolant  Quality  (Liquid/Vapor  Fraction) 

For  maximum  cooling  effectiveness,  the  coolant  shall  exist  in  the  liquid  state 
throughout  the  bearing  area. 

The  cryogenic  coolant  pressure  and  temperature  should  be  maintained  to  ensure  a 
liquid  state  at  the  inlet  to  the  bearing. 

If  the  temperature  of  the  fluid  is  above  the  critical  temperature,  the  pressure  of  the 
coolant  should  be  maintainei  above  the  critical  pressure  level  (ref.  11). 


3. 1.7.5  Contamination 

3.1.7.5.1  Chemicals 

There  shall  be  no  material  chemically  incompatible  with  the  coolant  in  any 
propellant-cooled  bearing  system. 

Bearing  components  should  be  cleansed  in  nonpetroleum  solvents  before  assembly. 
Chlorinated  or  fluorinated  hydrocarbons  may  be  used;  v/ith  either,  ensure  adequate 
ventilation  and  minimum  exposure  of  personnel. 
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The  particle  count  and  NVR  (nonvolatile  residue)  requirements  developed  for  liquid 
oxygen  systems  in  specification  MSFC-SPEC-164  (ref.  12),  which  controls  the  con- 
tamination per  square  foot  of  component,  should  be  enforced  as  follows: 

Number  allowed 


Particle  size  per  ft^ 


175  to  700  microns  5 

700  to  2500  microns  1 

>2500  microns  0 

Nonvolatile  residue  1 mg/ft^ 

maximum 


Passivation  of  all  systems  using  fluorine  or  FLOX  should  be  provided  (ref.  32,  pp. 
212-317). 

3.1.7.5.2  Water 

No  water  shall  be  in  the  bearing  area  during  idle  periods. 

Bearings  cooled  by  RP-1  and  conventional  lubricants  should  be  protected  during 
idle  periods  by  coating  with  water-displacing  preservatives.  Suitable  preservatives 
should  be  similar  to  compounds  that  meet  MIL-L-16173  (ref.  33).  The  preservative 
selected  must  be  compatible  with  all  materials  it  may  contact  (e.g.,  leaked  propellant, 
products  of  combustion,  etc.). 

Water  vapor  should  be  excluded  from  propellant-cooled  bearings  by  sealing  the  sys- 
tem from  the  atmosphere. 

To  prevent  the  entry  of  water  and  to  remove  water  from  propellant-cooled  bearing 
cavities,  purging  with  dry  nitrogen  is  recommended.  Dry  helium  gas  should  be  used 
for  purging  liquid  hydrogen  systems.  In  cryogenic  coolant  systems,  the  purge  must 
be  maintained  during  chilled  periods  to  prevent  ice  formation. 

3.1. 7.5.3  Particulate  Matter 

No  particulate  matter  that  might  damage  the  bearing  or  plug  the  lubrication 
passages  or  jets  shall  contaminate  the  lubrication  system. 

The  solvents  used  in  cleaning  bearings  should  be  passed  through  lO/x  filters.  Pre- 
servatives and  greases  should  be  passed  through  filters  with  a minimum  size  open- 
ing of  40/4,*  finer  filters  may  remove  the  active  ingredients  of  preservatives.  Coolant 
delivery  passages  should  be  equipped  with  screens  or  filters  having  a mesh  size  of 
40/t  or  less.  When  designing  lubrication  jets,  a provision  for  chip  cleanout  after 
machining  should  be  included. 
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Press  fits  should  not  be  used  as  static  seals  for  lubrication  jets  or  lubrication  jet 
rings  because  metal  chips  shaved  off  during  the  pressing  operation  may  later  clog 
the  jet  orifices. 

For  systems  subject  to  oil  sludging  from  combustion  products,  replaceable  filters 
are  recommended.  A bypass  valve  should  be  provided  to  avoid  complete  oil  starva- 
tion should  the  filter  clog. 

3.1.8  Bearing  Mounting 

3. 1.8.1  Interference  Fits 

The  fit  between  the  rotating  race  and  its  shaft  (inner  race  rotation)  or  its  hous- 
ing (outer  race  rotation)  shall  be  tight  enough  at  all  operating  temperatures  to 
prevent  relative  motion  and  consequent  fretting,  but  shall  not  be  so  tight  at  any 
anticipated  temperature  that  brittle  fracture  of  the  raceways  results. 

Care  should  be  taken  to  obtain  the  minimum  possible  interference  fit  of  the  bearing 
race  that  will  prevent  relative  rotation  at  operating  temperature.  The  selection  of 
room  temperature  shaft  and  housing  dimensions  should  follow  the  steps  outlined  below: 

(1)  Determine  the  fit  required  at  operating  temperature.  Choose  the  fit  shown 
for  the  race  rotation  (inner  or  outer)  and  the  bore  size  shown  in  figure  13 
for  inner  races  and  figure  14  for  outer  races. 

(2)  Calculate  'ihe  effect  of  differential  contraction  or  expansion  on  the  op^  siing 
temperature  the  shaft  and  housing  materials. 

(3)  Determine  the  interference  necessary  to  prevent  creeping  caused  by  the  Pois- 
son effect  of  rolling  element  loads  (ref.  31,  pp.  122-123). 

(4)  Use  integral  races  where  possible  if  extra-heavy  interference  fits  are  required. 

(5)  Calculate  the  inner  ring  tensile  stress  resulting  from  the  interference  fit  for 
both  ambient  and  opeiating  temperatures.  Use  the  methods  of  reference  34, 
Vol.  II,  pp.  161-170.  Modify  the  fit  to  reduce  the  interference  if,  under  any 
temperature  condition,  the  tensile  stress  approaches  the  strength  of  the  race 
mateitial.  Consider  that  race  materials  have  very  small  elongation  before 
fracture. 


3.1.8.2  Sliding  Fits 

Spring  preloaded  races  requiring  axial  freedom  to  maintain  preload  shall  have 
sliding  fits  at  all  operating  temperatures. 

Outer  races  of  spring  preloaded  bearings  should  be  fit  at  operating  temperature  as 
shown  in  the  lower  ^urve  of  figure  14.  Differential  contraction  or  expansion  should 
be  compensated  for  to  determine  manufacturing  dimensions. 
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— — — Rotati  ng 
— ~ — •“Stationary 
Source:  General  Catalog,  25th 
Edition,  New  Departure  Division 
of  General  Motors  Corp. 


Loose-«c Outer  race  fit,  10’^  in. »-Tight 


3.1. 8.3  Bearing  Mounting  Surfaces 

Shaft  journals  and  housing  bores  shall  not  be  subject  to  galling  and  fretting. 

Galling  and  fretting  of  shaft  journals  and  housing  bores  that  may  result  from  re- 
peated assembly  or  from  relative  motion  of  axially  free  races  should  be  prevented  by 
one  of  the  following  practices: 

(1)  Chrome  plate  journals  and  bores.  The  recommended  practice  is  to  plate  with 
hard  dense  (not  decorative  or  porous)  chrome  per  Federal  Specification 
QQ-C-320  (ref.  35).  The  plating  should  be  thick  enough  to  attain  0.002  to 
0.006  in.  of  chrome  after  grinding.  Finish  grind  the  plating  to  a finish  of 
16/t  in.  AA.  This  practice  is  essential  for  journals  anu  bores  made  of  Inconel 
and  Monel  to  prevent  galling  with  440-C  bearing  rings. 

(2)  When  using  4130,  4340,  or  9310  steel  for  shafts  and  housings  mounting  bear- 
ings made  of  SAE  52100  and  SAE  4620,  hardm  journals  and  bores  to  40  Re 
minimum. 

(3)  When  titanium  shafts  are  used,  install  the  bearing  with  a light  press  fit 

3.1. 8.4  Comer  Radii  Interference 

Shaft  shoulder  corner  radii  shall  not  interfere  with  raceway  corner  radit 

To  ensure  tiiat  the  shaft  shoulder  radii  do  not  interfere  with  the  raceway  corner 
radii  one  of  the  following  practices  should  be  utilized: 

(1)  Use  a grind  relief  (fig.  15(a))  instead  of  corner  radius  at  the  shaft  shoulder 
(fig.  15(b))  when  this  does  not  cause  an  excessive  concentration  of  shaft 
stress. 


(a)  Shaft  shouidsr  with  (b)  Shaft  shoulder  with 

grind  relief  corner  radius 

Figure  15. — Shaft  shoulder  design. 

(2)  Specify  that  the  corner  radius  of  shaft  Rg  shall  be  smaller  than  the  mini- 
mum bearing  corner  radius  Rg  (fig.  15(b)). 
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3. 1.8,5  Mounting  Surface  Accuracy 

The  concentricity  and  normality  of  the  bearing  mounting  surfaces  shall  be  con- 
sistent with  and  adequate  for  the  bearing  alignment  requirements. 

Shaft  diametral  tolerances  should  be  compatible  with  the  class  of  precision  of  the 
bearing  specified  (ABEC  5,  RBEC  5,  or  AEEC  7). 

A maximum  taper  control  of  50/t  in.  per  inch  should  be  specified  for  interference- 
fitted  journals  and  housitig  bores. 

A surface  finish  of  16/t  in.  /\A  should  be  specified  for  bearing  journals  and  housing 
bores. 

The  concentricity  of  housing  bores  and  normality  of  housing  shoulders  that  will  re- 
sult in  a maximum  misalignment,  including  runouts  of  faces,  should  be  specified  as 
follows: 

(1)  Conrad-type  bearings  with  loose  cage  or  no  thrust — 0°  25' 

(2)  Conrad-type  bearings  or  angular-contact  bearings  with  loose  cage — 0°  15' 

(3)  Thrust-ioad-carrying  ball  bearings  and  cylindrical  roller  bearings — 0°  5' 

Shaft  shoulder  normality  should  be  compatible  with  the  bearing  tolerance.  The  fol- 
lowing values  should  be  used  as  guidelines: 

Bearing  bore,  mm 
0 to  80 
80  to  120 
120  to  200 


3. 1.8.6  Shoulder  Heights 

Shaft  and  housing  shoulder  heights  shall  be  sized  for  sufficient  cadal  support  of 
the  race,  and  shall  allow  removal  of  the  bearing. 

When  using  commercially  available  bearings,  shaft  and  housing  shoulder  heights 
should  be  chosen  from  the  heights  recommended  in  the  manufacturers’  catalog.  For 
most  rockei  engine  turbomachinery  applications,  the  guidelines  below  should  be  used: 

(1)  The  shaft  or  housing  shoulder  should  be  larger  than  the  maximum  bearing 
race  corner  radius  (fig.  16).  Conversely,  the  corner  bearing  race  corner  radius 
should  be  smaller  than  the  minimum  shoulder  height. 

(2)  The  contact  area  between  the  shaft  shoulder  and  race  face  should  be  suf- 
ficient to  keep  the  compressive  stress  below  the  compressive  yield  strength 
of  the  shoulder  material  under  clamping  thrust  loads. 


Shoulder  normality,  inches  TIR 
0.0003 
0.0004 
0.0005 
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Shaft  or  housing 


Figure  16. — Housing  or  shaft  shoulder  height  sizing. 

(3)  Shoulder  diameters  that  will  put  the  clamping  load  through  the  solid  race 
section  should  be  chosen;  any  condition  that  may  result  in  shoulder  bend- 
ing should  be  avoided  (see  fig.  16). 

(4)  The  shoulder  should  be  smaller  than  the  race  face  by  a sufficient  margin 
for  puller  tool  contacts  (fig.  17(a))  or  another  means  of  bearing  removal, 
e.g.,  puller  grooves  in  races  (fig.  17(b))  or  jack  screw  holes  in  flanges, 
should  be  provided. 

Puller 


Pulling 

force 


Pulling 

force 


(a)  Shaft  shoulder  sized 
for  puller 


(b)  Groove  in  race  provided 
for  puller 


Figure  17. — Provisions  for  race  removal. 

3. 1.8.7  Race  Retention 


Race  retention  methods  shall  maintain  proper  support  and  clamping  loads  for 
all  thermal  and  loading  conditions  including  friction,  vibration,  and  shock. 


45 


The  elastic  deflection  imposed  by  clamping  devices  should  be  sufficient  to  maintain  a 
clamping  force  for  any  loading  that  will  occur  over  the  thermal  range  expected  in  the 
application.  Snap  rings  should  be  avoided.  The  required  nut  torque  should  be  calculated 
from  the  thread  dimensions  and  force  relations  shown  in  reference  36,  section  3.  p.  48. 

Bearing  retaining  clamping  loads  should  be  set  so  that  the  compressive  stress  exceeds 
the  tensile  bending  stress  induced  in  tlie  shaft  caused  by  bending  (fig.  18).  Failure  to 
accomplish  this  will  result  in  heavy  fretting  of  the  mating  surfaces  (ref.  7). 


3.1.8.7.1  Clamping  Loads 

Clamping  loads  applied  to  bearing  races  with  heavy  rotating  loads  shall  be  sufficient 
to  prevent  both  race  creeping  and  fretting  resulting  from  the  Poisson  effect  of  the 
individual  rolling  element  loads  and  loosening  of  the  stackup  of  parts  resulting  from 
bending  of  the  shaft. 

The  clamping  load  required  to  prevent  creeping  caused  by  the  race-widening  Poisson 
effect  of  concentrated  compressive  loads  at  the  rolling  element  positions  should  be  de- 
termined by  experiment.  This  clamping  load  may  be  impossible  to  attain  at  extremely 
high  radial  loads;  the  only  solution  then  is  to  utilize  integral  inner  races,  which  com- 
pletely eliminates  the  problem. 

Locking  devices,  e.g.,  bendup  washers  or  tabs  bent  into  slots  to  prevent  loosening  of 
clamping  nuts,  should  be  included.  Tabs  should  be  bent  in  the  same  direction  as  the 
centrifugal  force  on  the  rotating  locks. 

3.1.9  Bearing  Materials 

3. 1.9.1  Corrosion  Resistance 

The  rolling  element,  race,  and  cage  materials  shall  be  resistant  to  or  protected  from 
corrosion  under  all  operating  conditions. 

AISI  440-C  corrosion  resistant  steel  is  recommended  for  most  propellant-cooled  herring 
applications.  While  no  known  material  ideally  fulfills  the  requirements  of  hardness,  duc- 
tility or  toughness,  machlnability,  and  availability,  440-C  best  meets  the  requirements 
with  the  fewest  limitations. 

Other  bearing  materials  should  be  considered  for  propellant-lubricated  applications  where 
more  complete  corrosion  resistance  is  required.  Table  VI  presents  a few  of  the  possible 
materials  choices,  with  some  properties  and  disadvantages. 
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7"^ 


Shaft 

tension 


Residual 

compression 


TABLE  VI. — Corrosion  Resistant  Race  and  Rolling  Element  Materials 


Temperature 
range,  °F 

Designation 

Hardening 

Maximum 

hardness, 

Rc 

Disadvantages 

-423  to  700 

440-C 

Through 

60 

Brittleness;  not  completely  corro- 

sion  resistant 

-423  to  1200 

Haynes  25 

Work 

55 

Low  hardness:  limited  availability: 

hardened 

high  cost 

-425  to  68* 

Stellite 

Cast 

52 

Lack  of  test  experience;  high  cost 

Star-J 

chill  cast 

61 

Stellite  19 

Cast 

49 

Low  hardness 

chill  cast 

55 

Stellite  3 

Cast 

51 

Low  hardness 

chill  cast 

59 

-423  to  68* 

Titanium 

Through 

76 

Brittleness;  high  modulus  resulting 

Carbide 

in  high  stresses;  high  cost;  diffi- 

K162B 

cult  to  fabricate 

-423  to  68* 

Tungsten 

Through 

76 

Brittleness;  high  modulus;  heavier 

Carbide 

than  steel 

*For  hot  hardness,  the  manufacturer’s  data  should  be  consulted,  then  capacity  adjustment 
should  be  applied  according  to  the  relationship  given  in  section  3. 1.9.2. 


For  RP-1  or  conventional-lubricant  cooled,  bearings,  the  use  of  standard  bearing  materials 
is  recommended,  v/ith  a provision  for  corrosion  protection  with  preservatives.  Material 
that  should  be  considered  are 

(1)  SAE  52100 

(2)  Tool  steels:  M-10  and  M-50 

(3)  SAE  4620  carburizing 

(4)  Proprietary  steels  as  recommended  by  bearing  suppliers 


3. 1.9.2  Hardness 

Rolling  element  and  race  materials  shall  possess  sufficient  hardness  to  prevent 
plastic  deformation  under  all  loading  conditions. 
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The  capacity  rating  of  bearing  steels  based  on  their  hardness  at  operating  temperature 
converted  to  tensile  strength  should  be  determined  according  to  the  relationship 

Capacity  (ultimate  tensile  strength)" 

where 

n = 3 for  ball  bearings 

n = 2 for  roller  bearings 

2 < n < 3 for  crowned  roller  bearings 

See  reference  37  for  a more  detailed  discussion  of  hardness  effect  on  capacity  of  rolling 
surfaces. 

Fatigue  properties  of  nonferrous  bearing  materials  (e.g.,  sintered  carbides,  ceramics, 
nickel  alloys)  should  be  determined  by  test. 

To  obtain  maximum  fatigue  life,  a differential  hardness  that  makes  rolling  elements 
harder  than  the  races  by  1 to  2 points  Rc  (ref.  38)  should  be  specified.  Inherently,  balls 
will  be  a few  points  harder  than  races  because  of  the  effect  of  smaller  mass  in  heat 
treatment. 


3. 1.9.3  Adhesion  Resistance 

The  rolling  element  and  race  materials  shall  resist  adhesion  during  rolling  contact  in 
the  presence  of  the  selected  coolant. 

440-C  CRES  is  suitable  for  use  as  a race  and  ball  material  with  the  following 
propellant/coolants  (ref.  18): 

Fuels  Oxidizers 

RP-1  Liquid  oxygen 

Liquid  hydrogen  IRFNA 

B5H9  Liquid  fluorine 


Tests  should  be  conducted  under  simulated  operating  conditions  before  using  440-C  in 
bearings  cooled  by  the  following  propellants: 

N2H1  (hydrazine) 

Ethylene  diamine 
UDMH 

50  percent  UDMH-50  percent  N2H4 
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3. 1.9.4  Dimensional  Stabiiity 

Raceway  materials  for  cryogenic  bearings  shall  not  change  dimensionally  during  use. 

To  obtain  dimensional  stability  for  440-C  races,  repeated  chilling  aid  tempering  cycles 
should  be  performed  before  final  finishing  operations. 

A recommended  stabilization  procedure  for  440-C  intended  for  cryogenic  service  is 

(1)  Temper  to  +325“  to  +350“  F. 

(2)  Cold  soak  in  liquid  nitrogen  (—320“  F)  for  30  minutes  minimum. 

(3)  Temper  again  to  +325“  to  +350“  F before  vina!  grinding. 


3.1.9.5  Grinijing  Bums 

Raceways  shall  not  be  subject  to  grinding  burns. 

Grinding  coolant  flow,  feed  rate,  and  grinding  wheel  composition  should  be  controlled 
by  the  manufacturer  to  preclude  grinding  burns  in  raceways.  Suspected  grinding  bums 
can  be  detected  with  Nital  etch  on  carburizing  steel.  Ensure  that  the  acid  is  neutralized 
and  that  surface  effects  are  removed  by  final  finisEiing. 


3. 1.9.6  Cage  Materials — Friction 

Sliding  friction  of  cage  materials  against  rolling  elements  and  races  shall  not  result 
in  excessive  forces  and  heat  generation. 

Table  VII  presents  cage  materials  recommended  for  use  because  they  display  good  fric- 
tional characteristics  with  the  indicated  props' lant,  i.e.,  the  coefficient  of  friction  is  be- 
tween 0.05  and  0.15. 

Bearing  cages  for  bearings  cooled  by  RP-1  or  conventional  lubricants  should  follow 
aircraft  bearing  practice,  as  follows: 

Temperature  range,  “F 

—65  to  250 
-65  to  600 

-65  to  1000 


Material 

Linen-supported  phenolic  resin 
Silver-plated  iron  silicon  bronze 
Silver-plated  4130  or  6414  steel 
Oxide-coated  S-Monel 
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TABLE  VII. — ^Recommended  Cage  Materials 


W2H4,  UDMH,  or  50-50  mixture 
^Mandrel-wrapped,  glass-fabric-supported  PTFE 
340  percent  bronze-powder-filled  PTFE 
^15  percent  glass-fiber-filled  PTFE 
525  percent  glass-fiber-filled  PTFE 
^Mixture  of  liquid  fluorine  and  liquid  oxygen 


3. 1.9.7  Materials  Cleanliness 

Materials  used  for  races  and  rolling  elements  shall  be  free  of  nonmetallic  inclusions. 

Consumable-electrode  vacuum-melted  materials  should  be  specified  for  race  and  rolling 
elements. 
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3.1.10  Testing 

Bearing  tests  shall  confirm  the  adequacy  of  the  design. 

Full-scale  testing. — Full-scale  bearing  tests  simulating  operating  environment  should  con- 
firm design  adequacy  prior  to  production  use  of  the  bearing.  Test  sequences  should  con- 
firm bearing  life  and  structural  integrity  over  the  entire  range  of  turbopump  speed  and 
load  conditions.  The  dimensions  of  the  test  bearing  should  cover  the  range  of  manu- 
facturing tolerances,  particularly  diametral  clearance. 

Rolling  contact  tests. — ^Modified  Shell  Four-Ball  (Barwell)  Tester  (ref.  19),  NASA  Five- 
Ball  Tester  (ref.  38),  or  similai  subscale  testers  should  be  used  to  determine  the  rolling 
contact  performance  of  candidate  materials  for  untried  coolants. 

Sliding  friction  tests. — ^The  use  of  simple  sliding  tests,  e.g.,  a button  on  a rotating  disk 
(ref.  23),  is  recommended  to  shorten  significantly  the  search  for  low-friction,  long-wear- 
ing cage  materials. 

The  results  of  subscale  rolling  and  sliding  friction  tests  will  indicate  the  most  fruitful 
avenues  of  investigation  for  full-scale  bearing  tests,  thus  shortening  the  total  design  cycle. 


3.2  Bearing  Component  Design 

3.2.1  Rolling  Element  Design 

3.2. 1.1  Size 

The  ball  or  roller  diameter  shall  be  sufficiently  large  to  obtain  the  required  bearing 
capacity,  adequate  cage  radial  thickness,  and  adequate  coolant  flow  area;  the  diam- 
eter shall  be  less  than  that  which  reduces  capacity  because  of  increased  centrifugal 
force. 

The  number  and  size  of  rolling  elements  should  be  optimized  by  selecting  from  iterated 
dynamic  analyses  the  most  favorable  of  candidate  bearing  design  geometries.  Bearing 
manufacturers’  catalogs  represent  optimized  dimensions  for  most  conditions  and  are 
therefore  a good  starting  point  for  special  design  optimization.  Figure  19  presents  the 
approximate  ball  diameter/pitch  diameter  ratio  versus  bore  for  the  various  cross-section 
series  for  standard  ball  bearings;  figure  20  presents  the  same  information  for  roller  bear- 
ings. 
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Figure  19. — Ball  size  basic 


i Ball  diameter 
£ = Pitch  diameter 
Source:  Adapted  from  MRC 
Bearings  Catalog  Sixty 
Marlin  Rockwell  Div.,  TRW,  Inc. 


Card  #25 


d/E 


Maximum  ball  size. — Since  centrifugal  force  varies  as  and  capacity  varies  as  d^-s,  the 
maximum  desirable  ball  size  will  result.  An  acceptable  rule  of  thumb  proposed  by 
Barish  is  to  limit  the  ball  size  so  that  the  following  inequality  holds: 


Sum  of  ball  centrifugal  forces 
500  hr  capacity  at  speed 


< 2 for  air-melt  steels,  or  < 2.88 
for  vacuum-melted  steels 


If  finer  determination  of  maximum  ball  size  is  required,  iterated  calculations  of  fatigue 
life  should  be  made  for  proposed  bearing  designs  varying  ball  size  and  number  (see  sec. 
3.2.1.2);  the  ball  size  that  results  in  the  required  life  of  the  bearing  should  be  selected. 


Minimum  ball/roller  size. — ^In  minimizing  rolling  element  size,  sufficient  size  must  be 
maintained  to  provide  both  structure  for  a cage  of  adequate  strength  and  an  area  ade- 
quate for  through-flow  of  coolant.  In  lieu  of  test  experience  to  the  contrary,  the  follow- 
ing guidelines  are  suggested  for  minimum  proportions: 


(1)  Minimum  cage  radial  thickness  > 0.090  for  nonmetallic  cages 

^2)  Minimum  cage  radial  thickness^  OOig 
Cage  average  diameter  — ' 

(3)  Minimum  open  area  for  through-flow  > q Qg 
Bearing  pitch  diameter  ~ 


Smaller  dimensions  should  be  subjected  to  development  testing. 


3.2. 1.2  Number  of  Rolling  Elements 

The  number  of  rolling  elements  shall  be  sufficient  to  give  smooth  bearing  operation, 
but  shall  not  exceed  the  quantity  that  results  in  the  minimum  allowable  cage  web 
thickness. 

The  maximum  number  of  rolling  elements  should  be  determined  so  that  the  cage  web 
thickness  is  not  less  than  0.150  inch  for  nonmetallic  cages  nor  less  than  0.070  inch  for 
metallic  cages.  If  the  wear  life  of  the  cage  is  shown  by  testing  to  be  insufficient,  the 
number  of  rolling  elements  should  be  reduced. 

The  usual  goal  in  bearing  design  is  to  maximize  the  number.  If  minimization  is  required 
for  a special  consideration,  a rule  of  thumb  is  that  the  spacing  between  rolling  elements 
should  not  be  greater  than  the  diameter  of  an  individual  element.  To  evaluate  the  effect 
of  a minimum  number  of  elements,  the  radial  displacements  caused  by  passing  the  ele- 
ments through  the  radial  load  zone  should  be  calculated,  and  their  effects  on  shaft  dy- 
namics should  be  determined.  For  axial  load,  the  polygonal  distortion  of  the  outer  race 
(ref.  39,  case  9,  p.  158)  should  be  calculated,  and  the  harm  that  may  result  from  the 
deflections  should  be  determined. 
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3.2. 1.3  Ball  and  Roller  Diameter  Uniformity 


The  ball  or  roller  diameters  within  a bearing  shall  be  sufficiently  uniform  to  prevent 
ball  speed  variation  and  provide  loading  uniformity  among  individual  balls  or  rollers. 

Ball  diameter  tolerances  should  be  specified  as  follows: 


Bearing  DN, 
millions 

AFBMA 

grade 

balls 

Maximum 
out  of  round, 
ti  in. 

Maximum  size 
variation, 

juin. 

0 to  0.75 

25 

25 

50 

0.75  to  1.5 

10 

10 

20 

1.5  to  3.0 

5 

5 

10 

Where  extremely  smooth  operation  is  required,  the  finer  grades  should  be  specified. 

Specifications  for  roller  size  uniformity  and  cylindrical  roundness  should  be  equivalent  to 
the  AFBMA  standards  for  balls. 


3.2. 1.4  Ball  and  Roller  Surface  Finish 

The  surface  finish  of  rolling  elements  shall  be  fine  enough  to  produce  adequate  load 
distribution  in  the  contact  area. 

Ball  finishes  should  be  controlled  by  specifying  the  appropriate  AFBMA  grade.  Roller 
outside-diameter  maximum  roughness  should  be  specified  as  4jU  in.  AA,  and  the  roller 
ends  as  6ju  in.  AA. 


3.2. 1.5  Roller  Guidance 

Roller  guidance  shall  be  adequate  to  prevent  skewing  and  consequent  roller  end  wear. 

For  roller  bearings  with  diametral  clearance,  roller  end  play  in  the  guiding  lips  must  be 
maintained  at  a positive  low  value.  The  minimum  end  play  should  provide  some  allow- 
ance for  thermal  growth  of  the  roller;  the  maximum  end  play  should  be  limited  to  prevent 
a large  roller  skew  angle.  Suggested  limits  are  0.0005  to  0.002  in.,  with  uniform  length 
within  0.0002  in.  for  all  rollers  in  one  bearing  assembly. 
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For  specialized  roller  bearing  applications,  tests  will  be  required  to  determine  end  play 
limits  (ref.  8). 

Shoulder  height  should  be  specified  to  contact  the  roller  at  approximately  75  percent  of 
its  diameter  excluding  corner  radii.  Suggested  limits  for  shoulder  height  are  14  to  20  per- 
cent of  the  roller  diameter. 

Roller  length/diameter  ratio  should  be  near  unity  for  the  best  guidance.  For  a com- 
promise between  adequate  stiffness  and  roller  guidance,  a maximum  i/d  ratio  of  1.23:1 
(ref.  40)  should  be  used. 

Parallelism  of  race  guiding  lips  should  be  within  0.0002  inch. 

Roller  ends  should  be  specified  as  square  within  0.0001  in.  TIR  to  prevent  wear  at  the 
high  points  and  aid  in  roller  guidance. 


3.2. 1.6  Roller  Corner  Radii 

3.2.1.6.1  Size 

Roller  corner  radii  shall  be  small  enough  to  result  in  sufficient  roller  end  contact 
bearing  area  but  large  enough  to  avoid  interference  with  race  corner  radii. 

Maximum  roller  end  radii  breakout  height  (b,  fig.  21)  should  be  less  than  one-half  the 
shoulder  height  (h,  fig.  22(a))  to  preserve  the  roller  end  bearing  area.  Roller  corner  radii 
(r,  fig.  21)  should  be  greater  than  the  race  shoulder  corner  radius  (R,  fig.  22(b)). 

3.2.1. 6.2  Runout 

Roller  corner  radii  shall  not  cause  unbalance  of  roller. 

Roller  corner  radii  runout  should  be  controlled  to  0.002  in.  TIR  to  prevent  excessive  un- 
balance in  high-speed  bearings. 


3.2. 1.7  Roller  End  Relief  (Crowning) 

Roller  end  relief  shall  prevent  compressive  stress  concentration  at  the  ends  of  the 
rollers  because  of  maximum  anticipated  misalignment 

Crown  drop  (e,  fig.  21)  should  be  greater  than  the  elastic  deflection  of  the  heaviest  loaded 
roller.  The  elastic  deflection  should  be  calculated  using  the  method  shown  in  reference 
41.  Crowning  plus  blending  (as  shown  in  fig.  21)  should  be  used  to  prevent  stress  con- 
centrations. 
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If  misalignment  beyond  0°5'  exists  in  the  application,  the  methods  given  by  Harris  (ref. 
41)  should  be  used  to  calculate  the  crown  drop  required  to  avoid  edge  loading.  Blend- 
ing of  all  such  boundaries  should  be  specified  as  shown  in  figure  21. 

If  no  design  control  of  roller  crown  is  available,  the  dynamic  capacity  of  the  bearing 
should  be  derated  as  indicated  in  table  VIII. 

TABLE  VIII. — Roller  Bearing  Capacity  Reduction  Caused  by 
Bearing  Misalignment* 


Location 

misalignment, 

in./in. 

Percent  of  basic 
dynamic  capacity 

Deflection 

misalignment, 

in./in. 

Percent  of  basic 
dynamic  capacity 

0.0003 

99.4 

0.0003 

97.5 

0.0005 

99.1 

0.0005 

96.0 

0.0007 

98.6 

0.0007 

94.4 

0.0010 

98,0 

0.0010 

91.8 

0.0020 

95.6 

0.0014 

88.3 

0.0030 

93.1 

0.0018 

84.2 

0.0040 

90.6 

0.0022 

79.6 

0.0060 

84.8 

0.0026 

74.4 

0.0080 

77.9 

0.0030 

67.9 

0.0100 

69.2 

♦From  Catalog  AR-59,  Rollway  Bearing  Co.,  Inc.,  Syracuse,  N.  Y.,  1959. 


3.2.2  Race  Design 

3.2.2. 1 Cross  Section 

The  race  cross  section  shall  be  sufficiently  massive  to  prevent  brittle  fracture  of  the 
race. 

Races  should  be  proportioned  so  the  ratio  of  raceway  thickness  to  mean  raceway  diam- 
eter does  not  fall  below  0.05.  For  bearing  raceways  with  lands  (fig.  23)  the  average 
diameter  Davg  and  average  cross-section  radial  thickness  tavg  should  be  used. 
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Figure  23. — Bearing  race  average  diameters. 


S.2.2.2  Ball  Bearing  Transverse  Race  Curvature 

Race  radii  (curvatures)  shall  conform  to  ball  radii  closely  enough  to  achieve  the 
required  load  capacity,  and  yet  not  so  closely  that  excessive  nonrolling  action  (spin- 
ning and  sliding  of  the  balls)  will  occur  and  result  in  excessive  heat  generation  and 
wear. 

Race  curvatures  must  be  combined  with  ball  size  and  the  required  diametral  clearance 
to  obtain  the  required  fatigue  life  with  acceptable  ball  spin.  See  reference  37  for  the 
effect  of  sliding  on  fatigue  life. 

Determine  whether  the  basic  goals  of  the  bearing  design  are  minimum  rolling  friction 
torque  or  maximum  capacity.  For  speeds  in  excess  of  1.5  x 10®  DN,  bearings  should  be 
designed  for  minimum  torque. 

Perform  dynamic  analyses  of  candidate  bearing  designs,  using  a range  of  values  for 
race  curvatures.  Suggested  limits  are  0.51  to  0.60.  Select  that  bearing  design  with 
longest  fatigue  life  or  minimum  friction  torque  consistent  with  the  primary  design  goal. 

For  minimum  friction  torque,  maximize  curvatures  with  the  limitation  that  adequate 
fatigue  life  should  be  maintained.  Larger  curvatures  will  result  in  smaller  contact  areas, 
less  heat  generation,  but  higher  contact  stress;  consider  that  fatigue  life  varies  inversely 
with  the  ninth  power  of  stress. 
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If  maximum  capacity  or  high  fatigue  life  is  the  objective,  curvatures  should  be  mini- 
mized but  the  minimum  race  cuinrature  must  not  be  so  small  that  an  excessively  large 
contact  angle  will  result  from  the  requirements  for  diametral  clearance  (see  sec.  3.1.6). 
A large  initial  contact  angle  will  result  in  a large  contact-angle  divergence  (iS,  — 
under  high-speed  operation  (ref.  3)  resulting  in  excessive  ball  spin,  heating,  sear,  and 
surface  degradation.  For  static  geometric  relationships,  see  reference  34,  Vol.  I,  pp.  1-4. 

The  race  curvatures  F„  (outer  race)  and  F,  (inner  race)  should  be  varied  independently 
to  achieve  the  optimum  overall  effect  for  high-speed  bearings  (table  IV). 

For  optimum  high-speed  bearing  design,  the  minimum  total  curvature  (F„  + Fj  — 1) 
should  be  chosen  so  that  initial  contact  angle  is  minimized,  while  the  required  diametral 
clearance  (see  sec.  3.1.6)  is  preserved.  Minimum  initial  contact  angle  will  result  in 
minimized  dsmamic  contact-angle  divergence  (iS{  ~ P„),  and  higher  bearing  radial  stiff- 
ness. 

IRC  should  be  obtained  for  the  specific  bearing  design,  speed,  and  load  by  choosing  a 
curvature  combination  Fo/F,  (refs.  25  and  26)  so  that  F,  < F„.  It  should  be  recognized 
that  IRC  is  very  difficult  to  achieve  consistently  with  large  bearings  (50  mm  bore)  and 
high-speed  bearings  (DN  > 1.3  x lo®).  Whenever  possible,  however,  the  benefits  of 
IRC  should  be  obtained  by  using  curvatures  chosen  as  follows: 


Curvature 

Majdmum  value 

Minimum  value 

Fo 

That  giving  adequate  fatigue 

That  resulting  in  desirable 

life 

Pa,  Pd  and  equal  fatigue 
lives  for  individual  races 

Fi 

That  required  for  IRC 

S.2.2.3  Race  Finish 

Raceway  finish  for  ball  or  roller  bearings  shall  be  sufficiently  smooth  both 
circumferentially  and  axially  to  assure  predictable  stress  distribution  and  smooth 
operation. 

The  currently  acceptable  race  finishes  provided  in  section  2.2.2  should  be  specified. 
Finer  finishes  should  be  considered  if  elastohydrodynamic  (EHD)  lubrication  is  to  be 
used  (ref.  28,  pp.  36-39). 
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B.2.2.4  Ball  Bearing  Race  Shoulder  Configuration 


The  shoulder  configuration  ;'or  a ball  bearing  race  shall  prevent  damage  to  balls 
under  all  normal  loading  conditions. 


Using  the  results  of  the  dynamic  analysis,  the  minimum  race  shoulder  height  (fig.  24) 
should  be  specified  large  enough  to  contain  the  ball  contact  ellipse  at  all  loading 
conditions  and  should  provide  a 50-percent  overload  safety  factor.  As  an  added  pre- 
caution, an  edge  relief  should  be  provided  at  the  race  shoulder  as  shown  in  figure  25. 


Shoulder 

height 


Figure  24. — Ball  bearing  race  shoulder  height. 


0.010  inch 
0.015 


Greater  than  ball 
deflection 


Figure  25. — ^Ball  bearing  raceway  edge  relief. 


3.2.2.S  Roller  Bearing  Shoulder  Configuration 

The  shoulder  configuration  of  a cylindrical  roller  bearing  shall  provide  proper 
roller  guidance,  minimize  roller  end  wear,  and  prevent  stress  concentrations. 

The  corner  configuration  employing  grind  relief  (fig.  22(a))  is  preferred  because 
this  design  eliminates  possible  interference  of  the  radiused  corner  with  roller  corner 
radius  (r,  fig.  21). 

The  rake  angle  a should  be  0°  15'  to  0°  45'. 
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; 


The  shoulder  height  h should  be  14  to  20  percent  of  the  roller  diameter  to  provide 
proper  guidance. 

Maximum  axial  grind  relief  A (fig.  22(a))  should  be  less  than  roller  end  radius 
breakout  a in  figure  21. 

The  maximum  radial  grind  relief  B (fig.  22(a))  should  be  less  than  the  corner 
radius  breakout  height  b in  figure  21. 

3.2.3  Cage  Design  ^ 

3.2.3. 1 Cage  Strength 

The  cage  design  shall  possess  sufficient  strength  and  rigidity  to  maintain  rolling 
element  spacing  and  to  withstand  hoop  stress  from  centrifugal  force. 

A one-piece  cage  design  should  be  specified  whenever  possible.  A supporting  struc- 
ture should  be  provided  for  all  cages  made  of  nonmetallic  materials  except  those 
having  fabric  reinforcement  (i.e.,  glass-fabric-supportcd  PTFE  (Armalon)  and  linen- 
supported  phenolic).  The  supporting  structure  should  be  a full  metal  shroud  or  re- 
inforced band  design  (fig.  26).  The  shroud  material  must  be  undercut  to  prevent 
contact  with  rolling  elements  or  race  land.  A supporting  structure  for  two-piece  cages 
made  of  Armalon  should  be  provided.  The  supporting  structure  can  be  full  metal 
shrouds  for  inner-land-riding  cages  or  riveted  side  bands  for  outer-land-riding  cages. 

Minimum  allowable  radial  thickness  must  be  determined  individually  for  each  appli- 
cation and  cage  material.  A suggested  minimum  radial  thickness  dimension  for  cages 
made  of  unsupported  nonmetallic  materials  is  0.090  in.  A suggested  minimum  ratio 
of  tliickness  to  mean  diameter  is  0.015  in.  Thinner  sections  should  be  tested  prior  to 
any  use  in  production  turbomachinery. 


3.2.3.2  Coolant  Flow  Area 

The  cage  shed  allow  free  flow  of  coolant  through  the  bearings. 

Free  through-flow  of  coola*^t  can  be  assured  by  providing  one  of  the  following  design 
features: 

(1)  Outer-land-riding  cage  with  slim  cross  section  (fig.  27(a)). 

(2)  Inner-land-riding  cage  with  coolant  flow  cutouts  (ref.  9)  (fig.  27(b)). 

(3)  Outer-land-riding  cage  with  flow  cutouts  (fig.  27(c)  and  (d)). 
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web  thickness 


&c  A-A 
through 
pocket 


Sec  B-6 
through 
web 


(a)  Solid 

nonreinforced 


(b)  Shroud 
reinforced 


(c)  Side  plate 
reinforced 


(d)  Side  plate 
reinforced 


One  piece  cages  for  roller 
or  angular  contact  ball 
bearings 

Figure  26. — Cage  construction. 


Two  piece  cage 
for  Conrad 
type  bearings 
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(e)  Ball  retaining  cage 


Metal  reinforcement 


(g)  Outer  land  riding  shrouded  cage  {ref.  1 ) 


Figure  26. — Concluded.  Cage  construction. 
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S.2.3.3  Cage-Rolling  Element  Contact 


The  cage  pocket  surface  shall  meet  the  rolling  element  so  that  the  rolling  ele- 
ments do  not  tend  to  “climb  over”  or  deform  the  cage  web. 

The  cage  pocket  surface  should  meet  the  rolling  element  at  its  pitch  diameter  to 
avoid  a wedging  action  of  the  rolling  element  that  could  deform  the  cage. 


3.2.3.4  Web  Thickness 

The  cage  web  shall  be  thick  enough  to  provide  adequate  strength  with  allow- 
ances for  wear. 

The  following  guides  (see  fig.  26)  should  be  used  where  test  results  are  not  available: 

(1)  Minimum  cage  web  thickness  for  metallic  cages  should  be  0.070  in. 

(2)  Minimum  cage  web  thickness  for  nonmetallic  cages  should  be  0.150  in.  (ref.  9). 


3.2.3. 5  Guiding  Land  Clearance 

Cage  guiding  land  clearance  shall  be  adequate  at  all  operating  temperatures  and 
rotating  speeds. 

A minimiun  cage  guiding  land  clearance  of  0.003  in./in.  of  guiding  land  diameter 
under  all  operating  conditions  should  be  provided;  allowances  for  differential  ther- 
mal growth  of  cage  and  race  material  and  for  centrifugal  growth  of  race  and  cage 
material  should  be  included. 


3.2.3.6  Pocket  Clearance 

Cage  pocket  clearance  in  ball  bearings  shall  be  sufficient  to  allow  ball  advance 
and  retard  due  to  combined  load  or  misalignment.  Roller  bearing  edge  pocket 
clearances  shall  not  become  negative. 

Testing  may  be  required  to  select  the  optimum  clearance.  The  following  can  be  used 
as  guidelines: 

(1)  Cage  pocket  clearance  for  ball  bearings  under  combined  axial  and  radial 
load  or  misalignment  should  be  0.035  in./in.  of  ball  diameter. 

(2)  Cage  pocket  clearance  for  ball  bearings  under  normal  alignment  and  thrust 
only  or  radial  only  should  be  0.025  in./in.  of  ball  diameter. 
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(3)  Cage  pocket  clearance  for  roller  bearings:  0.025  in./in.  roller  diameter 
(circumferential);  0.005  in./in.  of  roller  length  (axial). 

(4)  Cage  half  register  in  a Conrad-tj^e  bearing  should  be  sufficiently  accurate 
that  cage  pocket  clearance  is  maintained. 

(5)  Elliptical  cage  pockets  should  be  used  to  reduce  axial  cage  clearance  and 
still  obtain  adequate  circumferential  clearance. 


3. 2.3.7  Cage  Sides  Protrusion 

The  cage  side  shall  not  make  contact  with  components  adjacent  to  the  bearing. 

A tolerance  stackup  of  cage  position  should  be  performed  allowing  for  extremes  of 
ball  dynamic  position,  cage  clearances,  and  cage  dimensions.  If  cage  protrusion  oc- 
curs, either  ensure  that  no  components  can  come  in  contact  with  the  cage  by  specifying 
their  position  or  minimize  protrusion  b*'  using  countersunk  rivet  heads  or  reducing  cage 
width.  If  cage  width  is  reduced,  ensui-  that  the  cage  structure  is  not  unduly  weakened. 


3.2.3.S  Cage  Rivet 

A cage  rivet  shall  provide  positive  tension  throughout  the  design  temperature  range 
without  overstressing  the  cage  material. 

To  size  the  rivet  diameter  and  length,  take  into  account  the  compressive  strength 
of  cage  material,  the  tensile  strength  of  the  rivet  material,  and  the  elastic  moduli, 
Poisson’s  ratio,  and  thermal  expansion  properties  for  both  materials.  Appropriate 
analyses  should  demonstrate  that  under  all  operating  conditions  the  rivet  will  pro- 
vide a positive  tension  without  yielding  the  cage  material. 
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GLOSSARY 


MATERIAL  DESIGNATIONS 
Common  designation 
as  used  in  Monograph 

Armalon 

AMS  4616 
Bower  315 

BN  440 

CRES 

EDA 

GET 

Halmo 

Haynes  25 

IRENA 

K-Monel 

K-5H 

K-96 

K-162B 


Specification  or  other  identification 

Glass-fabric-supported  PTEE  (Teflon).  Normal  form  for 
bearing  cages  in  mandrel  wrapped  tubing.  Trade  mark 
of  E.  I.  duPont.  To  be  fully  defined,  the  density,  size  of 
weave,  and  mechanical  properties  must  be  specified. 

Silicon-bronze  alloy. 

Alloy  steel  used  for  high-temperature  roller  bearings. 
Composition  is  specified  by  Bower  Roller  Bearing  Division 
of  Eederal-Mogul-Bower,  Inc,,  Detroit,  Michigan. 

Commercial  beryllium-nickel  alloy  made  by  Kawecki 
Berylco  Industries,  Inc. 

Corrosion  resistant  steel. 

Ethylene  diamine. 

Glass-filled  Teflon:  PTEE  with  random  glass  fibre  con- 
tent, specified  in  percent  by  volume. 

Alloy  steel  used  for  high-temperature  bearings  by  New 
Departure-Hyatt  Division  of  General  Motors  Corporation. 

Cobalt-chromium-nickel  alloy  covered  under  AMS  5796. 

Inhibited  red  fuming  nitric  acid. 

Nickel-copper  alloy  conforming  to  AMS  4676  and  Eed- 
eral  Specification  QQ-N-286,  Class  A annealed. 

Sintered  tungsten — ^titanium  carbide  material  (Kenna- 
metal,  Inc.). 

Sintered  tungsten-carbide  material  with  cobalt  binder  man- 
ufactured by  Kennametal,  Inc.,  Latrobe,  Pennsylvania. 

Sintered  titanium-carbide  material  with  nickel-molybdenum 
binder  (Kennametal,  Inc.). 
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M-10 

AISI  designation  for  molybdenum-steel  alloys. 

M-50 

AISI  designation  for  molybdenum-steel  alloys. 

PTFE 

Chemical  composition:  Polytetrafluoroethylene.  Commer- 
cial name:  Teflon. 

Rulon  A 

PTFE  (Teflon)  with  random  glass  fibre  content  15  per- 
cent by  volume.  T.  F.  Dixon  Company,  Bristol,  Rhode 
Island. 

Salox  M 

Commercial  designation  for  PTFE  filled  with  40  percent 
bronze  powder. 

S-Monel 

Nickel-copper  alloy  conforming  to  Navy  Specification 
46N7,  Class  B. 

Stellite 

Commercial  cobalt-chromium-nickel  alloys  manufactured 
by  Haynes  Stellite  Corporation. 

UDMH 

Unsymmetrical  dimethyl  hydrazine. 

50-50 

Mixture:  50  percent  N2H4-50  percent  UDMH. 

4130 

AISI  designation  for  low  alloy  carbon  steel. 

6414 

Premium  quality  AISI  4340  steel. 

ORGANIZATIONS 

Abbreviation 

Identification 

ABEC 

Annular  Bearing  Engineering  Committee  of  the  AFBMA. 
ABEC-1,  -3,  -5,  -7,  -9  are  progressively  more  precise  tol- 
erance specifications  for  ball  bearings. 

AFBMA 

Anti-friction  Bearing  Manufacturers  Association. 

AISI 

American  Iron  and  Steel  Institute. 

AMS 

Aerospace  Material  Specifications  published  by  SAE. 

ASA 

American  Standards  Association. 

RBEC 

Roller  Bearing  Engineering  Committee  of  the  AFBMA. 
RBEC-1,  -5,  etc.  are  progressively  more  precise  tolerance 
specifications  for  roller  bearings. 

SAE 

Society  of  Automotive  Engineers. 
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MISCELLANEOUS  TERMINOLOGY 


Term  or  symbol 
AA 

Pi  Po 


Bio 


BSV 

C„ 


Definition 


Arithmetic  average. 

Difference  between  inner  race  contact  angle  Pi  and  outer 
race  contact  angle  Bo  that  occurs  under  dynamic  con- 
ditions. 

Expression  for  bearing  fatigue  life  defined  as  the  operat- 
ing time  that  90  percent  of  identical  bearings  will  ex- 
ceed without  fatigue  failure. 

Ball  speed  variation. 

Clearance  reduction  due  to  centrifugal  growth  of  inner 
race. 


Ca  Unfitted  diametral  clearance. 

Cf  Clearance  change  due  to  press  fitting. 

Co  Operating  diametral  clearance  that  should  be  selected  in 

the  original  design. 

C,  Clearance  change  caused  by  temperature  difference  be- 

tween races. 


circumferential  Lying  in  a plane  perpendicular  to  the  shaft  centerline. 

D„,  Average  raceway  diameter. 

DN  Product  of  bearing  bore  in  millimeters  and  shaft  speed  in 

revolutions  per  minute. 

d Diameter  of  ball  or  roller. 

£ Pitch  diameter  of  ball  complement. 

EHD  Elastohydrodynamic. 

F,  Inner  transverse  race  curvature:  inner  race  radius  divided 

by  ball  diameter. 
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Fo  + F,  - 1 

FLOX 

IRC 


Outer  transverse  race  curvature:  outer  race  radius  divided 
by  ball  diameter. 

Expression  for  total  bearing  curvature. 

Fluorine-oxygen  mixture. 

Inner  race  control. 


NVR 

ORC 

R. 

TIR 


Nonvolatile  residue. 

Outer  race  control. 

Hardness  on  the  Rockwell  C scale. 
Total  indicated  runout 


t„r.  Average  cross-section  radial  thickness  of  race. 

transverse  Lying  in  a plane  containing  the  shaft  centerline. 

windage  Circulation  or  pumping  of  fluids  caused  by  impeller  ac- 

tion of  rotating  components.  That  is,  a gas  contained  in 
a cavity  with  shafts,  gears,  or  bearings  will  circulate 
within  the  cavity  by  windage. 
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BEARINGS  AND  SEALS  FOR  CRYOGENIC  FLUIDS 


by  Ho  W.  Seibbe 
Lewis  Research  Center 
Cleveland,  Ohio. 

ABSTRACT 

Bearings  and  seals  in  rocket  engine  turbopumps  operate  dj^ectly  in  the 
cryogenic  propellant.  Special  design  and  lubricating  techniques  are  re- 
quired since  ordinary  oils  and  greases  become  glasslike  solids  at  these 
extremely  cold  temperatures.  The  bearing  load  carrying  surfaces  are 
lubricated  by  thin  transfer  films.  The  lubricant  is  provided  by  the  bear- 
ing cage  which  is  usually  fabricated  from  a self-lubricating  Teflon 
compound.  Material  compatibility  and  wear  are  the  important  factors  for 
face  contact  seals  in  these  cryogenic  fluids.  Carbon,  normally  used  in 
seal  nosepieces,  has  violent  reactions  when  run  in  liquid  fluorine,  an 
extremely  chemically  active  fluid.  Wear  at  the  rubbing  contact  is 
minimized  when  the  seal  is  designed  for  positive  face  separation  with 
acceptable  leakage. 
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tvirbopump  components,  including  the  hearings  to  preclude  failure  of  an 
esqjensive  and  complex  rocket  engine  system.  Total  hearing  run  time  is 
usually  4 or  5 hours  including  system  checkout  and  engine  static  .firing 
tests. 

Ball-Race  Materials 

In  addition  to  the  high  compressive  strength  and  hardness  requirements 
necessary  in  hearing  steels,  properties  such  as  corrosion  resistance,  di- 
mensional stability,  and  low-temperature  ductility  are  required  for  hall 
and  race  materials  used  at  cryogenic  temperatures.  Conventional  SAE  52100 
hearing  steel  and  AISI  440C  stainless  steel  have  hoth  been  used  success- 
fully as  hall  and  race  materials  in  cryogenic  hearings  applications  (3j4,and  5) 
The  440C  stainless  steel  exhibits  properties  similar  to  those  of  52100  steel 
at  these  low  temperatures,  hut  is  generally  preferred  because  of  its  better 
corrosion  resistance. 

Early  hearing  experiments  in  liquid  nitrogen  and  liquid  i^drogen  in- 
dicated that  corrosion  formed  on  SAE  52100  halls  snd  races  when  thermal 

(3) 

cycling  hack  to  room  temperature  occurred  ' During  thermal  cycling,  con- 
densation forms  on  the  hearing  surfaces,  and,  since  they  are  cleaned  free  of 
protective  oil  or  grease,  they  readily  corrode. 

Dimensional  instability  is  produced  in  hearing  steels,  suda  as  440C 
stainless,  as  the  result  of  appreciable  amounts  (10  to  15  percent  by  volume) 
of  retained  austenite  in  the  crystalline  structure  after  heat  treatment. 
Conversion  of  the  unstable  austenite  to  martensite  can  result  in  an  increase 
in  physical  hearing  dimensions.  The  transfonnation  to  martensite  is 
delayed  and  usually  occurs  during  hearing  service.  This  is  particularly 
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true  when  the  bearings  are  operated  at  temperatures  below  that  of  the 
quenching  bath, such  as  in  cryogenic  applications.  Retained  austenite  in 
440C  stainless  steel  may  be  as  large  as  30  percent  by  volume  depending  on 
the  austenitizing  temperature,  the  quenching  time,  and  the  quenching  bath 
temperature.  To  convert  the  retained  austenite  to  martensite  the  steel 
is  subcooled  to  -100°  F or  lower,  immediately  after  quenching.  Subcooling 
is  followed  by  tempering  to  stabilize  the  newly  formed  martensite.  VJhen 
specifications  require  a minimum  amount  (3  percent  or  less)  of  retained 
austenite  in  the  final  structure,  a second  subeool  and  tempering  cycle  is 
performed.  To  insure  maximum  dimensional  stability  in  440C  stainless  and 
other  bearing  steels  that  will  be  used  in  cryogenic  applications,  sub- 
cooling followed  by  tempering  is  now  generally  specified  as  part  of  the  heat 
cycle. 

Although  440C  stainless  steel  exhibits  an  increase  in  tensile  (com- 
pressive) strength  and  hardness  at  cryogenic  temperatures,  it  also  experiences 
an  increase  in  brittleness  and  a decrease  in  impact  strength.  Specific  data 
on  the  low-temperature  ductility  of  440C  is  not  readily  available,  how-* 
ever  it  may  be  assumed  that  the  balls  and  races  do  retain  some  ductility, 

even  at  temperatures  as  low  as  liquid  hydrogen  (-423°  P).  Ring  cracking 

(5) 

has  been  observed  in  several  cryogenic  bearing  applications,  ' ' probably 

as  a result  of  excessive  shrink  fits  between  the  440C  races  and  the  shaft 

or  housing  materials.  The  results  of  preliminary  es^eriments,  with  the 

bearings  operating  immersed  in  liquid  nitrogen  and  hydrogen,  indicated  that 

the  differential  contraction  rates  of  the  various  materials  used  can,  upon 

(4) 

cooling,  affect  bearing  running  clearance  ' The  ball-race  materials. 
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the  bearing  mounting  materials j and  the  mounting  clearances  therefore  should 
be  selected  so  as  to  minimize  the  reduction  in  bearing  diametral  clearance 
at  the  cryogenic  temperature. 

Since  the  required  life  of  bearings  operating  in  cryogenic  turbopumps 
is  only  a few  hours,  rolling  element  fatigue  is  not  considered  a major  cause 
of  failure.  It  is  generally  recommended  however,,  that  the  maximum  Hertz 
compressive  stress  in  the  ball-race  contacts  be  limited  to  35O  000  pounds  per 
square  inch.  The  primary  cause  of  ball  bearing  failure  in  hydrogen  turbo- 
pumps has  been  excessive  heat  generation.  The  major  soiirces  of  heat  generation 
in  the  bearings  are  the  ball  spinning  friction  in  the  ball-race  contact ' 
areas  and  the  rubbing  friction  between  the  cage  and  balls,  and  the  cage 
locating  surface  on  one  of  the  races.  The  heat  generated  within  the  bearing 
must  be  removed  to  assure  an  equilibrivim  operating  condition  and  to  prevent 
a total  loss  in  operating  clearance  that  results  in  seizure. 

The  measured,  room-temperature,  diametral  and  cage  clearances  in  hydrogen 
turbopurap  bearings  should  be  two  to  three  times  those  required  in  high-speed 
oil  lubricated  bearings.  The  actual  clearances  specified  are  largely 
dependent  upon  the  bearing  size,  the  maximum  operating  speed,  and  the 
relative  contraction  rates  between  the  ball-race  and  cage  materials  as  the 
turbopump  assembly  is  cooled  to  liquid  hydrogen  temperature  (-423°  p) 

Bearing  Lubrication  by  Transfer  Films 

In  a conventional  lubrication  system  for  ball  bearings,  surface  in- 
tegrity in  the  ball-race  contact  is  maintained  and  surface  welding  prevented 
by  the  presence  of  contaminant  surface  films  or  by  a lubricant  that  separates 
the  surface  asperities. 
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Operation  in  liquid  hydrogen  is  considerably  more  difficult  because, 
as  previously  mentioned,  conventional  lubricants  cannot  be  used  and  con- 
taminant low  shear  fiJjns  cannot  be  readily  formed  on  the  surfaces  in  a re- 
ducing atmosphere.  To  facilitate  the  formation  of  a transfer  film  on  the 
balls  and  race  grooves  that  prevents  contact  between  the  clean  nascent  metals, 
the  bearingiS  must  be  equipped  with  a cage  constructed  of  a self-lubricating 
material.  Ihe  surfaces  that  require  lubrication  in  a ball  bearing  are 
shown  in  figin:e  1.  • The  surfaces  that  require  lubrication  immediately  when 
the  shaft  begins  to  rotate  are  those  where  pure  sliding  contact  occurs,  at 
the  cage  locating  surface  on  the  inner  race  and  at  the  ball-cage  contacts. 

These  surfaces  are  easy  to  lubricate  because  they  are  in  direct  contact  with 
the  lubricant  (cage  material).  The  ball-race  contacts  where  rolling  with 
sliding  takes  place  also  require  some  lubricant,  but  lubrication  here  is 
more  difficult.  It  has  been  speculated  that  lubrication  at  the  ball-race 
contacts  is  obtained  through  transfer  films  also  provided  by  the  cage  material. 
The  film-transfer  process  is  illustrated  in  figure  2.  As  the  bearing  rotates, 
the  balls  rub  the  self-lubricating  cage.  The  cage  material  or  lubricant 
transfers  to  the  ball  and  is  subsequently  transferred  by  the  ball  to  the 
race  grooves  as  thin  films. 

The  best  lubricant  used  to  date  for  cryogenic  applications  has  been 
Teflon  (polytetrafluD^rO  ethylene).  Teflon  provides  low  friction  at  the  bear- 
sliding  contacts,  but  it  cannot  be  used  in  its  pure  form  as  a cage  material 
because  of  poor  strength  properties  and  because  of  its  tendency  to  cold  flow 
even  under  the  lightest  loads.  Teflon  also  has  poor  thermal  conductivity 
which  becomes  a problem  at  high  cage  speeds,  where  heat  generation  in  the 
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bearing  may  become  detrimental  to  successful  operation.  Teflon  must 
therefore  be  compounded  with  other  materials  (fillers)  to  give  it  these 
desirable  prop^srties. 

Experiments  have  been  conducted  with  1+0-millimeter-bore  ball  bearings 
operating  in  -400°  P gaseous  hydrogen  at  20  000  rpm  and  200  pound  thrust 
load.  The  bearings  have  operated  satisfactorily  for  total  running  times  up 
to  10  hours  Transverse  profile  traces  were  made  on  the  inner»race 

grooves  to  measure  the  film  buildup  from  transferred  cage  material  and 
determine  the  extent  of  race  wear.  Cage  materials  that  exhibited  good  film- 
transfer  capability  with  long  wear  lives  were  (l)  a laminated  glass  cloth 
with  Teflon  binder,  (2)  a glass-fiber-filledhTeflon,  and  (3)  a bronze-filled 
Teflon.  These  three  cage  materials  and  the  measurement  of  the  transfer  films 
are  discussed  in  the  following  paragraphs. 

Measurement  of  transfer  films. - A profile  tracing  technique  was  used 
to  study  the  formation  and  life  histories  of  the  transfer  films  on  the  bearing 
inner  races.  Several  different  cage  materials  were  investigated.  A cross- 
section  of  the  bearing  inner-race  groove  and  a typical  profile  trace  are 
shown  in  figure  3*  As  the  stylus  traces  the  race  groove  contour,  a highly 
magnified  profile  trace  is  produced  as  shown  in  the  lower  portion  of  figure  3. 
Of  particular  interest  is  the  ball-track  region  where  lubrication  is  required. 
The  horizontal  line  shown  on  the  profile  trace  is  the  origineil  race  groove 
contoxjT.  The  area  of  profile  trace  above  the  line  is  transfer  film 
(lubricant)  and  the  shaded  area  below  the  line  is  race  wear.  Successive 
profile  traces  were  made  at  intervals  of  approximately  2 hoiirs  running  time 
to  study  the  history  of  the  transfer  films. 
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Iiaminated-glass-eloth“-with-Teflon«»binder  cage  material  (38  percent 
glass  cloth,  62-percent  Teflon),  - This  material  is  currently  used  in  several 
turbopump  bearings.  It  is  quite  strong  because  of  its  laminated  structure. 
Typical  inner-race  profile  traces  of  a bearing  using  this  cage  material  are 
shown  in  figure  4.  Illustrated  is  the  life  history  of  the  transfer  film  for 
approximately  ten  hours  total  running  time.  After  running  for  284  minutes 
(fig.  4(c))  a fairly  good  film  of  lubricant  has  been  deposited  on  the  inner 
race.  The  scratches  that  appear  in  the  film  are  indicative  of  abrasion 
caused  by  the  glass  in  the  cage  material.  With  continued  running,  the  film 
breaks  down  and  wear  of  the  inner  race  surface  begins  (fig.  4(d)),  Race 
wear  progresses  with  time  and,  after  10  hours  running,  the  bearing  is  in 
danger  of  failing.  The  cause  of  the  film  breakdown  and  the  large  amount  of 
race  wear  is  probably  abrasion  by  the  glass  fibers  which  are  shredded  from 
the  cage  material.  This  postulated  abrasive-wear  process  is  illustrated  in 
figure  5.  Shown  are  alternate  layers  of  glass  cloth  and  Teflon.  The  ball 
rotates  and  wears  away  the  softer  Teflon  material.  The  Teflon  is  deposited 
in  the  race  groove  as  the  lubricant  film.  After  a short  time  the  Teflon  has 
worn  back  leaving  the  glass  cloth  exposed  to  the  rubbing  action  of  the  balls. 
Continued  running  results  in  film  breakdown,  caused  by  glass  fibers  which 
are  shredded  away  from  the  cloth  and  embedded  into  the  film.  The  film  is 
worn  away  faster  than  it  can  be  refoimed  by  the  Teflon  and  drastic  race 
groove  wear  results,  which  eventually  causes  bearing  faiiura. 

Glass- fiber-filled  Teflon  cage  material  (l5~percent  glass  fiber,  85- 
percent  Teflon),  - In  order  to  provide  more  Teflon  and  reduce  the  possibility 


of  film  destruction  throu^  abrasion,  a second  material  was  selected  for 
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evaluation.  The  progressive  profile  traces  of  the  inner-race  groove  of  a 
hearing  using  a 15-percent  glass  fiber,  85-percent  Teflon  cage  is  shown  in 
figure  6.  This  material  has  good  film  forming  capability  and  the  film  life 
appears  to  be  somewhat  longer  than  that  of  the  glass  cloth-Teflon  laminated 
material.  Its  thenaal  conductivity  is  quite  poor,  however,  so  that  adequate 
heat  rejection  becomes  a problem  at  hi^  bearing  speeds. 

Bron?.e- filled  Teflon  cage  material  (30-percent  bronze  powder,  70- 
percent  Teflon).  - To  improve  the  thermal  conductivity  of  the  cage  material. 
Teflon  has  been  compoimded  with  metals  such  as  bronze,  copper,  or  silver. 
Bearings  with  bronze-Teflon  cages  have  had  excellent  success  in  film  transfer 
evaluation  runs  at  20  000  rpm.  This  material  has  shown  fairly  good  film 
formation  with  no  apparent  wear  of  the  inner-race  groove  as  illustrated  in 
figure  7. 

The  total  cage  wear,  given  as  percent  weight  loss  of  the  original  wei^t, 

was  0.25  percent  or  less  for  the  three  materials  discussed.  This  wear  value 

f 6) 

is  extremely  low  for  a total  bearing  run  time  of  approximately  10  hours  ' . 

Bearing  Cage  Design 

A second  consideration  for  ball  bearing  cages  used  in  liquid  hydrogen 
turbopumps  is  their  design.  In  addition  to  the  self- lubricating  feature, 
other  properties  of  the  cage  material  such  as  mechanical  strength,  structural 
rigidity,  and  wear  resistance  must  be  acceptable. 

Mechanical  strength  at  cryogenic  temperatures  must  be  accompanied  with 
a good  strength-to-weight  ratio.  Materials  that  do  not  have  sufficient  strength 
by  themselves  should  be  reinforced  on  their  outer  surfaces  with  metal  shrouds. 

Structural  rigidity  is  required  because  the  cage  material  must  be  rigid 
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enoxigh  to  withstand  deformation,  but  not  become  so  brittle  at  cryogenic 
temperatures  that  it  fails  by  cracking. 

In  addition  to  the  strength  and  rigidity  requirements,  the  material 
must  have  good  wear  resistance.  In  order  that  material  wear  resistance  be 
used  to  its  full  advantage,  the  cage  must  be  designed  with  proper  ball-pocket 
and  cage-locating  (land)  clearances. 

Inner-race  located  cage  design.  - Three  designs  used  successfully  for 
inner-race  located  cages  are  shown  in  figure  8.  These  designs  were  used  in 
40  millimeter  ball  bearings  run  in  -400°  P hydrogen  gas  at  20  000  rpm  and 
200  pound  thrust  load.  Of  the  three  designs  illustrated  in  figure  8 the  one 
selected  for  a particular  turbopump  bearing  is  usually  dependent  upon  the 
strength  and  the  strength-to-weight  ratio  of  the  cage  body  materials  at  the 
cryogenic  temperature. 

Outer-race  located  cage  design.  - Other  cage  designs  that  have  been  used 

successfully  in  the  MERVA  (Nuclear  Engine  for  Rocket  Vehicle  Application) 

( 5) 

and  other  turbopump  bearings  are  shown  in  figure  9*  The  conventionally 
designed  cage  (fig.  9(a))  has  a heavy  cross-section  with  reinforcing  side 
plates,  similar  to  the  inner-race  located  design  shown  in  figure  8(b).  Be- 
cause of  the  large  rotating  mass  the  cage  generates  considerable  heat  at  the 
outer-race  locating  surface. 

The  thin- line,  lighter  wei^t  design  shown  in  figure  9(h)  is  flexible 
and  sufficiently  strong  because  it  depends  on  the  rigidity  of  the  outer  race 
for  reinforcement.  The  open  design  also  permits  greater  thru-flow  of  liquid 
hydrogen  and  therefore  results  in  better  cooling  efficiency  of  the  bearing 
than  does  the  conventional  cage  design.  The  laminated-glass-cloth-with-Teflon- 
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binder  cage  material  has  been  used  successfully  with  the  thin-line  design 
in  several  turbopump  bearings 

Cage  clearances.  - As  indicated  previously  (p.7),  the  cage  clearances 

specified  for  hydrogen  turbopump  bearings  are  somewhat  dependent  upon  the 

relative  contraction  rates  between  the  ball-race  and  cage  materials,  as 

the  bearing  is  cooled  to  -423°  P»  The  total  linear  contraction  from  70  to 

-423°  P for  440C  stainless  steel,  ball  and  race  material,  is  approximately 

(Q) 

0.0019  inch  per  inch  In  contrast  the  contraction  for  100  percent  TPE 

(polytetrafluoroethylene)  Teflon  is  0.0215  inch  per  inch  more  than  an 

order  of  magnitude  greater  over  the  same  temperature  range.  Piller  materials 

added  to  Teflon  resin  will  reduce  the  total  contraction  depending  upon  the 

shape  of  the  fillers,  whether  they  are  fibrous  or  spherical,  the  amoxmt  added 

in  weight  percent,  and  their  coefficients  of  contraction.  Pibrous  fillers 

(glass  fibers)  produce  the  greatest  reduction  in  contraction  in  the  direction 

perpendicular  to  the  molding  pressure;  spherical  fillers  (bronze  powder) 

(ll) 

tend  to  equalize  contraction  in  both  directions  ' The  laminated-glass- 

cloth-with-Teflon-binder  material  has  the  greatest  contraction  in  the  direc- 
tion of  the  glass  cloth  layers.  Pilled  Teflon  cages  are  usually  made  from 
molded  tube  stock  with  the  molding  pressure  direction  parallel  to  the  axis 
of  the  tube  (cage).  The  laminated* Teflon  cages  are  also  made  from  tube 
stock.  The  tube  is  made  by  continuously  wrapping  glass  cloth  on  a mandrel 
and  binding  the  successive  layers  together  with  Teflon  resin. 

The  total  contraction  from  70  to  -423°  P of  several  filled  Teflon  and 
the  laminated-glass-cloth  Teflon  materials  are  given  in  table  II.  The 
materials  shown  are  similar  to  cage  materials  discussed  previously.  It  can 
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be  noted  that  the  glass-fiber-filled  and  the  laminated- glass- cloth  Teflon 
materials  exhibit  anisotropic  contraction  with  respect  to  the  cage  radial 
and  width  directions.  The  radial  direction  is  perpendicular  to  direction 
of  molding  pressure  for  the  glass-fiber-filled  material  and  through  the 
glass  cloth  layers  for  the  laminated-glass- cloth  material,  as  noted  in 
table  II.  The  bronze  filled  Teflon  has  the  same  contraction  in  both 
directions.  Contraction  in  the  radial  direction  will  decrease  the  cage 
locating  clearances,  for  inner-race  located  cages,  whereas  contraction  in  the 
width  direction  will  decrease  baU-pocket  clearances.  With  filler  materiaJ.s 
or  glass  cloth  layers,  the  total  contraction  of  the  Teflon  cage  materials 
shown  in  table  II,  range  from  four  to  eight  times  greater  than  that  for 
the  440C  ball  and  race  material. 

Typical  locating-race  and  ball  pocket  clearances  for  seven  cage  materials 
are  shown  in  table  III.  The  first  four  cages  listed  are  fabricated  from 
Teflon  based  materials  and  have  contraction  properties  similar  to  those 
described  above.  Their  inner-race  locating  clearances  range  from  0.017  to 
0.038  inch  and  the  ball-pocket  clearances  from  0.014  to  0.026  inch. 

The  relative  contraction  of  cage  reinforcing  materials  such  as  aluminum 
and  stainless  steel  can  also  affect  cage  clearances  at  cryogenic. temperatures. 
The  total  contraction  for  2024  aluminTO  is  about  0.0042  in  per  inch,  where- 
as that  for  AISI  4l0  or  4],6  stainless  steel  is  approximately  O.OO19  inch  per 
inch,  from -70' to  -423°  F which  i®  the  same  as  the  440C  ball  and  race 

material. 

In  table  III  bearingiii^  cages  using  materials  1,  3>  and  7 were  reinforced 
with  aluminum.  Cages  fabricated  from  materials  5 and  6 used  stainless  steel 
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shrouds.  A glass-fiber-filled  Teflon  cage  (material  3»  table  III)  supported 
with  a riveted  alminum  shroud  experienced  ball  pocket  cracking  after  run- 
ning about  8 hours  in  -400°  F hydrogen  gas.  The  cracking  was  partly  caused 
by  the  different  contraction  rates  between  the  glass-fiber-filled  Teflon 
body  (0.0164  in. /in.)  and  the  aluminum  shroud  (0.0042  in.  /in.).  A more 
complete  analysis  of  the  cage  failure  is  discussed  in  the  following  section. 

Cage  failure  mechanisms.  - An  example  of  a brittle  failure  of  a cage 
material  (material  7j  table  III)  is  illustrated  in  figirre  10(a).  The  molyb- 
denum disulphide-(MoS2)  filled-polyimide  cage  experienced  complete  failure 
after  running  only  22  minutes  in  hydrogen  gas  at  -400°  P.  The  cage  design 
was  similar  to  that  shown  in  figure  8(c). 

When  an  inner-race  located  cage  is  cooled  to  cryogenic  temperature, 
insufficient  clearance  at  the  locating  race  will  cause  binding  and  the  ex- 
cessive heat  generated  at  the  surface  may  lead  to  cage  failure.  Bearing  23-S 
in  table  III  is  an  example  of  a cage  with  insufficient  clearance.  In  the 
initial  run  the  bearing  was  brought  to  a complete  stop  from  5000  rpm  with  a 
200  pound  applied  load. 

The  combination  of  a larger-than-required  inner-race  clearance  and  poor 
wear  resistance  can  also  result  in  cage  failure.  A silver  con^osite  cage 
(bearing  11-5,  table  III)  fitted  with  a stainless  steel  shroud  experienced  this 
type  of  failure.  The  bearing  had  run  in  -400°  p hydrogen  gas  at  20  000  rpm 
and  200  pounds  for  138  minutes.  The  bearing  after  test  is  shown  in  figure 
10(b).  During  bearing  operation  the  shroud  had  rubbed  on  the  outer-race  ^and 
and  moved  relative  to  the  cage  body.  The  balls  wore  into  the  shroud  and 
jammed  the  bearing. 
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Although  a cage  material  may  have  good  wear  resistance,  failure  can 
result  from  structural  deficiency  in  the  material  even  when  reinforcing  is 
used.  The  delamination  of  the  laminated-glass-cloth-with-Teflon-binder  cage 
material  is  shown  in  figure  10(c).  After  running  3^9  minutes,  this  cage 
delaminated  between  two  ball  pockets.  Delamination  probably  resulted  from 
insufficient  Teflon  binder  between  the  cloth  layers,  or  from  an  improper  cur- 
ing technique  dxiring  lamination. 

The  glass-fiber-filled  Teflon  cage  material  reinforced  with  a riveted 
aluminum  shroud  also  showed  structural  weakness.  After  running  464  minutes, 
cracks  appeared  in  a ball  pocket  of  the  cage  (fig.  10(d)).  It  is  speculated 
that  the  cracks  resulted  from  the  difference  in  contraction  rates  between 
the  Teflon  cage  body  and  the  aluminum  shroud.  The  body  shrank  away  from  the 
shroud  when  the  bearing  was  cooled  to  -400°  F.  When  the  bearing  was  sub- 
sequently run  at  high  speed,  centrifugal  growth  of  the  body  between  rivets 
caused  fracture  of  the  cage  at  the  thin  web  section.  Subsequent  runs  were 
made  in  -400°  F hydrogen  gas  with  other  bearings  using  glass-fiber-filled 
Teflon  cages  without  altiminum  shrouds.  No  pocket  cracking  occurred  in  these 
cages  when  the  bearings  were  run  at  speeds  to  40  000  rpm. 

Heat  Generated  Within  a Ball  Bearing 

The  problem  of  operating  at  high  speed  in  a marginal  lubricating  fluid 
is  that  of  maintaining  a heat  balance  within  the  bearing.  A heat  balance  can 
be  accomplished  by  designing  the  bearing  for  minimum  heat  generation  and 
then  removing  the  heat  generated  with  the  hydrogen  coolant  (liquid  or  gas). 
One  of  the  major  soin:ces  of  heat  generation  in  a ball  bearing  operating  under 
thrust  load  is  the  spinning  \diicii  occurs  in  the  contact  between  the  balls 
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and  one  race.  Spinning  occvirs  between  the  balls  and  one  race  in  all  ball 
bearings  that  operate  under  a thrust  or  combined  thrust  and  radial  load. 

Heat  generation  due  to  change  in  contact  angle.  - As  shown  in  figure  11, 
a bearing  under  thrust  load  operates  at  same  contact  angle,  p.  At  low 
speeds,  the  contact  angles  p are  equal  at  the  inner  and  outer  race  contacts 
(fig.  11(a)),  When  the  bearing  is  operated  at  hi^  speed,  ball  centrifugal 
force  creates  an  additional  load  at  the  outer  race  contact  which  results  in 
unequal  contact  angles  at  the  inner  and  outer  race  contacts  (fig.  11(b)), 

The  magnitude  of  this  difference  in  operating  contact  angles  further  in- 
creases ball  spinning  and  consequently  more  heat  is  generated  by  the  bearing. 

Effect  of  bearing  design  and  geometric  factors  on  heat  generation.  = An 
analysis  was  made  and  programmed  on  a digital  computer  to  determine  the 
design  and  geometric  factors  that  influence  heat  generation  rates  in  a 
high  speed  ball  bearing  operating  in  liquid  hydrogen.  The  computer  results, 
which  were  supported  e:s^erimentally  with  data  from  the  bearing  test  program, 
indicate  that  the  follox’dng  factors  contribute  to  lower  heat  generation 
rates:  (l)  open  race  curvatures  (i.e.,  larger  value  for  ratio  of  race  groove 
radius  to  ball  diameter  than  for  bearings designed  for  oil  lubrication), 

(2)  small  ball  diameter,  (3)  ball  spinning  at  the  race  with  larger  curvature. 

The  resvilts  of  the  computer  program  for  ball  bearings  of  40  millimeter 
bore  size  with  two  different  ball  diameters  and  using  two  race  curvature 
combinations  are  shown  in  table  IV,  The  heat  generated  due  to  ball  spin  is 
converted  to  shaft  torque.  The  torque  values  are  for  ball  spin  at  the  inner 
race  contact,  and  are  for  a 100  po\aad  thrust  load  (t)  at  a shaft  ^^eed  (N) 
of  40  000  rpm  with  an  initial  contact  angle  (p)  of  10  degrees.  The  ball- 
spin  friction  coefficient  (f)  of  O.56  is  for  440C  stainless  steel  sliding 
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on  itself  at  liquid  hydrogen  temperature  ( -423°  P) . The  108  series  hear- 
ings have  a 0.375-inch-hall  diameter  and  the  I908  series  have  a O.250- inch- 
hall  diameter.  The  IO8  series  hearings  have  larger  values  of  torque  for 
both  race  curvature  comhinations  due  to  the  greater  heat  generated  hy  the 
larger  hall  size.  Increasing  the  race  curvature  at  the  spinning  contact 
from  0.51  to  0.52  causes  the  torque  values  to  decrease  for  both  the  IO8  and 
1908  hearings.  Note  that  the  large  decrease  in  torque  from  the  IO8  hearing 
with  an  inner- race  curvature  of  0,51  to  the  I908  hearing  with  an  inner- race 
curvature  of  0.52  is  a function  of  both  hall  size  and  race  curvature. 

The  turhopump  for  the  Nerva  engine  has  a design  speed  of  24  000  rpm. 

The  pump  hall  hearings  are  • millimeter  angular  cc  .tact  type  (210  series) 

/q  \ 

and  operate  at  a rated  thrust  load  of  2000  pomds  ' A computer  anedysis 
similar  to  that  described  for  the  40  millimeter  hearing  above,  was  made  for 
the  210  series  hearings  to  indicate  the  effect  of  several  race  curvature 
combinations  on  haU  spin  torque.  The  torque  values  are  plotted  in  figure 
12  for  shaft  speeds  from  15  000  to  30  000  rpm.  They  are  plotted  for  hall 
spin’  at  the  outer- race  contact  using  three  race  curvatuia  comhinations  at  a 
thrust  load  of  2000  pounds,  and  an  initial  contact  angle  of  20  degrees. 
Increasing  the  outer- race  curvatvire  from  O.52  to  0.54  decreased  the  torque 
approximately  40  percent  throughout  the  speed  range.  Increasing  the  outer- 
race  curvature  to  O.58  decreased  the  torque  approximately  70  percent  from  the 
0.52  curve.  An  effect  of  hall  centrifugal  force  on  the  outer- race  contact 
can  he  seen  in  the  lowest  curve.  The  hall  spinning  changes  from  outer  race 
to  inner  race  at  approximately  27  000  rpm.  This  transition  occurs  because 
at  the  higher  rotative  speeds,  ball  centrifugal  force  increases  and  the  halls 
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grip  the  0.'58  outer-race  contact  more  firmly.  Ball  spinning,  therefore, 
occurs  at  the  0.5^  inner-race  contact  and  considerably  more  heat  is  generated. 
This  transition  from  spinning  at  the  outer-race  contact  to  spinning  at  the 
inner-race  contact  would  not  occur  as  long  as  the  shaft  speed  of  24  000  rpm 
is  not  appreciably  exceeded.  In  the  Nerva  txjrbopump  bearing  test  program, 
several  bearings  with  0.52  outer  - 0.52  inner -race  curvatures  and  the  0.54 
outer  - 0.58  inner-race  curvatures  have  been  run  in  liquid  hydrogen  at  24  000 
rpm  at  thrust  loads  to  2000  pounds,  for  operating  times  to  90  minutes. 
These  bearings  were  run  with  force-fed  liquid  hydrogen  thru  flow. 

Thrust  bearing  configuration  for  high  DN  values.  - For  the  first  three 
shaft  sizes  shown  in  table  v , the  bearings  operate  at  DN  values  (bearing 
bore  in  mm  times  shaft  speed  in  rpm)  to  2 million.  As  the  ball  diameter 
increases,  the  ball  centrifugal  force  at  the  outer-race  contact  increases  for 
these  three  bearings.  As  indicated  previously  in  table  IV,  larger  ball 
diameters  adversely  affect  heat  generation  rates  in  a bearing  operating  at 
high  speed.  A conventional  series  25O  millimeter  bore  bearing  is  fitted  with 
2.375"inch  diameter  balls.  As  shown  in  table  V,  the  centrifugal  force  per 
ball  at  a DN  value  of  4 million  is  17  300  pounds.  This  load  value  exceeds 
the  edacity  of  the  ball-race  contact. 

One  solution  to  problems  of  ball  centrifugal  force  at  high  DN  values, 
is  to  use  smaller  diameter  balls.  This  concept  is  illustrated  by  comparing 
the  centrifugal  force  of  0.625*  and  0.875-indti  diameter  balls  for  the  I50 
and  200  millimeter  bore  bearings,  respectively  with  that  for  the  250  milli- 
meter bore  size.  For  a besoring  with  a DN  value  of  approximately  4 million, 
reducing  the  ball  diameter  from  2.375  to  O.625  inch  decreases  ball  centri- 
fugal force  by  a factor  of  30. 
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The  load  capacity  of  a hall  bearing  operating  under  thrust  load  is 
proportional  to  the  product  of  the  number  of  balls  (n)  and  the  square  of 
the  ball  diameter  (d  ),  In  order  that  the  load  capacity  not  be  appreciably 
reduced  \dien  decreasing  the  btill  diameter,  it  is  necessary  therefore  to 
increase  the  number  of  balls  in  the  bearing.  There  is  a practical  limit 
for  reducing  ball  diameter  or  increasing  the  number  of  balls  and  that  is 
the  cage  strength,  especially  between  adjacent  ball  pockets.  If  the  cage 
annular  cross-section  is  reduced  excessively  it  may  break  at  high  speed 
because  of  inadequate  strength. 

FACE  CONTACT  SEAL  DESIGN  FOR  LIQUID  FLUORINE  TURBOHJMFS 

Face  Contact  Seals 

In  some  turbopump  applications  rotating  shaft  seals  are  required. 

These  turbopump  designs  contain  various  cryogenic  fluids  at  pressures  different 

from  the  surrounding  space.  Intolerable  leakage  of  the  fluid  along  the  shaft 

(2) 

is  avoided  by  means  of  dynamic  seals  ' ' . 

Face  contact  seals,  which  are  the  most  common  type  of  sea3.  in  use  today, 
exist  in  a variety  of  forms,  but  most  have  the  essential  arrangement  shown 
in  figure  13.  The  sketch  in  the  upper  right-hand  corner  shows  the  location 
of  a seal  on  a pump  shaft  sealing  pump  outlet  pressure  . The  seal  con- 
sists of  two  main  parts,  (l)  a seal  seat  which  is  fixed  to  the  shaft  and 
rotates  with  it,  and  (2)  a nosepiece  flexibly  attached  to  the  stationary 
shaft  housing.  A piston  ring  secondary  seal  permits  axial  movement  of  the 
nosepiece.  A sealing  dam  is  formed  by  the  nonrotating  nosepiece  which  is 
held  by  a force  from  the  spring  and  the  sealed  fluid  pressure  in  rubbing 
contact  or  close  proximity  to  the  rotating  seal  seat.  The  sealing  gap  is 
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ABSTRACT 


A development  program  for  the  purpose  of  evaluating  the  suitability  of  the 
bearing  package  designed  for  the  M-1  liquid  oxygen  turbopump  was  completed.  The 
test  results  indicate  that  the  bearing  performance  is  adequate  as  compared  with 


that  predicted  during  the  design  phase, 
were  demonstrated  at  .5  x 10°  DN  values, 
up  to  70,000  lb  (twice  the  rated  load). 


The  110  mm  roller  and  tandem  ball  bearings 
radial  loads  of  15,000  lb  and  thrust  loads 
Liquid  oxygen  and  liquid  nitrogen  were 


used  as  coolants j bearing  materials  were  440C  stainless  steel  with  armalon  cages. 
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SUMMARY 


This  report  describes  the  activity  and  results  of  the  program  to  develop 
liquid  oxygen  cooled  bearings  for  use  in  the  oxidizer  turbopump  of  the  M-1  Engine. 
The  objectives  of  this  development  program  were  to  obtain  bearing  operational 
information  and  to  qualify  the  bearings  for  use  in  the  turbopump. 

The  basic  bearing  configuration  se2  ’cted  for  use  in  the  turbopump  consisted 
of  a single  110  mm  roller  bearing  on  the  output  (pump)  end,  a single  105  mm  roller 
bearing  on  the  input  (turbine)  end,  and  a tandem  set  of  two  110  mm  ball  bearings 
mounted  between  those  on  the  coinmon  shaft.  The  shaft  and  housing  were  sized  to 
provide  radial  interference  fits  on  the  roller  bearings  and  ball  bearing  inner 
races,  and  clearance  fits  on  the  ball'  bearing  outer  races.  The  coolant  supply 
system  was  basically  a "total  immersion  system",  but  coolant  jets  were  provided  to 
assure  circulation  through  the  bearings. 

Design  operating  requirements  were  as  follows: 


Output  Roller  Input  Roller  Tandem  Ball 


Load 

lb 

15,000 

7,000 

35,000 

Speed 

rpm 

3,720 

3,720 

3,720 

Acceleration  rpm/sec 

7,200 

7,200 

7,200 

Five  basic  test  setups,  ranging  in  complexity  from  a turbine-driven, 
single-bearing  tester  to  the  complete  turbopurap  system  were  used  during  the  program. 
These  testers  provided  the  capability  to  simulate  turbopump  operation  on  multiple 
combinations  of  ball  and  roller  bearings  under  controlled  conditions  of  load, 
acceleration,  speed,  and  coolant  properties. 

Early  testing  of  commercially-available  thrust  bearings  yielded  valuable 
operational  information  such  as  pre-test  cooling  requirements,  load  and  speed 
control  relationships,  and  tester  capability.  The  results  of  the  testing  also 
indicated  that  tests  of  a large  number  of  bearing  configurations  were'’iiiftaecessa.ry 
in  selecting  a bearing  design  suitable  for  the  intended  loads,  speed,  and  acceleK  ion. 
The  test  program  was  modified  to  concentrate  effort  upon  the  qualification  of  tandem 
thrust  bearings  manufactured  by  the  New  Departure  Corp.  and  roller  bearings  produced 
by  SKP  Industries,  Inc.  Qualification  testing  provided  bearing  life  information 
at  turbopump  operating  conditions.  Load  sharing  tests  performed  wiili  the  tandei 
thrust  bearings  received  special  attention  because  good  load  sharing  would  contributci 
to  safe  turbopump  operation  at  off-ddsign  conditions.  A special  qualification 
test  series  was  conducted  using  liquid  nitrogen  as  the  bearing  coolant  because 
early  turbopump  testing  would  be  conducted  using  liquid  nitrogen  to  simulate  a 
propellant. 
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Performance  of  all  preferred- configuration  bearings  was  excellent,  with 
life  in  excess  of  5000  sec  at  design  radial  and  axial  loads  in  liquid  oxygen  g 
and  of  at  least  200  sec  at  or  near  100^  axial  overload  at  DN  values  of  *5  x 10  . 
Performance  using  liquid  nitrogen,  as  a coolant  was  equal3y  satisfactory.  The 
excellent  post-test  condition  of  the  bearings  used  it  the  first  turbopump  test 
series  demonstrated  that  component  test  results  are  directly  applicable  to  the 
turbopump. 

II.  INTRODUCTION 


In  the  M-I  liquid  oxygen  turbopump,  power  is  transmitted  through  a single 
shaft  connecting  the  pump  impeller  to  the  turbine  rotor.  Therefore,  the  power 
transmission  components  are  located  bet<»een  the  liquid  oxygen  pump  and  the  hot  gas 
turbine.  The  extreme  complexity  of  seals,  heaters,  and  auxiliary  pumping  systems 
required  for  conventional  oil  lubrication  made  it  desirable  that  the  bearings  be 
cooled  with  liquid  oxygen.  The  requirement  that  the  shaft  system  be  rigid  enough 
to  prevent  interference  between  rotating  and  static  parts  under  load  dictated  that 
the  bearing  minimum  size  should  be  approximately  110  mm  bore  and  that  axially  rigid 
ball  bearings  be  used  to  support  end  thrust. 

The  development  of  the  bearing  system  which  was  selected  as  indicated  is  the 
subject  of  this  report,  which  describes  the  effort  and  results  obtained  during  the 
program  conducted  by  Aerojet -General  Corporation  under  Contract  NAS3-2555  to  the 
National  Aeronautics  and  Space  Administration. 
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III.  BEARING  DEVELOPMENT  EROGBAM 


A,  DEVEIiOEMENT  EROGRAM  OBJECTIVES 

The  bearing  development  program  was  planned  to  yield  operational  informa- 
tion concerning  liquid  oxygen  cooled  bearings  such  as  the  required  coolant  flow  rate 
and  pressure,  cooling  rate  (chilldown  time),  malfunction  behavior  (temperature  rise, 
torque  increase,  vibration  level),  and  purging  or  drying  requirements;  and  to  survey 
the  performance  (load-life  relationship)  of  a large  number  of  bearings  produced  by 
different  manufacturers.  Results  of  very  successfoil  early  testing  indicated  that 
the  survey  testing  was  unnecessary,  and  the  program  was  modified  to  concentrate 
effort  upon  qualification  of  the  preferred  configuration  thrust  bearing 
(P/N  281642/700797),  turbine  end  roller  bearing  (P/N  28i643),  and  pump  end  roller 
bearing  (p/N  28i644)  for  use  in  the  turbop^Jmp.  The  qualification  test  program  was 
planned  to  provide  bearing  life  information  at  varying  conditions  of  load,  load 
direction,  load  sharing,  load  application  rate,  speed,  acceleration,  coolant  flow 
rate,  coolant  pressure,  coolant  properties  (liquid  oxygen  and  liquid  nitrogen),  and 
initial  (pre-test)  temperature. 

B.  BEARING  CONEIGURATION 

1.  Arrangement  of  Bearings  in  the  Turbopijmp 

a.  Assembly  Arrangement 

Bearings  were  arranged  as  shown  in  Figures  1 and  2 on  a 
common  shaft  with  a 110  mm  bore  x I70  mm  O.D.  x 28  mm  long  roller  bearing  on  the 
pump  (output)  end,  a 105  Mia  bore  x 160  mm  O.D.  x 26  mm  long  roller  bearing  on  the 
turbine  (input)  end,  and  with  the  tandem  set  of  two  110  mm  bore  x I70  mm  O.D.  x 
28  mm  long  ball  thrust  bearings  located  between  the  roller  bearings,  adjacent  to 
the  p-ump  end  roller.  , 

The  bearings/shaft  assembly  was  encased  in  a common  (one- 
piece)  housing  to  provide  positive  control  of  relative  radial  position  and  align- 
ment of  the  roller  bearings 

b.  Mounting  and  Fits 

The  bearings  were  mounted  on  the  shaft  with  the  required 
spacers  and  jet  rings  and  clamped  in  place  by  a lock  nut. 

Bearing  fits  (inner  race  to  shaft  and  outer  race  to  housing) 
were  the  same  for  all  manufacturers'  bearings.  Pits  between  shafts  or  housings 
and  prototype  bearings  were  as  follows: 
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Figure  .2 

Turbopump  Power  Transiaission 
Page  5 


Diametral  Fit 
Inner  Race  to  Shaft 

(in, ) ' 

Operating  Tem- 
perature(-287°F) 


Diametral  Fit 
Outer  Race  to  Housing 

(itiQ 

Operating  Tem- 
per atur e ( -28?  °F ) 


Type  of  Bearing 

Pump  Roller 
P/N  281644 

Turbine  Roller 
P/N  281643 

Thrust  Bearing 
P/N  281642 


Ambient 

Temperature 

0.0017/0.0023 

Tight 

0.0017/0.0023 

Tight 

0.0012/0.0018 

Tight 


0.0004/0,0010 

Tight 

0.0004/0,0010 

Tight 

0.0001  Loose/ 
0,0005  Tight 


Ambient 


0.0003/0,0012 

Loose 

0,0003/0,0012 

Loose 

0,0131/0,0146 

Loose 


0.0015/0.0024 

Tight 

0.0013/0.0022 

Tight 

0.0104/0.0119 

Loose 


Assembly  of  the  bearings  was  facilitated  by  heating  the  bearings  to  300°F/350°F 
before  installation  to  overcome  the  interference  fit  between  the  inner  race  and 
shaft . 


c . Coolant  System 

Coolant  was  supplied  to  the  bearings  through  jet  rings  which 
direct  the  coolant  directly  on  the  rolling  elements.  The  jet  ring  passage  has  an 
annular  distribution  channel  with  axial  exit,  cylindrical  spray  nozzles. 

The  jet  rings  were  arranged  in  the  turbopump  (Figure  2)  with 
one  ring  between  the  pump  end  roller  bearing  and  the  adjacent  thrust  bearing 
supplying  coolant  through  five  0.050-in.  diameter  holes  to  the  roller  bearing  and 
through  fifteen  0,050-in,  diameter  holes  to  the  thrust  bearing;  one  jet  ring 
supplied  the  lower  thrust  bearing  through  fifteen  0,050- in,  diameter  holes;  and 
one  jet  ring  vjith  five  0,050-in.  diameter  holes  supplied  coolant  to  the  turbine 
end  roller  bearing. 


The  jet  rings  were  designed  to  supply  coolant  to  dissipate 
the  heat  generated  at  design  radial  and  thrust  loads  at  the  approximate  rates  of 
1.4  gpm  per  bearing  for  the  radial  bearings  and  5 <>7  gpm  per  bearing  for  the  thrust 
bearings (l) . 


2.  Operating  Conditions 
a.  Thrust  Bearings 

Tandem  thrust  bearings  were  manufactured  by  tvio  vendors: 
the  New  Departure  Corp.  (P/N  28i642  and  700797)  and  Industrial  Tectonics,  Inc. 
(P/N  288280).  Thrust  bearings  P/U  28l642  and  700797  are  identical  except  for 


(1)  Dubief,  J. , Heat  Generation  in  Annula.r  Contact  Ball  Bearings  Under  Axial  Load, 
Report  RMR  0075 > Aerojet-General,  I6  January  I963. 
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being  matched  for  load  sharing  in  opposite  directions  relative  to  their  orientation 
in  the  tiarbopump.  Single  thrust  bearings  were  manufactured  by  the  same  vendors: 
the  New  Departure  Corp.  (p/N  EX31000C)  and  Industrial  Tectonics,  Inc.  (P/N  288i4o). 

The  operating  conditions  for  the  tandem  bearings  were  as  follows: 


Operating  Condition 

p/n 

28i6U2  and  700797 

P/R 

288280 

Thrust  Load  (Sharing  Direction),  lb 

35,000 

40,000 

Thrust  Load  (Reverse  Direction),  lb 

8,000 

5,000 

Overload  (Sharing  Direction),  lb 

39,000 

44,000 

Overload  (Reverse  Direction),  lb 

9,000 

5,500 

Speed,  rpm 

3,720 

3,720 

Over speed,  rpm 

4,000 

4,000 

Acceleration  Rate,  rpm/sec 

7,200 

7,200 

Coolant  Flow  Rate,  gpm/Bearing 

5.72 

5.72 

Coolant  Pressure,  psig 

450 

450 

Coolant  Temperature,  LNg,  '’F 

-320 

-320 

Coolant  Temperatxire , LOg-.  °F 

-297 

-297 

b.  Radial  Bearings 

Radial  load  roller  bearings  were  manufactirred  by  the 
SKF  Industries,  Inc.,  with  the  following  operational  requirements; 

Operating  Condition 

Pump  Bearing 
P/K  281644 

Turbine  Bearing 
P/N  281643 

Radial  Load,  lb 

15,000 

7,000 

Radial  Overload,  lb 

16,500 

8,000 

Speed,  rpm 

3,720 

3,720 

Over speed,  rpm 

4,000 

4,000 

Acceleration  Rate,  rpm/sec 

7,200 

7,200 
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Operating  Condition 

Pump  Bearing 
p/N  281644 

Turbine  Bearing 
P/N  281643 

Coolant  Flow  Rate,  gpm 

1.39^ 

1.39^ 

Coolant  Pressure,  psig 

450 

450 

Coolant  Temperature,  LOg,  °F 

-297 

-297 

Coolant  TemperatTxre , LNg,  °F 

-320 

-320 

3.  Design  Data 

a.  Thrust  Bearings 

(l)  New  Departure  Corp.  (ND) 

Two  separate  bearings  were  manufactured  by  New  Departure 
for  the  bearing  evaluation  program:  a single  thrust  bearing  and  a tandem  thrust 

bearing  set. 


The  single  bearing  (P/N  EX31OOOC)  had  a nonseparable  outer 
race,  ball,  and  cage  assembly  with  a split  inner  race  without  puller  grooves.  The 
tandem  bearing  (P/N  28i642/700797)  was  made  up  of  two  bearings  matched  for  optimum 
load  sharing.  The  bearings  were  completely  separable  with  puller  grooves  on  the 
inner  races. 


Both  bearings  were  made  with  the  same  materials,  AISI  4U0C 
Stainless  Steel  races  and  balls  and  Armalon  405C-ll6  cages.  Design  details  of  these 
bearings  are  as  follows: 


P/N 

P/N 

281642/700797 

EX31000C 

Type 

Duplex  Tandem 

Single 

Size 

110  mm  X 170  mm  X 28  mm 

110  mm  X 170  mm  X 28  mm 

No , of  Balls 

19 

18 

Size  of  Balls 

3/4  in. 

25/32  in. 

Class 

ABEC5 

ABEC5 

Contact  Angle 

0 

0 

CM 

25° 

Race  Ciu’vature 

52^  Inner,  52^  Outer 

52^  Inner,  56^  Outer 
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p/n 

281642/700797 


P/N 

EX31000C 


Radial  Clearance  at 


Ambient  Temperature 

0.0038/0,0042 

0.0115/0.0119 

End  Plp,y 

0.017/0.023 

0.049/0.053 

Cage  Design 

One  Piece,  Reinforced  with 
Aluminum  Side  Plates 

One  Piece,  Reinforced  with 
Aluminm  Side  Plates 

(2) 

Industrial  Tectonics,  Inc. 

(ITI) 

Two  separate  bearings  were  made  for  the  bearing  evalua- 
tion program  by  ITI,  a single  thrust  bearing  (P/N  288i4o)  and  a tandem  thrust 
bearing  (P/l  288280).  The  bearings  were  similar  in  design  and  made  of  the  same 
material,  AISI  440C  Stainless  Steel  races  and  balls  and  Armalon  405C-ll6  cages. 

The  cage  design  incorporated  a controlled  ball  drop.  Design  details  of  these 
beamings  are  as  follows; 

p/w  288280 

P/w  288i4o 

Type 

■Duplex  Tandem 

Single 

Size 

110  mm  X 170  mm  X 28  mm 

110  mm  X 170  mm  X 28  mm 

Wo.  of  Balls 

20 

19 

Size  of  Balls 

23/32 

3/4 

Class 

ABEC7 

ABEC7 

Contact  Angle 

30° 

27.5° 

Race  Curvature 

53^  Inner,  52^  Outer 

52^  Inner,  54^  Outer 

Radial  Clearance  at 
Ambient  Temperature 

0.0063/0.0069 

0.0083/0.0087 

End  Play 

0.020/0.025 

0.0223/0.0255 

Cage  Design 

One  Piece,  Reinforced  with 
Aluminum  Side  Plates 

One  Piece,  Reinforced  with 
Aluir.immi  Side  Plates 

b.  Radial  Bearings 

Pump  and  the  turbine-end  radial  bearings  were  manufactured  by 
SKF  Industries,  Inc.  These  radial  bearings  also  used  440C  race  and  roller  material 
and  Armalon  405C-ll6  cages. 
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Design  details  of  these  bearings  are  as  follows: 


p/m  281643 


Size 

Mo.  of  Rollers 
Size  of  Rollers 
Roller  Configuration 
Class 

Diametral  Clearance  at 
Ambient  Temperature 

cage  Design 


105  nun  X 160  mm  X 26  mm 


15  mm  dia.j  17  mm  long 


One  Piece,  Reinforced  with 
Almninum  Side  Plates 


p/m  281644 

110  mm  X 170  mm  X 28  mm 

19 

16  mm  dia. , I6  mm  long 

Crowned 

ABEC  5 

0.0030  to  0.0034 

One  Piece,  Reinforced  with 
Aluminum  Side  Plates 


19 


Crowned 
ABEC  5 

0.0029  to  0.0033 


4 . Operating  Stresses  (Prototype  Bearings) 
a.  Thrust  Bearings 

An  analysis  was  made  to  determine  the  contact,  hoop,  and 
radial  stresses  at  ambient  and  operating  temperatures  for  the  two-bearing  tandem 
stack  (p/m  281642);  the  total  shared  load  was  assumed  to  be  33jOOO  lb*  This  study 
was  made  under  two  loading  conditions:  50fo/50%  load  sharing  and  load 

sharing.  The  results  are  shown  in  Table  I. 

The  dynamic  contact  angles  of  34.1  degrees  on  the  inner  race 
and  33-8  degrees  on  the  outer  race  for  the  prototype  bearing  at  4000  rpm  and 
16, 500- lb  load  results  in  the  contact  ellipse  being  confined  well  within  the  design 
shoulder  height. 


b.  Roller  Bearings 

An  analysis  of  hoop  and  compressive  stresses  was  completed  for 
roller  bearings  P/m  28i644  (pump  end)  and  P/m  28i643  (turbine  end)  at  ambient  tempera- 
ture with  no  load  at  operating  temperature  and  design  load.  Stresses  were  calculated 
using  maxim-urn  interference  fits.  The  results  were  as  follows: 
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p/u  281644 

Operating  Temperature 


Ambient  -28? °F 
Radial  Load,  lb  0 17,680 
Inner  Race  Hoop  Stress,  psi  13,500  500 
Inner  Race  Radial  Stress,  psi  *1520  *l44 
Outer  Race  Tangential 

Stress,  psi  0 6,0?0 
Outer  Race  Radial  Stress,  psi  0 *6l0 
Inner  Race  Contact  Stress,  psi  0 264,000 
Outer  Race  Contact  Stress,  psi  0 235,000 


P/N  281643 

Operating  Temperature 
Ambient  -28? °F 


0 9,970 
16,800  1,24o 
*1880  *139 


0 3,880 

0 *810 

0 204,000 

0 182,000 


*Compressive  stress 
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TABES  I 


CALCULATED  STRESSES  FOB  H-1  LIQUID  OXYGBH  THRUST  BEARING  P/H  281642 


Temperature 

(=F) 

Single 
P.ow 
Load 
. (1^) 

Speed 

(rpm) 

Free 

Cont. 

Angle 

(Deg) 

Mounted 

Cont. 

Angle 

(Deg) 

Dynamic  Cont.  Angle 
(Degrees ) 

On  Inner  On  Outer 
Race  P.ace 

Radial 

Interference 

(in.) 

Max.  Comp. 
Stress 
(Hertz) 
(psi) 

Tangential 
Stress 
(Hoop) 
Inner  Race 
(psi) 

Radial 

Stress 

Inner 

Race 

(psi) 

Clamping 
Load  on 
Inner 
Race 
(lb) 

Load 

Sharing 

68 

0 

0 

23 

20.75 

— 

— 

0.0011 

6,750 

*1,170 

10,492 

-397 

0 

0 

23 

22.5 

— 

— 

0.0002 

— 

1,230 

*213 

58,682 

-297 

16,500 

4,000 

23 

22.1 

34.10 

33.8 

0.0002 

347,690 

1,230 

*213 

58,682 

505(/50^( 

-297 

ao,ooo 

4,000 

23 

22.1 

34.10 

33.8 

0.0002 

410,000 

1,230 

*213 

58,682 

60^/40?( 

*Co3ipresGive  S-fcreas 
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CLEANLINESS  OF  COMPONENTS  F(H  USE  IN  GXTGEN» 
FUEL,  AND  PNEIMATIG  SYSTEMS, 


% s 


SPECIFICATION  FOR 

\ 

1.  SCOPE 

1.1  Scope.  - This  specification  covers  the  cleanliness  levels  of 
components  used  In  o^^gen,  pneumatic,  and  fuel  systems  of  space  vehicles 
and  associated  ground  support  equipment. 

1.2  Classification.  - The  cleanliness  level  and  inspection  pro* 
cedures  as  specified  shall  be  applicable  to  the  types  and  classes, 
classified  according  to  configuration  and  materials,  as  follows: 

Tjrpe  I - Tubing,  rigid^ 

Glass  1 - Corrosion  resistant,  300  series,  steel 
Glass  2 - Aluminum  alloy 
Type  II  - Flexible  hose  assemblies^ 

s • ' 

• * 

Glass  1 - Teflon  lined 

Class  2 « All  metal  ' ' 


^Tubing,  as  defined  for  the  purpose  of  this  classification,  shall 
\ 'O'  include  rigid  tubing  in  sizes  up  through  2-inch  outside  diameter. 

Tubing  having  a diameter  greater  than  2 inches  shall  be  considered  as 
miscellaneous  components  (type  III). 

^Flexible  hose  assemblies,  as  defined  for  the  purpose  of  this 
claasification,  shall  include  braided  hoses  in  sizes  up  through  2-f.nch 
inside  diameter.  Flexible  hoses  with  a diameter  greater  than  2 inches  ' 
sha/l  be  considered  as  miscellaneous  components  (type  111). 
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lype  III  - Miscellaneous  ca^npcnenta 
Class  1 - Metallic  anS  teflon 
Glass  2 • N^onmetallic 
lype  IV  - Control  assemblies^ 

Type  V » Containers,  metallic 
2.  APPLICABLE  DOCUMENTS 

2,1  The  following  dociuiments,  ©f  the  issue  in  effect  on  date  of 
invitation  for  bids,  form  a part  of  this  specification  to  the  extent  . 
specified  herein. 

SPECIFICATIONS 

Federal 

* 

O-H-765 

O-p-795 
O-M-232 
0-N«350 
(5=*0«io70 
O-S-642  . 

BB-N-411 
UU-T-81 
PPP-T-60 


\ 

Acid,  Hydrochloric  (Muriatic), 
Technical  Grade. 

Hydrofluoric  Acid,  Technical. 

Mett^l  Alcohol,  Methanol. 

Nitric  Acid,  Technical. 

Orthophosphoric  Acid. 

Sodium  Phosphate,  Tribaslc, 
Technical,  Anhydrous, 
Dodecahydrate,  and  Monohydrate. 

Nitrogen. 

Tags,  Shipping  and  Stock. 

Taps,  Pressure-Sensitive 
Adhesive,  Waterproof  for 
Packaging  and  Sealing. 


^Control  assemblies  shall  include  such  items  as  valves,  regulators, 
pressure  switches,  and  teoipescature  control  switches. 
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Military 


MIL-D-16791 

Detergents,  Nonlonlc. 

MIL-P-27401 

Propellant  Pressurizing  Ageet, 
Nitrogen. 

Mn.-X-27602 

Trrlchloroethylene,  Oxygen 
Propellant  Gompatlble,  (By 
Flushing  Methods) . 

MIL-C-81302 

Gleaning  Gompound,  Solvent, 
Trlchlorotrifluoroethylene • 

MIL-T-81533 

1,  1,  1 > Trlchloroethane  (Methyl 
Ghloroform)  Inhibited,  Vapor 
^ Degreasing. 

Georee  C.  Marshall  Soace 

Flleht  Genter 

MSFC-SPEC-106 

Testing  Gompatibillty  of 
Materials  for  Liquid  Oxygen 
Systems. 

MSFC-SPEC-217 

Trichloroethylene,  Technical. 

MSFC-SPEC-234 

Nitrogen,  Space  Vehicle  Grade. 

MSFC-SPEC-237 

Solvent,  Precision  Gleaning 
Agent. 

MSFC-SPEG-456 

Film,  Transparent,  Plastic,  LOX 
Gompatlble,  Gas  and  Gontaml- 
nation  Barrier. 

MSFG-SPEG-471 

Solvent,  1,  1,  1 - Trlchloroethane. 
Hl^  Purity,  Inhibited. 

STANDARDS  ^ 

Georee  G.  Marshall  Soace 

1 Flisht  Genter 

MSFG-STD-246 

Design  and  Operational  Grlteria 
of  Gontrolled  Environment  Areas. 

HSFC-STD-343 

Preservation,  Packaging,  Packing, 
Marking,  Handling,  and  Shipping 
of  Space  Vehicle  Gomponents, 
Parts,  and  Associated  Equipment, 
General  Standard  for.* 
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PROCEDURE 

George  C.  Marshall  Space  Flight  Center 

MSFC'*PR0C-A04  Gases,  Drying  and  Preservation, 

Cleanliness  Level  and  Inspec- 
tion Methods, 

(Copies  of  specifications,  standards,  drawings,  and  publications  required 
by  contractors  in  connection  with  specific  procurement  functions  should 
be  obtained  from  the  procuring  activity  or  as  directed  by  the  contracting 
officer,) 

3,  REQUIREMENTS 

3.1  Production  cleaning  and  preservation  process  approval.  « The 
cleaning  and  preservation  process  and  the  type  equipment  to  be  used  shall 
be  left  to  the  discretion  of  the  manufacturer;  however,  approval  of  the 
process  and  the  type  of  equipment  to  be  used  shall  be  obtained  from  the 
procuring  activity  prior  to  cleaning  and  handling.  The  utilization  of  a 
recommended  procedure  will  not  guarantee  acceptance  of  the  end  product. 
The  contractor  shall  be  required  to  submit  to  the  contracting  officer  a 
statement  in  writing  containing  the  following  information: 

(a)  Processing  materials  to  be  used.  This  shall  Include, 

as  applicable,  trade  names,  specifications,  chemical 
and  physical  properties, 

(b)  Processing  equipment  and  cleaning  procedures  to  be  used, 

(c)  Quality  assurance  provisions  to  be  utilized.  This  shall 

include  in  process  control  procedures  to  pre^^nt  built- 
in  contamination  or  latent  corrosion, 

(d)  Preservation  methods  and  preservation  materials  to  be  used 

(Preservation  methods  proposed  shall  reflect  the  requirements 

presented  in  Standard  MSFC-STD-343,') 

(e)  Controlled  environment  levels  to  be  maintained  for  cleaning 

assembly,  handling,  and  test, 

3.2  Materials , - Processing  and  protection  materials  used  shall  be 
as  specified  herein,  on  the  drawing,  or  of  a qtiality  approved  by  the  pro- 
curing activity  (see  3,1). 

3.2.1  Test  and  cleaning  solvents.  - Normally  the  selection  of 
cleaning  solvents  is  left  to  the  discretion  of  the  cleaning  activity  (see 
3.1).  However,  selected  solvents  shall  be  compatible  with  the  item  being 
cleaned  (e.g.,  methyl  alcohol,  0<M-232,  is  compatible  with  and  shall  be 
used  to  clean  or  test  Kel»F  materials;  but,  chlorinated  solyenjt,  such  as 
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trichloroethylene  and  trlchloroethane,  are  not  compatible  with  titanium 
alloys  and  shall  not  be  used  unless  specifically  approved  by  the  procuring 
activity).  Test  and  cleaning  solvents  are  subject  to  rapid  chemical  de- 
composition when  exposed  to  even  small  quantities  of  water  or  dissimilar 
solvents  which  result  In  adverse  effects  on  both  metallic  and  nonmetallic 
materials.  Every  effort  shall  be  made  to  prevent  contamination  of  solvents 
with  water  or  dlsslmlllar  solvents. 

NOTE 

. Due  to  degradation  caused  by  mixtures  of  some  , 
solvent-water  or  dlsslmlllar  solvents,  parts 
or  components  subjejcted  to  the  solvents  , 
specified  herein  during  cleaning  or  testing 
operations  shall  be  thoroughly  dried  with 
drying  gas  (see  3.2.2)  prior  to  and  sub- 
sequent to  a water  pr  dlsslmlllar  solvent 
flush. 

3. 2. 1.1  Test  solvent.  - Tesjt  (solvents  shall  conform  to  Specifica- 

tion, type  I of  MlL-C-81302,  type  1 of  MIL-T-27602,  type  I or  type  II  of 
MSFG-SFEC-^17,  MSFC-SFECt237,,  or  HSFC-SPEC-471  and  shall  meet  the  i 
following  requirements.!  . 

T (a)  The  nonvolatile  residue  shall  be  not  greater 

than  0.010  gram  (g)  per  500  milliliters  . i , , 

(ml)  at  2^1  + 9 degrees  Fahrenheit  (°F) 
when  tested  In  accordance  with  4. 4.3. 2. 

(b)  There  shall  be  no  pqrtlcle  over  175  microns 
in  any  dimension  and  no  more  than  5 
particles  from  lOQ  to  175  microns  In  size 
when  tested  in  accordance  with  4. 4 .3.1. 

3. 2.1. 2 Cleaning  solvent. 

3.2.1. 2.1  Vapor  degreasing.  - Unless  otherwise  approved  in  accor- 
dance with  3.1,  solvents  used  for  vapor  degreasing  cleaning  processes 
shall  conform  to:  type  I of  UIL-T-27602,  MIL-G-81302,  UIL-T-81533, 
type  I or  type  II  of  MSFe-SPEC-217,  or  MSFC-SPEG-237 . 

NOTE 

The  1,  I9  1 trichloroethane  (inhibited)  covered, 
by  Specification  HIL-T-81533  is  Intended  for 
vapcr  degreasing  where  air  pollution  regulations 
preclude  the  use  of  other  materials* 
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3. 2. 1.2. 2  Inanersion  cleaning  solvents.  » Unless  otherwise  approved 
in  accordance  with  3.1,  solvents  used  for  inozersion  cleaning  process  shall 
conform  to:  type  I of  MlL-T-27602,  type  I of  HIL-G<-81302j  type  I or 

type  II  of  MSFC-SPEC-217,  MSFC-SPEC-237,  or  MSFC-SPEG-471  and  shall  meet 
the  nonvolatile  residue  content  as  specified  for  test  solvents  (see  3,2.1i,l) 

3% 2. 1.3  Fluids . > Fluids  other  than  fluids  in  controlled  environment 
areas  (see  3.2.13)  that  contact  cleaned  surfaces  after  final  cleaning  or 
testing  for  cleanliness  shall,  as  a minimum,  meet  the  requirements  for 
test  solvents  (see  3. 2. 1.1)  for  liquids  and  drying  gas  (see  3.2.2)  for 
gases . 


3,2.2  Drying,  testing  or  preservation  gas.  - Gases  used  in  drying, 
testing,  or  preservation  processes  shall  confoinn  to  the  cleanliness  and 
quality  assurance  requirements  for  gases  as  specified  in  Procedure 
MSFC-PROC-404, 


3. 2. 2.1  Nitrogen  - Nitrogen  gas  used  in  the  drying  or  preservation 
processes  shall  conform  to  type  I,  class  1,  grade  B of  BB-N-411;  to 

type  I of  UIL-P-27401;  or  to  type  I of  NSFG-SPEG-234,  and  shall  meet  the 
requirements  of  3.2.2. 

3. 2. 2. 2 Air.  - Air  used  in  the  drying  or  preservation  processes  shall 
confom  to  the  requirements  specified  in  3.2.2. 

3.2.3  Filter  paper.  - Filter  paper  shall  be  either  approved  mesibrane 
(10  micron  pore  size,  or  less)  or  fiber  type  (e.g.,  Nhatman  No.  42,  45  NM) 
and  shall  be  compatible  with  the  fluids  being  tested, 

3.2.4  Trisodium  phosphate.  - Trlsodium  phosphate  used  in  the  cleaning 

process  shall  conform  to  Specification  O-S-642,  , 

3.2.5  Nitric  acid.  - Nitric  acid  used  in  the  cleaning  process  shall 
conform  to  Specification  O-N-350. 

3.2.6  Phosphoric  acid.  - Phosphoric  acid  used  in  the  cleaning  pro- 
cess shall  conform  to  Specification  0-0-670. 

3.2.7  Hydrochloric  acid.  - hydrochloric  acid  if  used  in  the  cleaning 
process  shall  conform  to  Specification  O-H-765, 

3.2.8  Hydrofluoric  acid.  - Hydrofluoric  acid  if  used  in  the  cleaning 
process  shall  conform  to  Specification  O-H-795. 

3.2.9  Detergent  cleaning  agent.  - Detergent  cleaning  agents  used  in 
the  cleaning  process  shall  conform  to  Specification  HIL*d)-16791. 
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3.2.10  Demineralized  water.  - Demineralized  \mter,  if  specified  for 
rinsing  or  testing  operations,  shall  contain  no  particle  over  175  microns 

in  any  dimension  and  no  more  than  5 particles  from  100  to  175  microns  in  size 
when  tested  in  accordance  with  4*4,3,1.  The  minimum  specific  resistance  of 
the  water  shall  be  50,000  ohms  with  a pH  rating  between  6,0  and  8.0, 

3.2.11  Tape.  - Tape  used  to  sectire  and  reinforce  protective  covers 
shall  conform  to  Specification  FFF-T-60, 

3.2.12  Frotective  materials  ard  devices.  - Protective  materials  and 
devices  that  serve  as  contamination  barriers  in  contact  with  or  exposed 

to  significant  surfaces  shall  be  compatible  with  the  applicable  service  media 
(e.g,  oxygen  systems  per  MSFC”SFEG-106).  Prior  to  use,  the  materials  or 
devices  shall  be  cleaned  and  dried  to  a level  compatible  with  the  component 
cleanliness  requirement.  Under  norcsal  usage,  the  materials  or  devices  shall 
be  lint  free,  and  shall  not  delaminate,  peel,  disintegrate,  slough  or  other** ' 
wise  deteriorate  in  a manner  that  will  contaminate  the  cleaned  item.  (See 
MSFC-SPEC-456) , 

’*  3.2.13  Controlled  areas.  - Final  cleaning,  testing,  assembly,  pack- 
aging, and  analysis  of  components  cleaned  in  accordance  with  this  specifl** 
cation  shall  be  performed  in  an  environmentally  controlled  area  compatible 
with  the  component  cleanliness  requirements  (see  3.1.e),  Standard  MSFC- 
STD-246  will  be  used  by  the  procuring  activi^  to  evaluate  the  applicable 
environmentally  controlled  area. 

3,3  Precleaning. 

3.3.1  Precleaning.  - Dust  and  grit,  scale,  corrosion,  grease,  oil,, 
and  other  major  soils  shall  be  removed  and  a pressure  test  performed  as 
applicable  prior  to  final  cleaning. 

3.3.2  Precleaning  and  surface  treatment.  - Metallic  items  shall  be 
treated  (cleaning,  passivating,  and  coating  processes)  to  prevent  latent 
corrosion  and  contamination.  Items  that  do  not  lend  themselves  to  this  ' 
type  of  treatment,  as  an  assembled  item,  shall  be  ^treated  prior. to 
assembly,  surface  treated  areas  imparled  during  fabrication  and  assembly 
Shall  be  reprocessed,  as  required,  to  restore  the  original  protective 
finish. 


3 .4  Tubing  and  hoses. 

3.4.1  Particle  size  limitations.  - Tubing  and  hoses  used  in  onboard 
and  ground  support  equipment  oxygen^,  fuel,  or  pneumatic  systems  shall  be 


as  defined  for  the  purpose  of  this  specification,  shall 
include  both  gaseous  and  liquid  forms. 


7 


MSFC-SPEC-164 
October  1,  1970 


cleaned  to  ccm^ly  with  the  lisdts  specified  herein.  Particles  of  con- 
tamination per  square  foot  of  component  surface  area  (see  6.3)  shall  not 
exceed  the  following  limits: 

(a)  No  particle^  greater  than  2500  microns  in  ai^  dimension. 

(b)  One  particle  between  700  and  2500  microns. 

(c)  Five  particles  between  175  and  700  microns. 

3.4.2  Nonvolatile-residue  contents 

3. 4. 2.1  Oxygen  systems.  - The  nonvolatile-residue  contamination  on 

the  significant  surfaces^  of  the  tubing  and  hoses  used  in  oxygen  systems 
shall  be  not  greater  than  0.001  g per  square  foot  of  surface  area  as  > 
determined  by  analysis  of  the  reliability  test  solution  tested  in 
accordance  with  4.4. 2. 2.  \ ' 

^ 3. 4.2.2  Fuel  systems.  - No  nonvolatile  residue  requirement. 

3. 4. 2.3  Pneumatic  systems. 

3. 4. 2. 3.1  Onboard  systems.  - The  cleaning  procedure  shall  completely 
remove  all  traces  of  oil,  wax  and  gum,  and  other  organic  soils  as  deter- 
mined by  visual  examination  or  any  other  test  method  determined  acceptable 
by  the  procuring  activity. 

3. 4. 2.3. 2 Ground  support  equipment  systems.  - The  nonvolatile-residue 
contamination  on  the  significant  surfaces  of  tubing  and  hoses  used  in 
ground  support  equipment  pneumatic  systems  shall  be  not  greater  than  0.001  g 
per  square  foot  of  surface  area  as  determined  by  analysis  of  the  reliability 
test  solution  tested  in  accordance  with  4.4. 2. 2. 

3.4.3  Rinsing.  - Gleaned  tubes  and  hoses  shall  be  rinsed,  as  applica- 
ble, to  remove  cleaning  and  preparation  chemicals.  The  cleaned  and  rinsed 
tube  and  hose  surfaces  shall  register  a pH  within  a range  from  6.0  to  8.0. 


^Particles,  as  defined  for  the  purpose  of  this  specification,  shall. 
Include  all  foreign  material  whether  it  is  metallic  or  non-metallic. 

^Significant  surfaces,  as  defined  for  the  purpose  of  this  specifica- 
tion, shall  include  all  component  surfaces  that  may  come  in  cmtact  with 
the  respective  service  taedium. 
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3.4.4  Drying.  - Tubes  and  hoses  shall  be  thoroughly  dried  by  flowing 
pre filtered  drying  gas  (see  3.2.2)  through  the  tubes  and  hoses.  The 
effluent  gas  shall  not  exhibit  moisture  pickup  or  measurable  concentrations 
of  residual  organic  solvents  when  tested  in  accordance  with  4.4. 2. 3. 
Miscellaneous  items,  control  assemblies,  and  large  containers  that  do  not 
lend  themselves  to  this  type  of  drying  or  testing  procedures  shall  be 
dried  and  tested  in  accordance  with  procedures  approved  by  the  procuring 
activity  (see  3.1). 

3.4.5  Protection.  ~ Tubes  and  hoses  shall  be  protected  by  sealing 
openings  with  approved  coverings  (see  3.2.12)  and  secured  with  tape  (see 
3.2.11).  Tubes  and  hoses  to  be  shipped  or  stored  after  cleaning  shall  be 
placed  in  visually  clean  bags.  The  interior  of  the  bags  and  parts  shall 
be  purged  with  an  inert  drying  gas  (see  3.2.2)  to  assure  an  inert  storage 
package.  The  bags  shall  be  completely  sealed.  The  sealed  bags  shall  be 
overpacked  as  necessary  to  prevent  damage  to  the  bags,  tubes,  hoses,  or 
integral  parts.  Desiccants,  when  required  for  additional  corrosion  pro* 
tectlon  shall  not  be  placed  in  such  a manner  as  to  recontaminate  the 
cleaned  surfaces  of  components.  Provisions  shall  be  made  for  monitoring 
desiccants.  Other  packaging  materials  conq>atlble  with  the  applicable 
service  media  may  be  used;  however,  the  gas  purging  and  overpackaging 
requirements  shall  be  as  listed  above.  If  alternate  methods  are  used, 
prior  approval  of  the  materials  and  procedures  shall  be  obtained  from  the 
procuring  activity. 

3 .5  Thbing.  rigid. 

3.5.1  Corrosion"resistant  steel.  • 

3. 5. 1.1  Particle  size  limitations.  - Gorrosion*resistant  steel 
tubing  used  in  onboard  and  ground  support  equipment  oxygen,  fuel,  or  pneu* 
matic  systems  shall  be  cleaned  to  meet  the  requirements  specified  in  3.4.1. 

3. 5.1. 2 Honvolatile"residue  content. 

3. 5. 1.2.1  Oxygen  systems.  - The  nonvolatile-residue  contamination 
shall  be  no  greater  than  as  specified  in  3.4. 2.1. 

3. 5. 1.2.2  Fuel  systems.  - Mo  nonvolatile-residue  requirements. 

3. 5. 1.2.3  Pneumatic  system. 

3. 5.1. 2.3.1  Onboard  systems.  - The  cleaning  procedure  shall  be  as 
specified  in  3. 4. 2.3.1. 

3.5. 1.2.3. 2 Ground  support  equipment  systems.  - The  nonvolatile- 
residue  contamination  shall  be  not  greater  than  that  specified  in 

3. 4. 2.3. 2. 
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3.5. 1.3  Rtnelng.  - Tubing  shall  be  rinsed  as  specified  in  3.4. 3. 

3. 5. 1.4  Drying.  - Tubing  shall  be  dried  as  specified  in  3.4»4. 

3.5. 1«5  Protection.  - Tubing  shall  be  protected  as  specified  in 

3.4.5. 

3. 5. 1.6  Reconmended  procedure.  - A cleaning,  rinsing,  and  drying 
procedure  that  has  been  found  acceptable  to  the  procuring  activity  for 
cleaning  corrosion-resistant  steel  tubing  to  the  levels  specified  herein 
is  as  follows: 

(a)  Girculate  an  approved  Inhibited  nonetch  alkaline  cleaning 
solution  (e.g.  Turco  4215  - Concentration  10  plus  or 
minus  2 oz  per  gallon,  or  equal)  at  160  plus  or  minus 
10  degrees  F,  through  the  tubing  or  hoses  for  a minimum 
of  10  minutes.  The  circulation  rate  shall  be  not  less 
than  20  tubing  or  hose  volumes  of  liquid  per  minute. 

^ (b)  Flush  tubing  thoroughly  with  large  quantities  of  tap  water 

for  a minimum  of  10  minutes  at  room  temperature. 

(c)  Circulate  a solution  of  10  plus  or  minus  2.0  percent  by 

weight  a nitric  acid,  conforming  to  Specification 
O-N-350,  at  170  to  190  degrees  F,  through  the  tubing 
for  a minimum  of  5 miuutes  and  maximum  of  10  minutes. 

(d)  Flush  thoroughly  with  large  quantities  of  demineralized 

water  (see  3.2.10)  in  the  manner  described  in  step  (b). 

(e)  Dry  tubing  thoroughly  with  a drying  gas  (see  3.2.2)  in 

accordance  with  procedure  specified  in  3.4.4  or  by  a 
vacuum  drying  process. 

3.5.2  Aluminum  alloy. 

3. 5. 2.1  Particle  size  limitations.  - Aluminum  alloy  tubing  used  in 
onboard  and  ground  support  equip-^ent  o^^gen,  fuel,  or  pneumatic  systems 
shall  be  cleaned  to  meet  requirements  specified  in  3.4.1. 

3.5.2.2  Nonvolatile-residue  content. 

3.5.2.2.1  Oxygen  systems.  - The  nonvolatile-residue  contamination 
shall  be  not  greater  than  that  specified  in  3 .4. 2.1. 

3.5. 2.2.2  Fuel  systems.  - No  nonvolatile  residue  requirements. 

3.5. 2.2.3  Pneumatic  systems. 

3.5.2.2.3.1  Onboard  systems.  - The  cleaning  procedure  shall  be  as 
specified  in  3.4.2.3.I. 
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3*5«2a2.3.2  Ground  support  equipment  systems.  - The  nonvolatile 
residue  contamination  shall  be  not  greater  than  that  specified  in 

3.4.2,3.2. 

3«Se2«3  Rinsing o * Tubing  shall  be  rinsed  as  specified  in  3»4.3.> 
3 .5 •2.4  Drying.  • Tubing  shall  be  dried  as  specified  in  3.4.4. 

3. 5 .2.5  Protection.  - Tubing  shall  be  protected  as  specified  in 

3.4.5. 

3. 5.2.6  Recommended  procedure.  - A cleaning,  rinsing,  and  drying 
procedure  that  has  been  found  acceptable  to  the  procuring  activity  for 
cleaning  alumlmnn  alloy  tubing  to  the  levels  specified  herein  is  as 
follows: 

(a)  Circulate  a solution  as  described  in  step  (a)  for 

corrosion-resistant  steel  tubing  (see  3. 5. 1.6). 

* 

(b)  Flush  tubing  thoroughly  with  large  quantities  of  tap 

water  in  the  same  manner  as  described  in  step  (b) 
for  corrosion-resistant  steel  (see  3. 5.1. 6). 

<c)  Circulate  a solution  of  3.0  to  5.0  percent  nitric  acid, 
conforming  to  Specification  O-N-350»  throu^  the 
tubing  at  85  to  95  degrees  F for  a minimum  of  5 
minutes  and  a maximum  of  7 minutes.  A solution  of 
5 plus  or  minus  0.5  percent  by  weight  of  phosphoric 
acid  conforming  to  Specification  0-0-670  at  160  to 
180  degrees  F may  be  used  for  removing  heavy  soils 
that  cannot  be  removed  with  the  nitric  acid  solution. 
In  such  cases  circulate  the  solution  throu^  the 
tubing  for  a minimum  of  5 minutes  and  a maximum  of 
7 minutes . 

(d) ,  Flush  tubing  thoroughly  with,  large  quantities  of 

demineralized  water  (see  3.2.10)  in  the  same  manner 
as  described  in  step  (d)  for  corrosion-resistant 
steel  tubing  (see  3.5. 1.6). 

(e)  Dry  the  tubing  thoroughly  as  described,  .in  step  (e) 

for  corrosion-resistant  steel  tubing  in  3. 5.1. 6. 

' I , 

3.6,  Flexible  hose  assemblies. 

3.6.1  Teflon  lined. 
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3.6. 1.1  Particle  size  limitations.  - Teflon-lined  flexible  hoses 
used  in  onboard  and  ground  support  equipment  oxygen,  fuel,  and  pneumatic 
systems  shall  be  cleaned  to  meet  requirements  specified  in  3.4.1. 

3. 6. 1.2  Nonvolatile-residue  content. 

3.6.1. 2.1  Oxygen  systems.  - The  nonvolatile-residue  contamination 
shall  be  not  greater  than  that  specified  in  3.4.2.I. 

3. 6. 1.2.2  Fuel  systems.  - No  nonvolatile-residue  requirement. 

3. 6. 1.2. 3 Pneumatic  systems. 

3. 6.1. 2.3.1  Onboard  systems.  - The  cleaning  procedure  shall  be  as 
specified  in  3. 4. 2. 3.1. 

3. 6. 1.2. 3.2  Ground  support  equipment  systems.  - The  nonvolatile- 
residue  contamination  shall  be  not  greater  than  that  specified  in 

3 .4^^. 3. 2. 

3.6. 1.3  Rinsing.  - Hoses  shall  be  rinsed  as  specified  in  3.4.3. 

3. 6. 1.4  Drying.  - Hoses  shall  be  dried  as  specified  in  3.4.4. 

3. 6.1.5  Protection.  - Hoses  shall  be  protected  as  specified  in  3.4.5. 

3. 6. 1.5.1  Recommended  procedure.  - A cleaning,  rinsing,  and  drying 
procedure  that  has  been  found  acceptable  to  the  procuring  activity  to 
meet  the  levels  specified  herein  for  teflon-lined  flexible-hose  assemblies 
is  as  follows: 

(a)  Brush  interior  of  components  thoroughly  for  10  to  15 

minutes  with  a nylon  brush  and  0.5  percent  detergent 
and  water  solution  at  a temperature  of  122  (plus  or 
minus  9)  degrees  F. 

(b)  Flush  interior  of  hoses  for  2 to  5 minutes  with  demin- 

eralized water  (see  3.2.10)  at  room  temperature. 

(c)  Vacuum  dry  or  purge  with  prefiltered  drying  gas  (see  3.2.2). 

(d)  Flush  with  solvent  conforming  to  requirements  specified  in 

3. 2. 1 .2.2. 

(e)  Purge  with  pre  filtered  drying  gas  conforming  to  the  require- 

ments of  3.2.2. 

' (£)  Vacuum  dry  internal  and  external  surfaces.  • 
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3«6«2  All  metal  hose. 

3«6«2«1  Particle  size  limitations.  * All  metal  £lexlble**hose  assem* 
blies  used  in  onboard  and  ground  support  equipment  os^geoj  fuel,  and 
pneumatic  systems  shall  be  cleaned  to  meet  requirements  specified  in 

3.4.1. 


3. 6. 2. 2  Nonvolatile«»re3ldue  content. 


3. 6. 2. 2.1  Oxygen  systems.  - The  nonvolatile -residue  contamination 
shall  be  not  greater  than  that  specified  in  3. 4. 2.1. 

3. 6. 2. 2. 2 Fuel  systems.  - No  nonvolatile-residue  requirement. 

3. 6.2. 2.3  Pneumatic  systems. 

3.6. 2.2.3. 1 Onboard  systems.  - The  cleaning  procedure  shall  be  as 
specified  in  3.4.2.3.I. 

3. 6. 2.2.3. 2 Ground  support  equipment  systems.  - The  nonvolatile- 
residue  contamination. shall  be  not  greater  than  that  specified  in 
3.4.2.3.2. 


3. 6. 2.3  Rinsing.  - All  metal  flexible-hose  assemblies  shall  be  ' 
rinsed  as  specified  in  3.4.3. 

3. 6. 2.4  Drying.  - All  metal  flexible-hose  assemblies  shall  be  dried 
as  specified  in  3.4.4. 

3. 6. 2.5  Protection.  - All  metal  flexible-hose  assemblies  shall  be 
protected  from  recontamination  by  sealing  all  openings  with  approved 
secured  closures,  placing  the  assemblies  in  polyethylene  bags,  purging 
bags  with  a dry  oil -free  gas  to  assure  an  inert  package  during  storage, 
heat-sealing  both  ends  of  bags,  and  overpacking  as  necessary  to  prevent 
recontamination  or  damage  during  handling  and  storage. 

3. 6. 2. 6 Recommended  procedure.  - Cleaning,  rinsing,  and  drying 

procedures  that  have  been  found  acceptable  to  the  procuring  activity  to 
meet  the  levels  specified  herein  for  all  metal  flexible-hose  assemblies 
are  as  follows:  . 

(a)  Ultrasonic  cleaning. 

*1.  Glean  hose  assemblies  in  an  ultrasonic  cleaning 
tank  equipped  with  a recirculating  system 
utilizing  a 10  micron  filter.  The  solution 
shall  be  a detergent  cleaning  agent  (see  3.2.9) 
and  demineralized  water  (see  3.2.10). 
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*2.  Rinse  by  flushing  with  demineralized  water.  • 

3.  Vacuum  dry  or  purge  with  prefiltered  dry,  oil-free 

gas. 

4.  Flush  with  solvent  conforming  to  the  requirements 

specified  in  3. 2.1. 2.2. 

*5.  Purge  with  prefiltered  drying  gas  conforming  to 
the  requirements  of  3.2.2. 

*6.  Vacuum  dry  Internal  and  external  surfaces. 

(b)  Detergent  cleaning. 

*1.  Brush  interior  of  flexible  hose  assemblies  thoroughly 
for  10  to  15  minutes  with  a nylon  brush  and  0.5 
percent  detergent  and  water  solution  at  a ten^era- 
ture  of  122  plus  or  minus  9 degrees  F. 

*2.  Flush  for  2 to  5 minutes  with  demineralized  water 
(see  3.2.10)  at  room  temperature. 

3.  Vacuum  dry  or  purge  with  prefiltered  drying  gaS 

(see  3.2.2). 

4.  Flush  with  solvent  conforming  to  the  requirements 

specified  in  3. 2. 1.2. 2.  - ' 

*5.  Purge  with  prefiltered  drying  gas  conforming  to  the 
requirements  of  3.2.2. 

*6.  VacuTun  da^  Internal  and  external  surfaces. 

NOTE 

Steps  preceded  by  * are  only  steps  recommended  for 
fuel  systems.  All  steps  are  applicable  to  recom- 
mended procedure  for  oxygen  and  pneumatic  systems. 

3,7  Miscellaneous  components. 

3.7.1  Metallic  and  Teflon. 


3. 7. 1.1  Particle  size  limitations.  - Miscellaneous  metallic  and 
teflon  components  used  in  onboard  and  ground  support  equipment  oaqrgen, 
fuel,  and  pneumatic  systems  shall  be  cleaned  to  meet  requirements 
specified  in  3.4.I. 
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3.7.1.2  Honvolatile»resldue  content. 

3. 7. 1.2.1  Oxygen  systems.  - The  nonvolatile-residue  contamination 
shall  be  not  greater  than  that  specified  in  3. 4. 2.1. 

3. 7.1. 2. 2 Fuel  systems.  - No  nonvolatile -residue  requirements. 

3. 7. 1.2. 3 Pneumatic  systems.  - 

3. 7. 1.2. 3.1  Onboard  systems.  - The  cleaning  procedure  shall  be  as 
specified  In  3. 4. 2. 3.1. 

3. 7.1. 2.3. 2 Ground  support  equipment  systems.  - The  nonvolatile- 
residue  contamination  shall  be  not  greater  than  that  specified  in 

3.4.2.3.2. 


3. 7.1. 3  Rinsing.  - Miscellaneous  metallic  and  teflon  components 
shall  be  rinsed  as  specified  in  3.4.3. 

^ 3. 7. 1.4  Drying.  - Miscellaneous  metallic  and  teflon  components 
shall  be  dried  as  specified  in  3.4.4. 

3. 7.1.5  Protection.  - All  significant  surfaces  or  openings  to  sur- 
faces that  will  contact  the  applicable  service  medium  of  miscellaneous 
metallic  and  teflon  components  shall  be  protected  from  recontamination 
by  sealing  the  surfaces  or  openings  with  approved  coverings  (see  3.2.12) 
and  secured  with  tape  (see  3.2.11)  or  other  approved  methods.  The  pro- 
tected components  shall  be  placed  in  visually  clean  bags  (bags  purged 
with  drying  gas  - see  3.2.2),  completely  sealed  to  assure  an  inert  package 
during  storage,  and  overpacked  as  necessairy  to  prevent  damage  during  storage 
and  handling.  If  alternate  methods  are  used,  prior  approval  of  the  mate- 
rials (other  than  materials  conforming  to  Specification  MSFC-SPEC-456)  and 
procedures  shall  be  obtained  from  the  procuring  activity  (see  3.1).  See 
3.4.5  for  use  of  desiccants. 

3. 7. 1.6  Recommended  procedure.  - Due  to  various  types  and  complex- 
ities of  components  covered  under  this  classification,  no  recommended 
procedure  is  Included.  Contractors  shall  submit  respective  procedure 
for  approval  in  accordance  with  3.1. 

3.7.2  Nonmetal lie  components. 

3. 7. 2.1  Particle  size  limitations.  - Nonmetallic  miscellaneous  com- 
ponents shall  be  cleaned  in  such  a manner  that  all  visible  foreign  con-- 
taminatlon  will  be  removed. 

3. 7. 2.2  Freedom  from  oils  and  greases.  - The  cleaning  procedure 
shall  be  as  specified  in  3.4.2.3.I. 
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3. 7.2.3  Rinsing.  » IMonmetallie  components  shall  be  rinsed  as 
specified  in  3.4.3. 

3. 7. 2.4  Drying  1 <•  lioametalllc  components  shall  be  dried  as  speci- 
fied in  3.4.4. 

3. 7. 2.5  Protection.  - Nonsietallic  con^onents  shall  be  protected  as 
specified  in  3. 7. 1.5. 

3. 7.2.6  Recommended  procedure.  » Due  to  various  types  and  complex- 
ities of  components  coverad  under  this  classification,  no  recommended 
procedure  is  included.  C'imtractors  shall  submit  procedure  for  approval 
in  accordance  with  3.1. 

3,8  Control  assemblies. 

3.8.1  Metallic  control  assemblies  or  assembly  components. 

3. 8. 1.1  Particle  siy.e  limitations.  - Requirements  for  metallic  con- 
trol components  and  assemblies  used  in  onboard  and  ground  support  equip- 
ment o:^gen,  fuel,  or  pnetmaatic  systems  shall  be  as  specified  in  3.4.1, 

3.8. 1.2  Nonvolatile  residue  content. 

3. 8. 1.2.1  Oxygen  systems.  - The  nonvoILatile-resldue  contamination 
shall  be  no  greater  than  as  specified  in  3.<^^:.2.1, 

3. 8. 1.2. 2 Fuel  systems.  - No .nonvolatile-residue  requirement. 

• I 

3. 8. 1.2.3  Pneumatic  systems. 

3. 8. 1.2. 3.1  Onboard  systems.  - fhe  cleaning  procedure  shall  be  as 
specified  in  3. 4. 2. 3.1. 

3. 8. 1.2.3. 2 Ground  support  eauinment  systems.  - The  nonvolatile- 
residue  contamination  shall  be  no  greater  than  specified  in  3. 4. 2. 3. 2. 

3. 8. 1.3  Rinsing.  - MetaIli&JU}nl>rol.„ components  and  assemblies  shall 
be  rinsed  as  specified  in  3.4.3. 

3. 8 .1.4  Drying.  - Metallic  control  components  and  assemblies  shall 
be  dried  as  specified  in  3.4.4. 

3. 8. 1.5  Protection.  - Metallic  control  cooqionents  and  assesblies  ' 
shall  be  protected  as  specified  in  3.7»1.S. 
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3 .8 • 1.6  Recommended  procedure.  - Due  to  various  types  and  complex- 
ities of  components  covered  under  this  classification,  no  recommended 
procedure  Is  Included,  Contractors  shall  submit  respective  procedure  for 
approval  in  accordance  with  3,1. 

NOTE 

Many  control  assemblies  are  cleaned  and  Inspected 
as  metallic  and  nonmetallic  parts,  then  assembled. 

Cleaning  and  testing  of  control  assemblies,  by 
flushing  with  liquids  or  purging  with  gases  are 
not  generally  recommended.  However,  If  applicable, 
the  contractor  shall  include,  as  a part  of  the 
cleaning  and  preservation  processes  (see  3.1), 
procedures  for  cleaning,  handling,  assembling, 
protecting,  and  testing  of  assembled  conqionents. 

3.8.2  Nonmetallic  control  assembly  components. 

**  3.8.2.1  Particle  size  limitations.  - Nonmetallic  control  assembly 
components  shall  be  cleaned  as  specified  In  3. 7. 2.1. 

3. 8. 2. 2 Freedom  from  oils  and  greases.  - The  cleaning  procedure 
shall  be  as  specified  In  3. 4. 2. 3.1. 

3. 8. 2.3  Rinsing.  - Nonmetallic  control  assembly  components  shall 

be  rinsed  as  specified  In  3.4.3.  ' 

3. 8. 2.4  Drying.  - Nonmetallic  control  assembly  components  shall 
be  dried  as  specified  in  3.4,4. 

3. 8. 2.5  Protection.  - Nonmetallic  control  assembly  components  shall 
be  protected  as  specified  in  3. 7. 1.5. 

3. 8. 2.6  Recommended  procedure.  - Due  to  various  types  and  complex- 
ities of  components  covered  under  this  classification,  no  recommended 
procedure  is  included.  Contractors  shall  submit  respective  procedure 
for  approval  in  accordance  with  3.1.  (See  NOTE  3. 8. 1.6) 

3.9  Containers  (metallic). 

3.9.1  Liquid  and  pneumatic. 

3. 9. 1.1  Particle  size  limitation.  - Liquid  and  pneumatic  containers 
shall  be  cleaned  to  meet  the  icl:eanl'£n€3S  llmlts'ispecifred  herein  based  on 
the  specified  saiiq>ling  plan  (see  4.4. 1.4.1).  Particles  of  contamination 
per  square  foot  of  surface  area  (area  exposed  to  the  service  medium  (see 
6.3))  shall  not  exceed  the  following  limits: 

(a)  No  particle  greater  than  2500  microns  in  any  direction. 
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(b)  One  particle  between  700  and  2500  microns. 

(c)  Five  particles  between  175  and  700  microns. 

3. 9. 1.2  Nonvolatile-residue  content. 

3. 9.1. 2.1  Oxygen  containers.  - The  nonvolatile-residue  cont . Inatloa 
on  the  significant  surfaces  of  o:qrgen  containers  (according  to  cotut^onent 
surface  area)  shall  be  not  greater  than  0.005  g per  square  foot  as  deter- 
mined by  analysis  of  the  test  solution  of  4.4. 1.4. 2 in  accordance  with 
4.4, 2. 2. 

3. 9. 1.2. 2 Fuel  containers.  - No  nonvolatile-residue  requirement. 

3. 9. 1.2. 3 Pneumatic  containers. 

3. 9. 1.2. 3.1  Onboard  systems.  - The  cleaning  procedure  shall  com- 
pletely remove  all  traces  of  oil,  wax,  gum,  and  other  organic  soils  as 
determined  by  visual  examination  or  any  other  test  method  determined 
accdptablo  by  the  procuring  activity, 

3. 9. 1.2. 3. 2 Ground  support  equipment  systems.  - The  nonvolatile- 
residue  contamination  on  the  significant  surfaces  of  ground  support 
equipment  pneumatic  system  containers  (according  to  coitq>onent  surface  area) 
shall  be  not  greater  than  0.001  g per  square  foot  as  determined  by  analysis 
of  the  test  solution  of  4, 4. 1.3  in  accordance  with  4.4. 2. 2. 

3. 9. 1.3  Rinsing.  - Liquid  and  pneumatic  containers  shall  be  ade- 
quately rinsed  to  remove  cleaning  and  preparation  chemicals. 

3. 9. 1.4  Drying.  - Inner  surfaces  of  liquid  and  pneumatic  containers 
shall  be  thoroughly  dried  as  evidenced  by  no  moisture  pickup  in  pre- 
filtered gas  (see  3.2.2)  passing  throu^  the  container. 

3. 9. 1.5  Protection.  - Immediately  after  drying,  liquid  and  pneumatic  - 
container  openings  shal  *.  be  covered  with  approved  precleaned  dry  covers 
secured  in  a manner  co  ,>revent  detachment  or  damage  during  handling,  stor- 
age, or  shipment.  Covers  shall  be  designed  to  facilitate  tank-venting  and 

to  prevent  recontamination  of  the  tank  interior. 

3. 9. 1.6  Recommended  procedure.  - Due  to  size  of  containers  and  the 
complexity  of  construction,  no  recommended  procedure  is  submitted.  The 
contractor  shall  submit  procedures  for  approval  in  accordance  with  3,1. 

However,  the  procedure  and  materials  used  shall  be  such  that  harmful  

residue  cannot  be  entrapped  within  the  container. 
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3.10  Marking.  - Unless  otherwise  specified  by  the  procuring  activ- 
ity, cleaned  components  shall  be  marked  with  tags  conforming  to  type  C, 
Specification  UU-T-81,  and  shall  contain  the  following  Information: 

(a)  Part  or  identification  number. 

(b)  Contractor  identification. 

(c)  Contractor  cleaning  and  packaging  procedure  identification 

(number,  title,  etc.) 

(d)  Date  of  cleaning. 

(e)  Title,  date,  and  number  of  this  specification. 

(f)  Service  medium  or  intended  use  of  component. 

(g)  Manufacturer's  serial  number. 

**  4.  QUALITY  assurance  PROVISIONS 

4.1  The  supplier  is  responsible  for  the  performance  of  all  inspec- 

tion requirements  as  specified  herein.  Except  as  otherwise  specified, 
the  supplier  may  utilize  his  own  qr  ,any  other  inspection  facilities  and 
services  acceptable  to  the  Gpvernmept.  Inspection  records  of  the  exami-  . 
nation  and  tests  shall  be  kept  complete  and  available  to  the  Government 
as  specified  in  the  contract  or  order.  The  Government  reserves  the 
right  to  perform  any  of  the  inspections  set  forth  in  the  specification 
where  such  inspections,  are  deemed  necessary  to  assure,  supplies  and 
services  conform  to  prescribed  requirements.  i 

I > 

• I I 

4.2  Sampling,  acceptance,  inspection. 

4.2.1  Visual  inspection.  - The  sample  for  the  inspection  of  4.3,1 
and  4.3.2,  as  applicable,  shall  consist  of  all  cleaned  componas^tiBo 

4.2.2  Reliability  sample.  - Unless  otherwise  specifier^,  3 q,uas!eita- 
tive  analysis  reliability  sample  for  the  test  of  4.4  consist  «s£  a 
minimum  of  5-percent  of  the  items  cleaned,  but  not  less  than  sariple 
for  each  group  of  20  or  less  (except  as  noted  in  4.2. 2. 2 and  4.2. 2.3)  of 
the  items  cleaned,  shall  be  selected  at  random  by  Government  inspection 
from  production  items  that  have  been  cleaned,  examined  in  accordance  with 
4.3,  and  found  acceptable.  The  sample  shall  be  selected  in  a manner  that 
will  provide  maximum  representation  pf  the  affected  lot.  The  reliability  .. 
sample  and  the  segment  of  production  that  it  represents  shall  be  clearly 
identified  as  specified  by  the  procuring  activity. 

4.2.2.1  Small  components.  - The  reliability  sanqtle  for  small  com- 
ponents (con^onents  having  a-  significant  surface  area  less  than  1.0  square 
foot)  shall  consist  of  a sufficient  uumber  of  c(»q>onent8  to  make  up  1 
square  foot  (taininajm)  of  surface  area.  When  the  total  quantity  of  items 
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procured  have  a combined  surface  area  less  than  1.0  square  foot,  a 
quantity  (sufficient  to  make  up  1.0  square  foot  of  surface  area)  of 
clean  stock  items  shall  be  used  in  preparation  of  the  reliability  sample 
or  upon  written  request  by  the  contractor  to  the  procuring  activity,  a 
special  test  procedure  will  be  furnished. 

4. 2. 2. 2 Containers . - All  containers  submitted  for  acceptance  shall 
be  Inspected  for  size  of  particles  of  contamination.  All  o:^gen  and  pneu- 
matic containers  shall  be  inspected  for  nonvolatile  residue  contamination. 

4. 2. 2.3  Rigid  tubing.  - The  reliability  of  the  cleaning  procedure 
for  rigid  tubing  shall  be  determined  and  the  cleaning  process  qualified  as 
specified  herein.  After  qualification  of  the  procedure  and  equipment, 
reliability  sampling  shall  be  left  to  the  discretion  of  the  procuring 
activity.  Samples  for  the  applicable  tests  of  4.4  to  determine  conform- 
ance to  3.5. 1.1,  3. 5. 1.2,  3.5. 2.1,  and  3. 5. 2. 2,  as  applicable,  ^nd  quali- 
fication of  the  cleaning  process  and  cleaning  equipment  to  be  used  in 
production  cleaning  shall  be  selected  as  follows: 

(a)  Select  a minimum  of  5 cleaned  tubes  a minimum  of  3 feet 

long  and  having  a minimum  combined  significant  surface 
area  of  1.0  square  foot  from  each  size  (diameter)  and 
type  (corrosion  resistant  steel  or  aluminum  alloy) 
tube  to  be  cleaned.  Select  test  samples  from  tubes 
cleaned  in  accordance  with  the  exact  procedures  and 
utilizing  the  equipa^nt  approved  in  accordance  with  3.1. 

(b)  Upon  satisfactory  qualification  (conformance  of  s«.  '.^les 

from  step  (a)  to  meet  the  requirements  of  3. 5. 1.1, 

3.5. 1.2,  3.5. 2.1,  and  3. 5. 2. 2 when  tested  in  accordance 
with  4.4)  of  the  cleaning  procedure  and  equipment, 
periodic  spot  checks  in  addition  to  the  inspection  of 

4.3  will  be  made  to  insure  that  the  cleaning  procedures 
continue  to  be  effective. 

4^3  Acceptance  inspection.  - Except  as  specified  herein,  acceptance 
inspection  shall  be  performed  on  applicable  components  used  for  the  space 
vehicle  and  associated  ground  support  equipment. 

4.3.1  Examination.  - Surfaces  of  all  cleaned  components  that  will 
contact  the  respective  service  medium  shall  be  visually  inspected  for 
the  presence  of  contaminants  such  as  moisture,  corrosion,  scale,  dirt,  oil 
grease,  and  similar  foreign  material.  A ;!lashlight  or  borescope  may  be 
required  to  examine  internal  surfaces.  Conqionents , such  as  small  diameter 
(.aoing  (1/2-inch  diameter  or  less) , having  limited  accessibility  to  visual 
examination  shall  be  accepted  or  rejected  on  the  basis  of  the  reliability 
inspections.  The  presence  of  contamination  shall  require  a reliability 
test  (see  4.4)  to  determine  acceptance  or  rejection,  however,  components 
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that  do  not  lend  themselves  to  a solvent-rinse  test  method  shall  be 
accepted  or  rejected  on  the  basis  of  visual  examination  of  other  methods 
approved  by  the  procuring  activity  (see  3.1).  Scale-free  discoloration 
due  to  welding  and  passivation  is  permitted.  All  components  shall  also 
be  examined  to  determine  conformance  to  paragraph  3.10. 

4.3.2  Acidity  or  alkalinity.  - External  and  internal  surfaces  of 
cleaned  and  rinsed  components  shall  be  tested  with  pH-lndicatlng  paper 
while  the  component  is  still  wet  from  the  last  rinse  or  after  wetting  the 
test  surface  with  a few  drops  of  distilled  water  to  determine  that  the 
surface  acidity  or  alkalinity  registers  a pH  between  6.0  and  8.0.  The 
pH-indicating  paper  shall  be  sensitive  to  the  requirement  specified  above. 

4.4  Reliability  tests.  - Gleaned  components  selected  by  the  Govern- 
ment inspector  for  reliability  tests  shall  be  subjected  to  all  examina- 
tions and  tests  specified  herein.  The  visual  examinations  of  4.3.1  and 
4.3.2,  as  applicable,  shall  precede  the  reliability  tests. 

^ 4.4.1  Preparation  of  test  solution.  - Preparation  of  test  solution 
(see  3. 2. 1.1)  for  oxygen,  fuel,  and  pneumatic  system  components,  that 
lend  themselves  to  solvent  cleaning,  shall  be  as  specified  herein. 

4. 4. 1.1  Small  components.  - A 500  ml,  (minimum)  test  solution  to 
determine  particle  population  (particles  greater  than  175  microns  in 
size)  and  the  nonvolatile  residue  on  the  significant  surfaces  of  small 
components  (less  than  1.0  square  foot  in  surface  area)  selected  for 
reliability  tests  shall  be  prepared  as  follows: 

(a)  Divide  the  500  ml,  test  solution  (see  3.2.1)  into 

quantities  in  proportion  to  the  surface  area  of 
the  individual  components  used  to  make  up  1.0 
square  foot  of  surface  area  (see  4. 2. 2.1). 

(b)  Flush  each  component  with  proportionate  share  of 

test  solution. 

(c)  Collect  the  flushing  solvent  for  the  analysis  of 

4.4. 2.1  and  4.4.2.2  as  applicable. 

(d)  Thoroughly  dry  components  after  completion  of 

flushing  operation. 

4. 4. 1.2  Components  1.0  square  foot  to  5.0  square  feet  in  surface 
area.  - A 500  ml,  (nominal)  test  solution  to  determine  the  particle 
population  (particles  greater  than  175  microns  in  size)  and  the  non- 
volatile residue  on  the  significant  surfaces  of  the  reliability  samples 
selected  from  components  having  significant  surface  areas  from  1.0 
square  foot  througii  5*0  square  feet,  shall  be  prepared  by  flushing  the 
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test  solvent  (see  3.2.1ol)  over  the  significant  surfaces  and  collecting 
the  solvent  for  the  analysis  of  4. 4.2.1  and  4.4. 2. 2 as  applicable.  The 
component  shall  be  thoroughly  dried  after  completion  of  flushing 
operation. 

4. 4. 1.3  Gomponents  with  surface  areas  greater  than  5.0  square  feet. 
Tiie  test  solution  to  determine  the  particle  population  (particles  greater 
than  175  microns  in  size)  and  nonvolatile  residue  on  the  significant  sur- 
faces, of  the  reliability  sample  (see  4.2.2  and  4.2„2.2)  from  components, 
except  for  containers  specified  in  4. 4. 1.4,  having  significant  surface 
areas  greater  than  5.0  square  feet  shall  be  prepared  as  follows: 

(a)  Flush  the  significant  surfaces  with  100  ml,  (maximum) 

of  test  solvent  per  square  foot  of  surface  area. 

(b)  Gollect  the  flushing  solvent. 

(c)  If  more  than  500  ml,  of  test  solvent  is  used,  the 

flushings  shall  be  thoroughly  agitated  and  a 500  ml, 

**  san^ple  shall  be  taken  from  the  total  quantity  of 

flushing  solution  for  the  quantitative  analysis  of 
3. 4.2.1  and  4.4. 2. 2,  as  applicable. 

(d)  The  component  shall  be  thoroughly  dried  after  the 

flushing  operation  i(step  (a)). 

4.4. 1.4  .Gontainers.  oxygen  and  fuel.  - The  samples  for  determining 
the  presence  of  excessive  large  particles  and  nonvolatile-residue  on 
significant  surfaces  of  o::^gen  and  fuel  containers,  as  applicable,  shall 
be  determined  as  specified  herein. 

4.4. 1.4.1  Particle  size.  - The  particle  size  determination,  based  on 
a cleaning  procedure  utilizing  a high-pr'essure  liquid  spray,  with  a 
rotating  nozzle  traversing  the  length  of  the  container-interior,  shall 
be  obtained  as  follows: 

(a)  With  container  in  vertical  position,  traverse  the  interior 
of  the  container  with  a spray  utilizing  demineralized 
water  (see  3.2.10)  br  an  acceptable  substitute  at  a mini 
mum  flow  rate  of  40  gallons  per  minute  (gpm)  and  a pump 
pressure  bf  250  (plus  or  minus  50)  pounds  per  square 
' inch.  The  pressurb  drop  between  the  piusp  discharge  and 
the  spray  nozzle  shall  be  not  greater  tiiw  20  pounds 
per  square  inch  gage  (psi^. 
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(b)  From  a continuous  flow  of  test  medium  through  the  sampling 

line  (a  funnel ^shaped  flange  located  at  the  bottom  of 
the  container),  take  a minimum  of  five  500  ml  samples. 

The  samples  shall  be  taken  at  equally  spaced  intervals 
(vertical  positions  of  the  spray  nozzle)  during  the 
rinsing  operation. 

(c)  A 500  ml  sample  of  the  rinsing  medium,  to  determine  conform- 

ance to  3.2.10  or  specified  purity  of  acceptable  substitute, 
shall  be  taken  at  the  beginning  and  at  the  end  of  the 
rinsing  period.  The  samples  shall  be  taken  from  a sampl- 
ing line  for  the  rinsing  medium  located  as  near  the  spray 
nozzle  as  practical. 

4.4. 1.4. 2 Nonvolatile-residue  (oxygen  containers  only).  - The  non- 
volatile-residue contamination  sample  for  os^gen  containers  shall  be 
prepared  by  one  of  the  following  methods: 

^ (a)  Vertical  position  (spray  operation). 

. (1)  With  container  in  vertical  position,  traverse 
the  interior  of  the  container  with  a spray 
utilizing  trichloroethylene  (see  3. 2. 1.1)  or 
an  acceptable  substitute  at  a minimum  flow 
rate  of  5 gpm  and  a pump  pressure  of  60  plus 
or  minus  10  psig. 

(2)  ■ . From  a continuous  flow  of  test  medium  through 

the  sampling  line  (a  funnel-shaped  flange 
located  at  the  bottom  of  the  container),  ■ 
take  a minimum  of  five  1000  ml  samples.  The 
samples  shall  be  taken  at  equally  spaced 
intervals  (vertical  positions  of  the  spray 
nozzle)  during  the  rinsing  operation. 

(3)  A 500  ml  sample  of  the  rinsing  medium,  to 

determine  conformance  to  3. 2. 1.1  or  speci- 
fied purity  of  acceptable  substitute,  shall 
be  taken  at  the  beginning  end  at  the  end  of 
the  rinsing  period.  The  samples  shall  be 
taken  from  a sampling  line  for  the  rinsing 
medium  located  as  near  the  spray  nozzle  as 
practical, 

(b)  Horizontal  position  (barrel-roll  operation). 

(1)  Place  the  container  in  a horizontal  position 

and  fill  with  sufficient  amount  of  test  solvent 
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to  completely  cover  all  projecting  surfaces. 
The  total  weight  of  solvent  used  In  any  one 
complete  rotating  cycle  shall  be  determined 
prior  to  introduction  into  the  container. 

(2)  Sample  the  rinsing  solvent  before  and  during 

approved  intervals  in  the  rotation  cycle. 

(3)  Conduct  tests  in  accordance  with  4.4. 2. 2 to  * 

determine  the  total  nonvolatile-residue 
pickup. 

(4)  Continue  rotation  of  the  container  until  the 

Increase  in  the  nonvolatile-residue  during 
an  approved  interval  of  rotation,  is  2 
milligrams  (mg)  or  less  per  liter  of  solution. 

(5)  If  the  total  compound  nonvolatile-residue  per 

square  foot  of  significant  surface  area  is 
greater  than  0.005  g per  square  foot  of 
> surface  area,  the  container  shall  be 
recleaned. 

(6)  The  test  solvent  shall  be  drained  from  the 

container  and  the  Interior  thoroughly  dried 
prior  to  application  of  protection. 

NOTE 

Alternate  test  methods  and  sampling  procedures 
may  be  used  with  prior  approval  by  the  procuring 
activity. 

4.4.2  Tests . 


4,4. 2.1  Particle  siae  analysis,  - Each  sample  reliability  test 
solution  from  4. 4. 1.1,  4. 4. 1.2,  4. 4. 1.3,  and  4. 4. 1.4.1  shall  be  filtered 
through  filter  paper  (see  3.2.3)  and  the  residue  examined  for  particulate 
under  10  to  45  power  microscope.  The  larger  particles  (175  microns  in 
any  dimension  and  greater)  shall  be  measured  with  a filter  micrometer  and 
the  contamination  per  square  foot  of  surface  area  calculated  to  determine 
the  reliability  of  the  visual  examination  of  4.3.1  and  conformance  to 
3.5. 1.1,  3.5. 2.1,  3. 6. 1.1,  3. 6. 2.1,  3, 7. 1.1,  3.8. 1.1,  and  3.9.1-?!,  as 
applicable.  Alternate  laethods  of  determining  reliability  may  be  used  by 
the  contractor  with  prior  approval  by  the  procuring  activity  (see  3.1). 


4.4. 2.2  Nonvolatile-residue . - The  filtered  sample  (500  ml  nominal 
volume)  o£  4.4. 2.1  from  oxygen  and  applicable  pneumatic  eooqtonenta  or  a 
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500  ml  sample  from  4.4.1.4.2  shall  be  analyzed  for  nonvolatile  residue 
content  to  determine  reliability  of  the  examinations  of  4,3.1  and  con- 
formance to  3.5.1. 2.1,  3.5. 1.2.3. 2,  3.5.2.2.1,  3.5.2.2.3.2,  3.6.1. 2.1, 

3. 6. 1.2.3. 2,  3.6. 2.2.1,  3.6. 2.2.3. 2,  3. 7.1. 2.1,  3.7.1.2.3.2,  3,8;i.2.1, 

3.8.1. 2.3.2,  3.9. 1.2.1,  wd  3. 9.1. 2.3.2  as  follows: 

I ' 

(a)  Transfer  500  ml  o|  the  solvent  into  a clean  degreased 

800  ml  beaker. 

(b)  Evaporate  the  solvent  to  10  to  20  ml  volume  In  a steam 

bath. ' 

(c)  Transfer  the  solvent  to  a constant -weight  (within 

0.3  mg)  tared  30  mi.  weighing  bottle,  welded  to 
the  nearest  0.1  mg. 

. I 

(d)  Gontlnue  evaporation  to  a volume  of  5 plus  or  minus 

0.5  ml.  Do  not  let  the ^solvent  evaporate  to 
dryness., 

(e)  Place  the  weighing  bottle  In  a constant  temperature' 

oven  . at  221  to  230  degrees  F for  1.5  hours. 

(f)  Gool  weighing  bottle  In  a desiccator  and  then  weigh 

to  the  nearest  0.1  mg. 

(g)  Return  the  weighing  bottle  to  the  constant  temperature 

oven  for  one-half  hour. 

(h)  Repeat  (f).  If  the  difference  between  the  weights  Is 

greater  than  0.3  mg,  repeat  step  (g)  until  the 
difference  between  successive  weighing  Is  0.3  mg  or 
less. 

(1)  Gompare  the  results  obtained  from  used  solvent  with 
the  results  obtained  from  unused  solvent.  The 
difference  between  the  weights  shall  be  not  greater 
than  the  Increase  specified  for  the  affected  Item 
(based  on  surface  area  and  total  amount  of  solvent 
used  for  testing). 

4.4. 2.3  Drying.  - Unless  otherwise  approved  by  the  procuring 
activity,  the  reliability  of  the  drying  procedure  for  items  subjected 
to  liquids  during  cleaning  or  drying  procedures  shall  be  determined 
by  testing  the  sample  of  4.2.2  before  and  after  the  tests  of  4.4. 2.1 
and  4,4. 2.2.  The  presence  of  surface  moisture  a«^d  residual  organic 
solvents  on  the  cleaned,  tested,  and  dried  Items  shall  be  tested  as 
follows: 


(a)  Flow  prefiltered  drying  gas  through  or  over  the  affected 
surfaces  of  the  item  being  tested. 
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0)  Monitor  the  dew  point  of  the  drying  gas  entering  and 
leaving  the  affected  item  to  detemlne  presence  of 
moisture  on  cleaned  and  dried  surfaces.  Any  moisture 
pickup  in  the  drying  gas  that  has  flowed  through  or 
over  the  affected  surfaces  shall  necessitate  additional 
drying  prior  to  packaging  or  application  of  protective 
coverings . 

(c)  Monitor  the  effluent  drying  gas  with  a halogen  detector 
to  determine  if  affected  surfaces  are  free  from 
residual  organic  solvents.  If  no  measurable  con- 
centrations are  indicated  by  the  halogen  detector, 
the  affected  surfaces  shall  be  considered  free  from 
excessive  residual  organic  solvents.  Any  measurable 
concentrations  in  the  drying  gas  that  has  flowed 
through  or  over  the  affected  surfaces  shall  necQt- 
sitate  additional  drying  prior  to  packaging  or 
application  of  protective  coverings. 

NOTE 

Additional  verification  may  be  required  to 
ascertain  the  dryness  of  components  having 
deep  recesses  and  entrapment  areas.  Certi- 
fication shall  be  made  by  a quality  assurance 
representative  that  approved  drying  pro- 
cedures (proven  by  adequate  tests)  for  the 
affected  component  has  been  followed. 

4.4.3  Solvent  control  checks. 


4.4. 3.1  Particle  size.  - At  least  once  daily  while  being  used, 
particle  size  control  tests  shall  be  conducted  on  solvent  to  determine 
conformance  to  3. 2. 1.1.  Filter  500  ml  of  solvent  through  filter  paper 
(see  3.2.3)  and  examine  for  particulate  in  accordance  with  4. 4. 2.1. 
Alternate  methods  of  determining  particle  count  may  be  used  with  prior 
approval  of  the  procuring  activity. 

4. 4.3.2  Nonvolatile-residue.  - At  least  once  daily  while  being 
used,  nonvolatile-residue  content  tests  shall  be  conducted  on  solvent 
to  determine  conformance  to  3.2. 1.1.  Test  procedure^  specified  in 

4.4.2. 2  for  a 500  ml  sarple  shall  be  used. 

4.5  Rejection  and  resubmittal. 

4.5.1  Individual  rejection.  - Components  that  fail  the  visual 
inspection  of  4.3.1  or  the  test  of  4.3.2,  as  applicable,  shall  be 
rejected  and  reprocessed. 
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4.5.2  Lot  re  lection.  If  any  reliability  sample  fails  to  meet  the 
requirements  specified  herein,  a second  sample,  twice  the  size  of  the 
first,  shall  be  selected  and  tested.  If  any  item  from  the  second  sample 
falls  to  meet  the  requirements  specified  herein,  the  entire  lot  repre- 
sented by  the  sample  shall  be  rejected. 

4.5.3  Resubmittal.  - Before  rdsubmlttal  of  rejected  lots,  full 
particulars  concerning ‘ previous  rejection  and  corrective  measures  taken 
to  prevent  recurrence  of  the  failure  shall  be  made  available  to  the 
procuring  activity. 

5.  PREPARATION  FOR  DELIVERY 

Not  applicable. 

6.  NOTES 

6.1  Intended  use.  - The  procedures,  cleaning  levels,  and  r^eserva- 
tlon  methods  covered  by  this  specification  are  intended  for  use  in  cleaning. 
Inspecting,  and  protecting  of  components  used  in  oxygen,  pneumatic,  and 
fuel  systems  of  space  vehicles  and  associated  ground  support  equipment. 

6.2  Ordering  data.  - Procurement  documents  should  specify  the 
followings 

(a)  Title,  number,  and  date  of  this  specification. 

(b)  Whether  preproduction  approval  is  required  (see  3.1). 

(c)  Cleanliness  level  required. 

6.3  Surface  area.  - The  standard  unit  (area)  used  for  determination 
of  contamination  levels  is  1.0  square  foot  of  significant  surface  area 
(area  that  will  contact  the  service  medium) . Exact  calculations  of  sur- 
face areas  are  not  mandatory.  Approximate  surface  area  calculations 
acceptable  to  the  Government  inspector  may  be  used. 

Notice.  - When  Government  drawings,  specifications,  or  other  data 
are  used  for  any  purpose  other  than  in  connection  with  a de.  xnitely 
related  Government  procurement  operation,  the  United  States  Government 
thereby  Incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the 
fact  that  the  Government  may  have  formulated,  furnished,  or  in  any  way 
supplied  v'he  said  drawings,  specifications,  or  other  data  is  not  to  be 
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regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the 
holder  or  any  other  person  or  corporation,  or  conveying  any  rights  or 
permission  to  manufacture,  use,  or  sell  any  patented  invention  that 
may  be  in  any  way  related  thereto. 


Custodian:  Preparing  activity: 

N^A  - George  C.  Marshall  Space  George  C.  Marshall  Space 

Flight  Center  Fll^t  Center 
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PERFORAAANCE  OF  75-MiLLIMETER-BORE  BEARINGS  TO  1.8  MILLION 
DN  WITH  ELECTRON -BEAM-WELDED  HOLLOW  BALLS 
by  Harold  H.  Coe,  Herbert  W.  Scibbe,  and  Richard  J.  Parker 
Lewis  Research  Center 

SUMMARY 

Experiments  were  performed  to  compare  the  operating  characteristics  of  ball  bear- 
ings using  hollow  balls  as  the  rolling  elements  with  similar  bearings  using  solid  balls. 

Two  series  (115  and  215)  of  75-millimeter-bore  bearings  were  tested  with  thrust 
loads  of  500  and  1000  pounds  (2200  and  4400  N)  at  shaft  speeds  up  to  24  000  rpm  or 
1. 8x10  DN  (bearing  bore  in  mm  times  shaft  speed  in  rpm).  The  series  115  bearings 
used  1/2-inch-  (12. 7-mm-)  diameter  SAE  52100  steel  balls.  The  hollow  balls  used  with 
these  bearings  had  a 0. 100-inch  (2.  5-mm)  wall  thickness  (21-percent  weight  reduction). 
The  series  215  bearings  used  11/16-inch-  (17. 5-mm-)  diameter  balls,  and  the  AISI  M-50 
steel  hollow  balls  had  a 0. 060-inch  (1.  5-mm)  wall  thickness  (56-percent  weight  reduc- 
tion) . 

The  results  of  the  tests  with  the  series  115  bearings  showed  very  little  difference 
in  torque  or  outer-race  temperature  between  the  bearings  with  the  hollow  balls  and 
those  with  the  solid  balls.  The  tests  with  the  series  215  bearings  showed  that  the  torque 
and  outer-race  temperature  of  the  bearings  with  the  hollow  balls  were  slightly  lower 
than  those  with  the  solid  balls  over  the  range  of  test  conditions. 

The  results  from  a previous  investigation  showed  that  rolling-element  fatigue  life 

of  the  1/2-inch-  (12. 7-mm-)  diameter  hollow  balls  was  not  significantly  different  from 

that  of  solid  balls  of  the  same  material.  The  fatigue  life  of  the  11/16-inch-  (17.  5-mm-) 

diameter  hollow  balls,  determined  in  the  NASA  five-ball  fatigue  tester  at  a maximum 
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Hertz  stress  of  700  000  psi  (4. 82x10  N/m  ),  was  significantly  less  than  that  of  pre- 
viously run  solid  balls.  The  11/16-inch  (17.  5-mm)  hollow  balls  in  the  fatigue  tests  and 
in  the  series  215  bearing  tests  failed  by  flexure  fatigue.  Cracks  initiated  at  the  inner 
diameter  of  the  ball  at  a stress  concentration  in  the  weld  area  and  propagated  through 
the  wall,  usually  terminating  in  a spall  on  the  outer  surface. 


INTRODUCTION 


Recent  developments  in  gas  turbine  engines,  such  as  advanced  compressor  design, 
high-temperature  materials,  and  increased  power  output,  have  resulted  in  a require- 
ment for  larger  shaft  diameters  and  higher  main  shaft  bearing  speeds  (ref.  1).  Bearings 
in  current  production  aircraft  turbine  ei^ines  operate  in  the  range  from  1.  5 to  2 million 
DN  (bearing  bore  in  mm  times  shaft  speed  in  rpm).  Engine  designers  anticipate  that, 
during  the  next  decade,  turbine  bearing  DN  values  will  have  to  increase  to  the  range  of 
2.  5 to  3 million.  It  is  speculated  that,  after  1980,  turbine  engine  developments  may 
require  bearing  DN  values  as  high  as  4 million. 

When  ball  bearings  are  operated  at  DN  values  above  1.  5 million,  centrifugal  forces 
produced  by  the  balls  can  become  significant.  The  resulting  increase  in  Hertz  stresses 
at  the  outer-race-ball  contacts  can  seriously  affect  bearing  fatigue  life  (ref.  2). 

Operation  at  high  DN  values  also  results  in  high  heat  generation.  Excessive  heat 
generation  can  result  from  ball  skidding  (ref.  3)  or  ball  spinning  (ref.  4).  The  heat 
generated  within  the  bearing  must  be  removed,  or  a loss  in  operating  clearance  will 
occur  and  the  bearing  will  fail.  Refinements  in  bearing  internal  geometry,  such  as  the 
use  of  smaller  diameter  balls,  larger  diametral  clearances,  or  more  open  race  curva- 
tures, can  effectively  reduce  heat  generation  and/or  centrifugal  force.  The  degree  of 
improvement  is  limited,  however,  since  the  geometrical  changes  that  reduce  heat  gene- 
ration will  generally  reduce  fatigue  life  (ref.  5) . 

Another  possible  solution  to  problems  caused  by  ball  centrifugal  force  or  excessive 
heat  generation  is  the  use  of  hollow  balls  in  the  bearing.  Obviously,  removal  of  a large 
percentage  of  the  mass  from  the  ball  will  reduce  the  centrifugal  force.  In  reference  6, 
an  analysis  was  made  that  predicted  some  advantages  of  hollow  balls  over  solid  balls 
in  a high-speed  thrust  bearing.  The  analysis  showed  that  when  hollow  balls  with  an 
outer-  to  inner -diameter  ratio  of  1. 25  (51 -percent  weight  reduction)  were  used  at  a 
DN  value  of  3 million,  the  ball  spin-to-roll  ratio  was  reduced  by  as  much  as  25  percent. 
(Ball  spin-to-roll  ratio  is  an  indication  of  the  total  rolling  and  spinning  torque.  The 
lower  this  ratio,  the  lower  the  bearing  ball-spin  torque  and,  thus,  the  lower  the  heat 
generation. ) 

The  feasibility  of  fabricating  hollow  balls  by  electron-beam  welding  two  hemispheri- 
cally  formed  shells  has  been  adequately  demonstrated  (refs.  7 to  9).  In  reference  9, 
rolling- element  fatigue  tests  were  conducted  with  1/2-inch-  (12.7-mm-)  diameter  solid 
and  hollow  balls  made  from  SAE  52100  consumable- electrode  vacuum-melted  steel.  The 
hollow  balls  had  a 0. 100-inch  (2.  54-mm)  wall  thickness  (21-percent  weight  reduction). 
The  fatigue  lives  of  these  hollow  balls  compared  favorably  with  those  of  the  1/2-inch 
(12.7-mm)  solid  balls  fabricated  from  the  same  heat  of  material.  From  the  limited 
number  of  hollow  ball  failures,  it  was  concluded  that  the  weld  zone  was  not  appreciably 
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weak  in  fatigue.  It  was  also  determined  that  the  weld  zone  had  a hardness  and  micro- 
structure similar  to  that  of  the  parent  material  in  the  ball. 

The  objectives  of  the  present  investigation  were  to  (1)  determine  experimentally  the 
operating  characteristics  of  a full-scale  bearing  using  hollow  balls  as  the  rolling  ele- 
ments, (2)  compare  the  torque  and  outer-race  temperature  data  of  a bearing  with  the 
hollow  balls  with  data  of  a similar  bearing  with  solid  balls,  and  (3)  determine  the  fatigue 
lives  of  hollow  balls  with  a weight  reduction  of  approximately  50  percent. 

Bearing  tests  were  conducted  with  two  series  (115  and  215  series)  of  75-millimeter- 
bore  deep-groove  ball  bearings  using  both  hollpw  and  solid  balls.  The  bearings  were 
operated  at  thrust  loads  of  500  and  1000  pounds  (2200  and  4400  N)  at  speeds  to  24  000  rpm 
(1.  8x10  DN)  using  air-oil-mist  lubrication.  The  hollow  balls  for  the  series  115  bearings 
had  a 1/2-inch-  (12. 7-mm-)  diameter  and  a 0. 100- inch  (2.  54-mm)  wall  thickness  (a 
weight  reduction  of  21. 7 percent  from  that  of  the  solid  balls).  The  hollow  balls  for  the 
series  215  bearings  had  a 11/16-inch  (17.  5-mm)  diameter  and  a 0. 060- inch  (1.  5-mm) 
wall  thickness  (a  weight  reduction  of  56.  5 percent  from  that  of  the  solid  balls). 

The  NASA  five-ball  fatigue  tester  was  used  to  determine  the  life  of  the  11/16-inch- 
(17.  5-mm-)  diameter  hollow  balls.  Tests  were  conducted  at  a maximum  Hertz  stress  of 
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700  000  psi  (4.  82x10  N/m  ),  a shaft  speed  of  10  600  rpm,  and  a contact  angle  of  34.  5 . 

APPARATUS  AND  INSTRUMENTATION 
Bearing  Test  Rig 

A cutaway  view  of  the  bearing  test  apparatus  is  shown  in  figure  1.  A variable-speed, 
direct-current  motor  drives  the  test  bearing  shaft  through  a gear  speed  increaser.  The 
ratio  of  the  test  shaft  speed  to  the  motor  shaft  speed  was  14. 

The  test  shaft  was  supported  and  cantilevered  at  the  driven  end  by  two  oil- jet- 
lubricated  ball  bearings.  The  test  bearing  was  thrust  loaded  by  a pneumatic  cylinder 
through  an  externally  pressurized  gas  thrust  bearing. 

Bearing  torque  was  measured  with  an  unbonded  strain-gage  force  transducer  con- 
nected to  the  periphery  of  the  test  bearing  housing,  as  shown  in  figure  1.  This  torque 
was  recorded  continuously  by  a millivolt  potentiometer.  The  estimated  accuracy  of  the 
data  recording  system  was  ±0. 05  pound- inch  (0. 006  N-m). 

Bearing  outer-race  temperature  was  measured  with  two  iron- cons tantan  thermo- 
couples located  as  shown  in  figure  1.  The  estimated  accuracy  of  the  temperature 
measuring  system  was  about  ±2°  F (±1  K) . 
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Figure  I - Bearing  test  apparatus. 


Test  Bearing  Lubrication  System 

The  test  bearing  was  lubricated  by  an  air-oil  mist  introduced  to  the  bearing  as 

shown  in  figure  1.  The  air-oil-mist  generating  system  (fig.  2)  was  used  previously  for 

a minimum  oil  flow  investigation  (ref.  10).  The  pressurized  tank  fed  oil  through  the 

capillary  tube  into  the  air  line  downstream  from  a Venturi.  A jet  of  high-velocity  air 

generated  by  the  Venturi  atomized  a metered  flow  of  oil  from  the  capillary  into  an  air- 

oil  mist.  The  mist  then  flowed  to  the  test  bearing  lubricator  through  plastic  tubing. 

-4  -4 

The  oil  flow  rates  ranged  from  0. 01  to  0. 07  pound  per  minute  (0.  8x10  to  5.  3x10 
kg/sec).  The  lubricant  used  in  this  investigation  was  a super-refined  naphthenic  mineral 
oil  with  a viscosity  of  75  centistokes  at  100°  F (75x10"®  m^/sec  at  311  K). 
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Figure  2.  - Air-oil-mist  test  bearing  lubrication  system. 


Five-Ball  Fatigue  Tester 

The  NASA  five-ball  fatigue  tester  was  used  for  the  hollow  ball  fatigue  tests.  The 
apparatus  (fig.  3)  is  identical  to  that  used  in  reference  9 and  is  described  in  detail  in 
reference  11.  This  fatigue  tester  consists  essentially  of  an  upper  test  ball  pyramided 
on  four  lower  support  balls  that  are  positioned  by  a separator  and  are  free  to  rotate  in 
an  angular -contact  raceway.  The  load  is  applied  to  the  upper  test  ball  through  a vertical 
shaft  that  drives  the  ball  assembly.  The  operation  of  the  test  ball  and  raceway  is  anal- 
ogous to  that  of  the  inner  and  outer  races  of  a bearing,  respectively.  The  separator 
and  the  lower  support  balls  function  like  the  cage  and  the  balls  in  a bearing,  respec- 
tively. 
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Figure  3.  - Five-ball  latigue  tester. 
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Test  Bearings  and  Hollow  Balls 


The  test  bearing  specifications  are  listed  in  table  I.  Two  series  (115  and  215)  of 
75-millimeter-bore  deep-groove  ball  bearings  were  used  with  both  solid  and  hollow 
balls.  The  series  115  bearings  used  1/2-inch-  (12.7-mm-)  diameter  balls,  and  the 
series  215  bearings  used  11/16-inch-  (17.  5-mm-)  diameter  balls.  The  test  bearings 
are  shown  in  figure  4. 

The  1/2-inch-  (12.7-mm-)  diameter  hollow  balls  had  a wall  thickness  of  0. 100  inch 
(2.  5 mm).  The  ratio  of  the  outside  to  the  inside  diameter  was  1. 67,  and  the  weight  re- 
duction was  21.7  percent  from  that  of  a solid  ball.  The  hollow  1/2-inch-  (12.7-mm-) 
diameter  balls  were  made  from  SAE  52100  consumable-electrode  vacuum-melted  (CVM) 
steel. 

The  11/16-inch-  (17.  5-mm-)  diameter  hollow  balls  had  a wall  thickness  of  0.060 
inch  (1.  5 mm).  This  is  an  outside-  to  inside-diameter  ratio  of  1.2  with  a weight  reduc- 
tion of  56.  5 percent  from  that  of  a solid  ball.  The  11/16-inch  (17.  5-mm)  hollow  balls 
were  fabricated  from  AISI  M-  50  CVM  steel. 


TABLE  I.  - DEEP-GROOVE  7 5- MILLIMETER- BORE  BEARING  SPECIFICATIONS 


Bearing® 

Ball 

Series 

Outer 

diameter, 

mm 

Radial 

clearance 

Number  per 
bearing 

Outside 

diameter 

Wall 

thickness 

Material'^ 

Weight 

reduction. 

percent 

Ratio  of 
outside  to 
inside 
diameter 

in. 

mm 

in. 

mm 

in. 

mm 

115 

115 

215 

215 

■ 

0. 0027 
.0027 
.0020 
.0020 

0.069 

.069 

.051 

.051 

14 

14 

11 

11 

0.  500 
.500 
.6875 
.6875 

12.7 
12.7 
17.  5 
17.5 

Solid 

0.100 

Solid 

.060 

Solid 

2.5 
Solid 

1.5 

SAE  52100 
SAE  52100 
AISI  M-2 
AISI  M-50 

21.7 
56.  5 

1.67 

1.21 

Race 

Retainer 

Curvature 

Material^ 

Design 

Locating  surface 

Material 

Inner 

Outer 

0.54 

.54 

.53 

.53 

0.  54'! 
.54j 
.531 
53  J 

SAE  52100 
AISI  M-2 

One  piece,  machined 

‘fwo  piece,  machined,  riveted 

Inner  race 
Outer  race 

Silver-plated  bronze 
Annealed  AISI  M-2 

“Grade  ABEC-5. 

^Consumable- electrode  vacuum-  melted. 
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(al  Series  115:  separable  at  outer  race;  one-piece  cage  construction;  cage 
material,  silver-plated  Iron-silicon-tronze. 


C-69-2ies 


(bi  Series  215:  deep  groove;  two-piece  machined  cage  construction-  cage 
material,  AISI M-2  tool  steel. 

Figure  4.  - Test  bearings. 
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TABLE  n.  - CHEMICAL  ANALYSIS  OF  HOLLOW  BALL  MATERIALS 


Material^ 

C 

Si 

Mn 

S 

p 

w 

Cr 

V 

Mo 

Co 

Ni 

Cu 

Analysis 

wt.% 

SAE  52100 

0.26 

0. 34 

1.53 

0.03 

— 

0.08 

AISI  M-50 

.22 

.23 

HS9 

0.02 

4.05 

1.04 

4.20 

0.02 

■9 

.02 

^Consumable-electrode  vacuum-melted. 


TABLE  in.  - HOLLOW  BALL  MATERIAL  HEAT  TREATMENT 


[Consumable-electrode  vacuum-melting  process.  ] 


Material 

Anneal  after 
electron-beam  welding 

Austenitize 

Quench 

Temper 

Nominal 
Rockwell  C 
hardness 

First 

Second 

Third 

SAE  52100 

Heat  to  1475"  F (1079  K) 

Hold  for  7 luiurs^ 

Furnace  cool  to  300"  F (422  K)  at 
20"  F per  hour  (6.  5 K/hr) 

Air  cool  to  room  temperature 

1550°  F (1118  K) 
for  12  minutes 

Oil  to  room 
temperature 

1020“  F (822  K) 
for  180  minutes 

1045"  (836  K) 
for  120  minutes^ 

1050“  F (838  K) 
for  120  minutes 

65 

AISI  M-50 

Heat  to  1550"  F (1118  K) 

Hold  for  2 hours^ 

Furnace  cool  to  1050"  F (838  K) 
at  50"  F per  hour  (10  K/hr) 
Air  cool  to  room  temperature 

2065“  F (H03  K) 
for  6 minutes 

Molten  salt  to 
1050"  F (838  K) 
Air  cool  to  room 
temperature 

275“  F (408  K) 
for  60  minutes 

63.  5 

*^In  spent  cast  iron  chips. 

^’in  stainless-steel  ba^. 

^Subzero  cool  to  -150^  F (172  K)  for  2 hr. 


A chemical  analysis  of  the  material  from  which  each  size  hollow  ball  was  made  is 
given  in  table  II.  The  heat  treatment  schedule  for  each  material  is  given  in  table  in. 


PROCEDURE 
Bearing  Tests 

Each  test  bearing  was  run  in  for  1 hour  with  a 250-pound  (1100-N)  thrust  load,  a 
shaft  speed  of  6000  rpm,  and  an  air-oil-mist  flow  rate  of  about  0. 010  pound  per  minute 
(0.  exlO"*^  kg/sec).  After  run-in,  the  air-oil-mist  flow  rate  was  increased  to  0. 037 
pound  per  minute  (2.  8x10”*^  kg/sec),  the  thrust  load  was  set  at  500  pounds  (2200  N),  and 
the  shaft  speed  was  increased  to  10  000  rpm.  Each  bearing  was  operated  at  this  initial 
condition  until  temperature  equilibrium  was  achieved.  Equilibrium  was  assumed  for 
each  data  point  when  the  bearing  outer-race  temperature  reading  had  not  changed  more 
than  1°  F (2  K)  over  a 10-minute  interval. 

After  the  initial  data  point  was  taken  at  a speed  of  10  000  rpm  and  a thrust  load  of 
500  pounds  (2200  N),  the  shaft  speed  was  increased  in  increments  of  2000  rpm  while  the 


TABLE  IV.  - LUBRICANT  FLOW  RATE 


Shaft  speed, 
rpm 

Thrust  load,  lb  (N) 

500  (2200) 

1000  (4400) 

Oil  flow  rate^ 

Ib/min 

kg/sec 

Ib/min 

kg/sec 

10  000 

mm 

0.00028 

0. 00028 

12  000 

.00028 

. 00028 

14  000 

.00028 

R3 

. 00028 

16  000 

.046 

. 00035 

.062 

. 00047 

18  000 

.073 

.00055 

20  000 

.073 

22  000 

.073 

24  000 

.073 

EBBI 

^Oil  introduced  to  bearing  as  an  air-oil  mist. 


load  was  maintained  constant.  The  lubricant  . flow  rate  was  increased  with  the  shaft 
speed,  as  shown  in  table  IV.  The  technique  described  in  reference  12  was  used  to  de- 
termine the  flow  rates  required.  Outer-race  temperature  and  bearii^  torque  were  re- 
corded for  each  shaft  speed.  Data  points  were  taken  until  outer-race  temperature  equi- 
librium could  not  be  attained.  This  procedure  was  repeated  for  the  1000- pound  (4400-N) 

Q 

thrust  load  tests.  The  highest  maximum  Hertz  stress  was  about  280  000  psi  (1.  9x10 
2 

N/m  ) at  the  ball-race  contacts  for  the  series  115  bearings  and  about  250  000  psi 
(1. 7x10^  N/m^)  for  the  series  215  bearings.  ^ 


Fatigue  Tests 

Fatigue  tests  were  conducted  in  the  five-ball  fatigue  tester  at  a majcimum  Hertz 
stress  of  700  000  psi  (4.  10^  N/m^).  The  drive-shaft  speed  was  10  600  rpm,  and  the 

contact  angle  (indicate  i ;y  /3  in  fig.  3)  was  34.  5°.  Tests  were  run  continuously  for 
300  hours,  or  until  failure  of  the  upper  test  ball  or  a lower  support  ball  occurred.  The 
outer-race  temperature  stabilized  at  about  145°  F (336  K)  with  no  heat  added.  The 
11/16-inch-  (17.  5-mm-)  diameter  hollow  balls  were  run  with  1/2-inch  (12.7-mm)  solid 
AISI  M-50  lower  support  balls  with  a Rockwell  C hardness  of  64  to  64.  5.  The  lubricant 
was  identical  to  the  super-refined  naphthenic  mineral  oil  used  in  the  bearing  tests. 
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Post-Test  Inspection 


After  the  testing,  the  bearings  were  disassembled,  cleaned,  and  inspected  for 
damage. 

After  the  fatigue  tests,  the  hollow  balls  with  failures  were  cleaned  and  examined. 
The  balls  were  electropolished  to  determine  the  location  of  the  weld,  the  orientation  of 
the  weld  relative  to  the  ball  track,  and  the  proximity  of  the  spall  to  the  weld  area. 

Some  balls  were  sectioned  through  and  parallel  to  the  track.  The  sections  were 
polished  and  photomicrographs  were  taken. 


RESULTS  AND  DISCUSSION 
Bearing  Tests 

Two  series  (115  and  215)  of  75-millimeter-bore  ball  bearings  were  tested  with  solid 
and  hollow  rolling  elements  to  determine  their  operating  characteristics.  The  results  of 
tests  with  the  series  115  bearings  are  shown  in  figure  5.  Very  little  difference  existed 


4r 


Thrust, 
lb  (N) 

:}  1000  (4400) 


10 


12 


14  16 

Shaft  speed,  rpm 


18 


20x10^ 


(b)  Bearing  torque  as  function  of  shaft  speed. 


Figure  5.  - Comparison  of  performance  data  of  series 
115  75-millimeter  bearings  using  both  solid  and 
hollow  balls.  Ball  diameter,  1/2  inch  (12.7  mm); 
ball  material,  SAE  52100  steel;  bearing  specifica- 
tions given  in  table  I. 
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(a)  Outer-race  temperature  as  function  of  shaft  speed. 


Shaft  speed,  rpm 

lb)  Bearing  torque  as  function  of  shaft  speed. 

Figure  6.  - Comparison  of  performance  data  of  series  215  75-millimeter  bearings 
using  both  solid  and  hollow  balls.  Ball  diameter,  11/16  inch  (17.5  mml;  ball 
material,  AISl  M-2  for  solid  balls  and  AlSl  M-50  for  hollow  balls;  thrust  load. 
500  pounds  (2200  N);  bearing  specifications  given  in  table  1. 


in  either  the  outer-race  temperature  (fig.  5(a))  or  the  total  bearing  torque  (fig.  5(b))  be- 
tween the  bearing  with  the  solid  balls  and  the  bearing  with  the  hollow  balls  over  the  range 
of  shaft  speeds  investigated. 

The  results  of  tests  with  the  series  215  bearings  are  shown  in  figure  6.  The  curves 
of  outer-race  temperature  (fig.  6(a))  and  bearing  torque  (fig.  6(b))  against  speed  show 
that  the  hollow  ball  bearings  had  slightly  lower  values  than  the  solid  ball  bearing  for  the 
range  of  shaft  speeds  investigated. 


Post-Test  Inspection  of  Behrings 


Visual  inspection  of  the  series  115  bearings  revealed  that  the  solid  and  hollow  balls, 
races,  and  retainers  were  in  very  good  condition  with  no  apparent  wear. 
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(al  Balls  (rom  bearing  215-1-H  showing  external  spalls. 


Centerline  ot 
running  trxk 


lb)  Ball  from  bearing  21S-3-H  showing  complete  fracture. 
Figure  7.  - Typically  damaged  hollow  balls  from  series  215  bearings. 


Inspection  of  the  series  215  bearings,  however,  revealed  extensive  damage  to  the 
hollow  balls.  A photograph  showing  typical  damage  experienced  by  the  balls  is  presented 
in  figure  7.  The  ball  damage  ranged  from  spalling  (fig.  7(a))  to  complete  fracture 
(fig.  7(b)).  The  spalls  were  all  on  the  running  track.  The  ball  in  figure  7(b)  fractured 
into  two  halves  at  the  weld.  The  track  was  perpendicular  to  the  weld,  and  a spall  was 
right  at  the  weld.  The  total  running  times  and  damage  to  the  hollow  balls  of  each  bearing 
are  summarized  in  table  V. 


TABLE  V.  - SUMMARY  OF  BALL  DAMAGE  OF  SERIES  215  BEARINGS 


Bearing 

Running  time, 
hr 

Condition  of  balls 

215-1-H 

^13.6 

Nine  spalled  balls 

215-2-H 

8.6 

One  spalled  ball  that  broke  when  bearing  was  dissembled 

215-3-H 

4.1 

One  fractured  ball,  four  spalled  balls,  and  one  ball  with 

surface  crack 

^Bearing  apparently  ran  for  about  3 hr  after  first  spall  occurred. 


One  ball  from  bearing  215-1-H  had  14  spalls  around  its  circumference  (fig.  8(a)). 
After  this  ball  v/as  sectioned  and  examined,  it  was  determined  that  the  ball  track  coin- 
cided with  the  plane  of  the  weld,  as  shown  in  figures  8(a)  and  (b).  Further  examination 
of  this  ball  revealed  many  cracks  on  the  internal  surface,  across  the  weld,  as  shown  in 
figure  8(c).  This  ball  was  then  sectioned  parallel  to  and  through  the  track,  and  the  speci- 
men was  polished.  A composite  of  several  photomicrographs,  shown  in  figure  8(d),  re- 
veals a pattern  of  cracks  extending  from  the  inside  of  the  ball  to  the  outside  surface  spalls. 

Other  balls  that  were  damaged  were  electropolished  to  determine  the  orientation  of 
the  weld  relative  to  the  running  track.  All  these  tracks  were  at  angles  from  45°  to  90° 
to  the  weld.  Every  ball  that  was  sectioned  parallel  to  and  through  the  track  revealed 
cracks  between  the  weld  area  and  the  outside  surface,  and  example  of  which  is  shown  in 
figure  9. 

It  was  not  apparent  from  these  photographs  whether  the  cracks  had  originated  at  the 
outside  surface  and  propagated  inward  or  had  originated  at  the  inside  surface  and  propa- 
gated outward  through  the  wall,  resulting  in  a surface  spall.  However,  several  balls 
that  did  not  show  any  surface  distress  were  sectioned  parallel  to  and  through  the  ball 
track.  In  each  of  these  balls,  cracks  were  revealed  that  apparently  had  originated  at  the 
inside  surface  in  the  weld  area,  as  shown  in  figure  10. 

Several  observations  on  the  integrity  of  the  weld  were  made.  Microhardness  read- 
ings were  taken  on  a sectioned  ball  in  the  weld  zone  and  in  the  parent  material.  A vari- 
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Centerline  of 


C-69-173 


la)  View  of  external  surface  showing  multiple  spalls. 


M 1 mm 


Inside  surface 

-Outside 

surface 

C-69-174 


lb)  View  of  internal  surfKC  showing  weM. 
figure  8.  * Ball  from  bearing  21S-1-H  with  running  track  directly 
on  weld  area. 


(c)  Closeup  view  of  weld  bead 
shmving  cracks  on  internal 
surface,  across  weld. 


fdl  Composite  of  photomicrographs  of  ball  sectioned  parallel  to  and  through  both  running 
track  and  wekt. 


Figure  8.  - Concluded. 


I 


■ 


■ 

I 


I 

I 

1 


Figure  9.  * Sectional  view  showing  typical  cracks  between  weld  area  and  outside 
surface  of  ball.  Section  taken  parallel  to  and  through  running  track. 


C-ro-641 


Figure  10.  - Section  of  typical  ball  (from  bearing  21S-I-HI  on  which  no  surface  spalls  were  evident. 
Cracks  shown  originated  at  weld  area.  Section  taken  parallel  to  and  through  running  track. 


ation  in  Rockwell  C hardness  of  about  one  point  was  observed.  A very  slight  difference 
in  microstructure  was  observed,  but  this  difference  was  not  considered  significant. 

The  electron-beam  weld  appeared  to  be  of  good  quality  and  proper  technique.  The 
bead  on  the  inside  surface  of  the  balls,  however,  varied  in  thickness  around  the  circum- 
ference. There  was  considerable  spatter  of  material  on  the  inside  surface  of  the  ball. 

In  some  sectioned  specimens,  the  wall  thickness  was  slightly  less  adjacent  to  the  weld 
than  in  the  remainder  of  the  wall. 
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I 
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Two  hollow  balls  that  had  not  been  run  in  a bearing  were  examined  by  X-ray  tech- 
niques, and  no  cracks  were  observed.  Three  hollow  balls  that  had  been  run  in  a bearing 
but  had  no  apparent  surface  defects  were  then  examined  by  X-ray,  and  cracks  in  the  weld 
area  were  observed  in  all  three. 

From  the  aforementioned  examination,  it  was  concluded  that  the  hollow  balls  from 
the  series  215  bearings  had  probably  failed  in  flexure  because  of  a stress  concentration 
in  the  region  of  the  weld.  This  stress  concentration  appeared  in  nearly  all  cases  to  be 
caused  by  the  notch  formed  at  the  edge  of  the  weld  bead. 


Fatigue  Tests 

The  results  of  fatigue  tests  with  1/2-inch-  (1.27-mm)  diameter  balls  in  the  NASA 
five-ball  fatigue  tester  are  presented  in  reference  9.  The  fatigue  lives  of  those  hollow 
balls  (0. 100-in.  or  2.  54-mm  wall  thickness)  compared  favorably  with  solid  balls  of  the 
same  material.  It  was  concluded  that  the  weld  zone  material  on  the  hollow  balls  was  not 
significantly  weaker  in  fatigue  than  the  solid  parent  material. 

The  results  of  fatigue  tests  with  the  11/16-inch-  (17.  5-mm-)  diameter  hollow  balls 
(0. 060-in.  or  1.  5-mm  wall  thickness)  are  presented  in  figure  11.  The  balls  were  run  in 
the  five-ball  fatigue  tester  under  conditions  similar  to  those  of  reference  9.  Figure  11  is 
a plot  of  the  log- log  of  the  reciprocal  of  the  probability  of  survival  as  a function  of  the  log 

ll/16-lnch-  (17.5-mm-)  diameter  hollow  balls 

Estimated  life  for  AISI  IVl-50  solid  balls 


Figure  11.  - Rolling-element  fatigue  life  of  AISI  M-50  steel 
hollow  and  solid  upper  balls  in  five-ball  fatigue  tester. 
Maximum  Hertz  stress,  700  000  psi  (4.82x10^  N/m‘);  speed, 
10  600  rpm;  lubricant,  naphthenic  mineral  oil;  no  heat 
added. 
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of  the  stress  cycles  to  failure  (Weibull  coordinates).  For  convenience,  the  ordinate  is  the 
statistical  percent  of  specimens  failed.  For  comparison,  data  for  M-  50  steel  solid  balls 
from  reference  13  were  adjusted  for  differences  in  stressed  volume  and  contact  stress 
and  were  plotted  in  figure  11.  The  fatigue  lives  are  obviously  much  lower  for  the  hollow 
balls  than  for  the  solid  balls. 


Post -Test  Inspection  of  Fatigue  Balls 

The  ll/16-inch~  (17.  5-mm-)  diameter  hollow  balls  that  had  been  tested  on  the  five- 
ball  fatigue  tester  were  electropolished  to  determine  the  orientation  of  the  weld.  On 
each  of  the  six  failed  balls,  the  running  track  crossed  the  weld.  The  fatigue  spall  on 
five  of  these  six  balls  was  adjacent  to  or  directly  on  the  weld.  The  spall  on  the  other 
ball  was  clearly  away  from  the  weld  area.  On  the  one  ball  that  had  no  fatigue  spall  after 
530  million  stress  cycles  (300  hr),  the  running  track  did  not  cross  the  weld. 

Four  of  the  failed  balls  with  the  spall  adjacent  to  the  weld  were  sectioned  parallel 
to  and  through  the  running  track.  In  each  ball,  a crack  connected  the  outside  surface 
spall  to  the  inside  surface  and  passed  through  the  weld  area.  A typical  crack  is  shown  in 
figure  12. 

From  the  width,  shape,  and  pattern  of  these  cracks,  it  was  concluded  that  they  ini- 
tiated at  the  inner  surface  of  the  ball  and  propagated  to  the  outer  surface,  resulting  in  a 
spall  that  resembled  those  of  classical  subsurface  rolling- element  fatigue.  It  was  also 
concluded  that  these  hollow  balls  had  probably  failed  in  flexure  because  of  a stress  con- 


Figure  12.  - Typical  section  through  junction  of  weld  and  running  track  showing  crack 
connecting  inside  of  wall  with  spall  on  outer  surface.  AISI M-50  steel  11/16-inch- 
(17.5-nim-)  diameter  hollow  ball  (upper  test  ball  in  five-ball  fatigue  tester).  Maximum 
Hertz  stress,  700  000  psi  (4.82x109  N/m^);  etchant,  Picral-hydrochloric  acid. 
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centration  in  the  region  of  the  weld,  like  the  balls  in  the  series  215  bearings.  Again, 
the  stress  concentration  appeared  to  be  at  the  notch  formed  at  the  edge  of  the  weld  at  the 
ball  inner  diameter. 

The  ball  with  the  spall  away  from  the  weld  area  was  also  sectioned  through  the 
spall,  parallel  to  the  running  track.  No  cracks  were  seen  connecting  the  spall  and  the 
inner  surface  of  the  ball.  This  failure  was  apparently  not  a result  of  flexure  of  the  wall 
and  most  probably  was  classical  subsurface  fatigue. 


CONCLUDING  REMARKS 

The  results  of  reference  9 showed  that  1/2-inch-  (12.7-mm-)  diameter  SAE  52100 
steel  hollow  balls,  with  an  outside-  to  inside-diameter  ratio  of  1.6,  compared  favorably 
with  solid  balls  in  fatigue  tests.  However,  the  11/16-inch-  (17.  5-mm-)  diameter  M-50 
steel  hollow  balls,  with  a diameter  ratio  of  1. 2 reported  herein,  did  not  compare  well 
with  solid  balls  in  fatigue  tests.  The  fact  that  the  balls  were  of  different  material  and 
shje  should  not  have  made  any  significant  difference  in  the  fatigue  comparisons.  These 
results  suggest  that  the  diameter  ratio  of  1. 2 results  in  a wall  that  is  too  flexible  for  use 
in  a bearing  bail. 

The  series  115  hollow  ball  bearings  (diameter  ratio  = 1.6)  did  not  have  any  ball 
failures  but  showed  no  marked  improvement  in  torque  or  temperature  over  the  solid 
ball  bearings  over  the  range  of  shaft  speeds  tested.  Although  the  series  215  hollow  ball 
bearings  (diameter  ratio  = 1. 2)  had  ball  failures,  they  did  show  some  improvement  in 
torque  and  temperature  over  the  solid  ball  bearings.  However,  a combination  of  the 
air-oil-mist  lubrication  system  and  the  temperature  limitation  of  the  SAE  52100  steel 
limited  the  testing  of  the  series  115  bearings  to  moderate  speeds.  This  does  not  pre- 
clude the  possibility  that  some  improvement  in  torque  or  temperature  would  be  noted  if 
the  bearing  could  have  been  operated  at  higher  shaft  speeds. 

A number  of  problems  are  inherent  in  the  manufacture  of  hollow  balls  that  are  to 
be  used  in  bearings.  Two  significant  problems  are  the  difficulty  in  (1)  maintaining  uni- 
form wall  thickness  and  (2)  controlling  the  weld  penetration  around  the  periphery  of  the 
ball.  Therefore,  the  balls  will  almost  always  have  an  unbalance  and/or  a slightly  dif- 
ferent stiffness  at  the  weld.  Under  dynamic  conditions,  these  factors  could  adversely 
affect  the  life  of  the  ball. 

The  hollow  ball  failures  reported  herein  originated  at  a stress  concentration  at  the 
ball  inner  diameter.  It  may  therefore  be  concluded  that,  where  stress  raisers  exist. 
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early  failures  will  result  when  the  wall  of  a hollow  ball  is  sufficiently  thin  and  flexure 
becomes  significant. 


SUMAAARY  OF  RESULTS 

An  experimental  investigation  was  conducted  to  determine  the  operating  charac- 
teristics of  ball  bearings  using  hollow  balls  as  the  rolling  elements.  Similar  bearings 
using  solid  balls  were  also  tested  and  the  data  compared.  Two  series  (115  and  215)  of 
75-millimeter-bore  deep-groove  ball  bearings  were  operated  at  shaft  speeds  up  to 
24  000  rpm  (1.  8x10®  DN)  with  thrust  loads  of  500  and  1000  pounds  (2200  and  4400  N). 

The  series  115  bearings  used  1/2-inch-  (12.7-mm-)  diameter  balls  with  a 0. 100- inch 
(2.  54-mm)  wall  thickness,  and  the  series  215  bearings  used  11/16-inch-  (17.  5-mm-) 
diameter  balls  with  a 0. 060- inch  (1.  5-mm)  wall  thickness.  The  torque  and  outer-race 
temperature  data  of  the  bearii^s  with  the  hollow  balls  were  compared  with  data  of  simi- 
lar bearings  with  solid  balls.  Tests  were  conducted  in  the  NASA  five-ball  fatigue  tester 
to  determine  the  life  of  the  11/16-inch-  (17. 5-mm~)  diameter  hollow  balls.  The  follow- 
ing results  were  obtained: 

1.  The  11/16-inch-  (17.  5-mm-)  diameter  hollow  balls  failed’by  flexure  fatigue. 
Cracks  initiated  at  the  inner  diameter  at  a stress  concentration  in  the  weld  area  and 
propagated  through  the  wall,  terminating  in  a spall  on  the  outer  surface. 

2.  The  rolling- element  fatigue  life  of  the  11/16-inch-  (17.  5-mm-)  diameter  hollow 

9 2 

balls,  determined  at  a maximum  Hertz  stress  of  700  000  psi  (4.  82x10  N/m  ),  was  sig- 
nificantly less  than  lives  predicted  from  previously  run  AISI  M-50  solid  steel  balls.  The 
hollow  balls  from  the  fatigue  tests  appeared  to  have  failed  in  flexure,  like  the  hollow 
balls  from  the  series  215  bearings. 

3.  The  torques  and  outer-race  temperatures  of  the  series  115  hollow  ball  bearings 
operating  at  speeds  up  to  18  000  rpm  (1, 35x10  DN)  were  not  significantly  different  from 
those  of  the  series  115  solid  ball  bearings. 

4.  The  torque  and  outer-race  temperature  of  the  series  215  hollow  ball  bearings 
were  slightly  lower  than  the  values  for  the  series  215  solid  ball  bearings  at  correspond- 
ing test  conditions. 
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EVALUATION  OF  CYLINDHICALLY  HOLLOW  (DRILLED)  BALLS 
IN  BALL  BEARINGS  AT  DN  VALUES  TO  2. 1 MILLION 
by  Harold  H.  Coe,  Herbert  W.  Scibbe,  and  William  J.  Anderson 

Lewi^  Research  Center 

SUMMARY 

An  experimental  investigation  was  conducted  to  evaluate  a bearing  with  cylindrically 
hollow  (drilled)  balls  as  the  rolling  elements.  Ball  bearings  having  a 75 -millimeter  bore 
and  either  solid  or  drilled  balls  were  tested  with  a thrust  load  of  500  pounds  (2200  N)  at 
shaft  speeds  up  to  28  000  rpm  or  2. 1x10®  DN  (bearing  bore  in  mm  times  shaft  speed  in 
rpm).  The  ll/16-inch-(17. 5-mm-)  diameter  hollow  balls  had  a 0. 42-inch-(10. 7-mm-) 
diameter  hole  drilled  through  the  center  to  effect  a 50-percent  weight  reduction.  Test 
data  with  the  drilled-ball  and  solid-ball  bearings  were  compared. 

The  test  results  showed  that  the  drilled-ball  bearing  operated  satisfactorily  over  the 
range  of  conditions  investigated.  The  outer -race  temperatures  and  torques  of  the  drilled- 

ball  bearings  were  significantly  lower  than  those  of  the  solid-ball  bearings,  when  the  lu- 
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bricant  flow  rate  was  greater  than  0. 4 pound  per  minute  (SxlO  kg/sec).  A drilled-ball 
bearing  was  still  operating  satisfactorily  after  107  hours  accumulated  running  time,  in- 
cluding 66  hours  at  DN  values  of  at  least  1. 5X10®.  It  was  concluded  that  the  drilled-ball 
bearing  concept  offers  potential  for  high-speed  applications. 


INTRODUCTION 

Recent  trends  in  gas  turbine  design  and  development  have  been  toward  engines  with 
higher  thrust-to-weight  ratios,  which  result  in  a requirement  for  higher  shaft  speeds  and 
larger  shaft  diameters  (ref.  1).  Bearings  in  current  production  aircraft  turbine  engines 
operate  in  the  range  from  i.  5 to  2. 0 million  DN  (bearing  bore  in  mm  times  shaft  speed 
in  rpm).  Engine  designers  anticipate  that  turbine  bearing  DN  values  will  have  to  increase 
to  2. 5 to  3.0  million  by  1980.  It  is  speculated  that  turbine  engine  developments  after  1980 
may  require  bearing  DN  values  as  high  as  4.0  million. 
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When  ball  bearings  are  operated  at  DN  values  above  1. 5 million,  centrifugal  forces 
produced  by  the  balls  can  become  significant.  The  resulting  increase  in  Hertz  stresses 
at  the  outer -race  ball  contacts  can  seriously  shorten  bearing  fatigue  life  (ref.  2). 

A possible  solution  to  problems  with  high-speed  bearings  would  be  to  reduce  the 
mass  of  the  ball  and  thereby  reduce  the  centrifugal  force  (ref.  3).  One  method  of  reduc- 
ing ball  mass  is  to  form  a hollow  ball  by  welding  two  hemispherical  shells  together  (ref. 
4).  Tests  were  conducted  with  75 -millimeter -bore  bearings  with  ll/16-inch-(17. 5-mm-) 
diameter  spherically  hollow  balls  having  a 0. 060- inch  (1. 5-mm)  wall  (refs.  5 and  6). 

The  hollow  balls  in  these  tests  faileol  by  flexure  fatigue  due  to  a stress  concentration  in 
the  weld  area.  These  balls  had  a weight  reduction  of  56  percent.  Two  other  significant 
problems  with  spherically  hollow  balls,  mentioned  in  references  5 and  6,  are  the  diffi- 
culty in  (1)  maintaining  uniform  wall  thickness  and  (2)  controlling  the  weld  penetration 
around  the  periphery  of  the  ball.  These  problems  would  cause  the  balls  to  have  an  unbal- 
ance and/or  a slightly  different  stiffness  at  the  weld. 

Another  method  of  reducing  ball  mass  is  to  machine  a concentric  hole  through  the 
ball.  This  method  alleviates  the  possible  problems  of  ball  unbalance  because  the  hole 
concentricity  can  be  maintained  very  accurately.  Additionally,  a very  smooth  surface 
finish  can  be  achieved,  without  the  irregularities  present  in  the  area  of  a weld. 

The  objectives  of  this  investigation  were  (1)  to  experimentally  evaluate  a ball  bear- 
ing with  "drilled”  or  cylindrically  hollow  balls  as  the  rolling  elements  and  (2)  to  compare 
torque  and  outer -race  temperature  data  of  a bearing  with  drilled  balls  with  data  of  a sim- 
ilar bearing  with  solid  balls  over  a range  of  operating  conditions. 

Tests  were  conducted  with  75 -millimeter -bore,  deep-groove  ball  bearings  using 
either  solid  or  drilled  balls.  The  bearings  were  operated  at  a thrust  load  of  500  pounds 
(2200  N)  at  speeds  to  28  000  rpm  (2. 1 million  DN)  with  either  air -oil-mist  or  oil-jet  lu- 
brication. The  bearings  used  ll/16-inch-(17. 5-mm-)  diameter  balls.  The  drilled  balls 
were  made  by  electric-discharge  machining  (EDM)  a 0. 42-inch-(10. 7-mm-)  diameter 
hole  through  the  center  of  a solid  ball  to  effect  a 50-percent  weight  reduction.  Pins 
through  the  cage  and  the  balls  were  used  to  prevent  ball  misorientation. 


APPARATUS  AND  INSTRUMENTATION 
Bearing  Test  Rig 

A cutaway  view  of  the  bearing  test  apparatus  is  shown  in  figure  1.  A variable -speed, 
direct-current  motor  drives  the  test  bearing  shaft  through  a gear  speed  increaser.  The 
ratio  of  the  test  shaft  speed  to  the  motor  shaft  speed  was  14.  The  limiting  speed  of  the 
test  shaft  was  28  000  rpm. 
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The  test  shaft  was  supported  and  cantilevered  at  the  driven  end  by  two  oil-jet- 
lubricated  ball  bearings.  The  test  bearing  was  thrust  loaded  by  a pneumatic  cylinder 
through  an  externally  pressurized  gas  thrust  bearing.  The  gas  bearing  was  used  so  that 
the  test  bearing  torque  could  be  measured. 

Bearing  torque  was  measured  with  an  unbonded  strain-gage  force  transducer  con- 
nected to  the  periphcx of  the  test  bearing  housing,  as  shown  in  figure  1.  This  torque 
was  recorded  continuously  by  a millivolt  potentiometer.  The  estimated  accuracy  of  the 
data  recording  system  was  ±0. 05  pound-inch  (0.006  N-m). 

Bearing  outer-race  temperature  was  measured  with  two  iron-constantan  thermo- 
couples located  as  shown  in  figure  1.  The  estimated  accuracy  of  the  temperature  meas- 
uring system  was  about  ±2°F  (±1  K). 


Test  Bearing  Lubrication  System 

The  test  bearing  was  lubricated  by  either  an  air-oil  mist  or  an  oil  jet  introduced  to 
the  bearing  as  shown  in  figure  1.  The  air-oil-mist  generating  system  is  shown  in  figure 
2.  The  pressurized  tank  fed  oil  through  the  capillary  tube  into  the  air  line  downstream 
from  a Venturi.  A jet  of  high-velocity  air  generated  by  the  Venturi  atomized  a metered 
flow  of  oil  from  the  capillary  into  an  air-oil  mist.  The  mist  then  flowed  to  the  test  bear- 
ing lubricator  through  plastic  tubing.  After  the  initial  tests  with  the  air -oil  mist,  a re- 
circulating oil  lubrication  system  was  installed.  The  oil  flow  rates  for  the  air -oil  mist 
tests  ranged  from  0. 01  to  0. 07  pound  per  minute  (0. 8x10"^  to  5x10"'^  kg/sec).  The  flow 
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rates  for  the  oil -jet  lubrication  tests  ranged  from  0. 4 to  2.0  pounds  per  minute  (3x10" 
to  15x10"^  kg/sec). 

The  lubricant  used  in  this  investigation  was  a superrefined  naphthenic  mineral  oil 
• with  a viscosity  of  75  centistokes  at  100°  P (75x10"®  m^sec  at  311  K). 


Test  Bearings  and  Drilled  Balls 

The  test  bearing  specifications  are  listed  in  table  I.  The  bearings  were  75- 
millimeter -bore,  deep-groove  ballbearings  with  ll/16-inch-(17. 5-mm-)  diameter  balls. 
The  two-piece,  machined  cages  were  outer -race  riding.  One  shoulder  of  the  inner  race 
was  removed  for  the  drilled-ball  bearings  to  make  the  bearing  separable.  Photographs 
of  the  bearings  are  shown  m figure  3. 

A section  view  of  the  modified  bearing  showing  details  of  tlie  drilled  ball  and  the  re- 
straining pin  is  presented  in  figure  4.  Each  ball  has  a 0. 42-inch-(10. 7-mm-)  diameter 
concentric  hole  machined  through  the  center.  This  size  hole  results  in  a weight  reduction 
of  50  percent  from  that  of  a solid  ball.  Each  ball  is  retained  in  the  cage  by  a 0. 125-inch- 
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(3.2-mm-)  diameter  pin  made  from  stainless-steel  tubing  which  prevents  the  edge  of  the 
hole  from  riding  on  the  race  groove.  The  pin  is  sized  to  allow  the  ball  to  turn  to  its  con- 
tact angle.  The  pin  is  located  at  approximately  the  center  of  the  ball  pocket  at  the  pitch 
diameter  of  the  bearing. 


PROCEDURE 

The  bearings  were  tested  with  both  air-oil^ist  and  oil-jet  lubrication.  Each  test 
bearing  was  run  in  for  1 hour  with  a 250-pound  (1100-N)  thrust  load,  a shaft  speed  of 
6000  rpm,  and  an  air-oil-mist  flow  rate  of  about  0. 010  pound  per  minute  (0. 8x10"^  kg/ 
sec).  After  run-in  for  the  air -oil-mist  tests,  the  flow  rate  was  increased  to  0. 037  pound 
per  minute  (2. 8x10"'^  kg/sec),  the  thrust  load  was  set  at  500  pounds  (2200 -N),  and  the 
shaft  speed  was  increased  to  10  000  rpm.  Each  bearing  was  operated  at  this  initial  con- 
dition until  temperature  equilibrium  was  achieved.  Equilibrium  was  assumed  for  each 
data  point  when  the  bearing  outer -race  temperature  reading  had  not  changed  more  than 
1°  F (2  K)  over  a 10-minute  interval. 

After  the  initial  data  point  was  taken  at  a speed  of  10  000  rpm  and  a thrust  load  of 
500  pounds  (2200  N),  the  shaft  speed  was  increased  in  increments  of  2000  rpm  while  the 
load  was  maintained  constant.  The  maximum  hertz  stress  of  the  solid-ball  bearing  at 
28  000  rpm  was  approximately  250  000  psi  (1. 7x10®  N/m^)  at  the  outer-race  - ball  con- 
tact. The  lubricant  flow  rate  was  increased  with  the  shaft  speed,  as  shown  in  table  n. 
The  technique  described  in  reference  7 was  used  to  determine  the  flow  rates  required. 
Outer -race  temperature  and  bearing  torque  were  recorded  for  each  shaft  speed.  Data 
points  were  taken  until  outer -race  temperature  equilibrium  could  not  be  attained. 

Two  types  of  tests  were  conducted  with  oil-jet  lubrication,  in  the  first  type,  the 
procedure  just  given  was  repeated  with  a constant  oil  flow  rate  of  about  1 pound  per  min- 

O 

ute  (8x10“  kg/sec).  For  the  second  type  of  tests,  the  procedure  was  used  until  the  shaft 
speed  was  20  000  rpm.  Then,  at  a constant  shaft  speed,  the  oil  flow  rate  was  changed. 

O 

The  oil  flow  rate  was  first  increased  to  about  2 pounds  per  minute  (15x10"  kg/sec)  and 

O 

then  decreased  to  about  0. 4 pound  per  minute  (3x10"  kg/sec),  in  about  10  increments. 
EqulUbrium  data  were  taken  at  each  flow  rate.  A final  check  point  was  then  taken  at 
about  1 pound  per  minute  (8x10  kg/sec)  to  make  certain  that  the  bearing  operating  char- 
acteristics had  not  changed. 


RESULTS  AND  DISCUSSION 

Two  75 -millimeter -bore  bearings  with  cylindrically  hollow  (drilled)  balls  were  oper- 
ated with  a 500-pound  (2200-N)  thrust  load  over  a range  of  shaft  speeds  to  28  000  rpm 
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(2. 1 million  DN),  using  either  air-oil -mist  or  oil -jet  lubrication.  Similar  bearings  with 
solid  balls  were  also  tested  under  the  same  conditions.  Outer-race  temperature  and 
torque  data  for  the  drilled -ball  bearings  were  compared  with  similar  data  for  the  solid - 
ball  bearings. 


Air -Oil-Mist  Lubrication  Tests 

The  results  of  the  bearing  tests  with  air -oil -mist  lubrication  are  presented  in  figure 
5.  The  drilled -ball  bearing  4SRH  had  a significantly  lower  outer -race  temperature  than 
the  solid -ball  bearing  (IS).  The  temperature  of  bearing  3SRH  was  also  lower  at  the  lower 
shaft  speeds  but  was  the  same  as  that  of  the  solid -ball  bearing  at  the  higher  speeds.  The 
difference  in  the  outer -race  temperatures  of  the  two  drilled-ball  bearings  was  probably 
due  to  the  difference  in  radial  internal  clearance  (see  table  HI).  The  differences  in 
torque  were  considered  insignificant. 


Oil-Jet  Lubrication  Tests 

Two  types  of  tests  were  conducted  with  oil-jet  lubrication.  In  the  first  type,  the  oil 
flow  rate  was  held  constant  while  the  shaft  speed  was  varied.  In  the  second  type,  the 
shaft  speed  was  maintained  constant  while  the  oil  flow  rate  was  varied. 

Variable  shaft-speed  tests.  - The  results  of  the  variable  shaft  speed  tests  with  oil- 
jet  lubrication  are  presented  in  figure  6.  The  outer -race  temperature  and  bearing  torque 
are  significantly  lower  for  the  drilled-ball  bearings  than  for  the  solid-ball  bearings. 

The  tests  were  run  several  times,  and  the  values  presented  are  the  averages  of  all 
runs.  The  scatter  in  the  temperature  data  was  very  small,  as  shown  in  figure  6.  The 
agreement  between  the  two  drilled-ball  bearings  was  very  good  over  the  range  tested,  al- 
though the  torque  of  bearing  3SRH  was  deviating  toward  higher  values  at  the  higher  shaft 
speeds. 

During  testing,  a critical  speed  of  the  test  shaft  was  encountered  at  about  8000  rpm 
(as  the  speed  v;as  increased  from  6000  to  10  000  rpm),  which  caused  a rise  in  the  re- 
corded bearing  torque.  This  influence  on  bearing  torque  still  existed  somewhat  at  10  000 
rpm,  as  the  values  for  all  three  bearings  were  slightly  high  at  that  point. 

The  lower  outer -race  temperatures  for  the  drilled-ball  bearings  reflected  lower  sur- 
face temperatures  of  the  balls  and  were  probably  due  to  two  factors.  These  were  (1)  the 
lower  ball  mass,  which  resulted  in  lower  heat  generation,  and  (2)  additional  cooling  sur- 
face, which  was  available  with  the  hole  through  the  interior  of  the  ball.  Comparison  of 
figures  5 and  6 shows  that  the  bearing  temperatures  with  oil-jet  lubrication  averaged 
about  70°  F (40  K)  cooler  than  with  air-oil-mist  lubrication  over  the  same  speed  range. 
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Comparison  of  figures  5 and  6 also  shows  that  the  bearing  torques  increased  about  3 
or  4 times  with  the  increase  in  the  oil  flow  rate  of  from  15  to  100  times  when  going  from 
mist  to  jet  lubrication.  The  bearing  torque  was  more  sensitive  to  shaft  speed  with  jet 
lubrication  because  of  the  additional  oil  churning  losses. 

Variable  oil  flow  tests.  - The  results  of  the  variable  oil  flow  rate  tests  are  pre- 
sented in  figure  7.  The  torque  and  temperature  of  the  drilled -ball  bearing  remained 
lower  than  those  of  the  solid -ball  bearing  over  the  range  tested.  The  changes  in  outer - 
race  temperature  were  greater  at  the  lower  flow  rates,  as  would  be  expected,  since  the 
oil  was  functioning  as  a coolant  (flow  rate  much  greater  than  that  required  for  lubrica- 
tion). With  cooling,  the  outer-x'ace  temperature  varied  inversely  with  coolant  flow  rate. 
Therefore,  a small  change  in  oil  flow  rate  will  produce  a greater  change  in  outer-race 
temperature  at  low  flow  rates  than  at  high  flow  rates. 

The  bearing  torque  doubled  with  a fivefold  increase  in  oil  flow  rate.  The  rate  of  in- 
crease in  torque  was  lower  at  the  higher  flow  rates,  as  the  bearing  was  becoming  satu- 
rated with  oil. 


Bearing  Post -Test  Inspection 

Visual  inspection  of  the  drilled -ball  bearings  showed  that  the  balls  and  races  were 
still  in  good  condition.  There  was  no  evidence  of  abnormal  ball-race  tracking  or  skid- 
ding in  either  bearing. 

The  cages  were  also  in  good  condition,  although  there  was  slight  wear  on  the  outside 
diameter  in  the  area  of  the  land,  as  shown  in  figure  8.  The  wear  was  not  considered  ex- 
cessive. Wear  of  the  pins  was  observed,  however,  as  shown  in  figures  9 and  10.  Most 
of  the  pins  from  bearing  3SRH  showed  moderate  wear,  but  two  pins  had  heavier  wear. 
Pins  from  bearing  3SRH  are  shown  in  figure  9.  Most  of  the  pins  from  bearing  4SRH  had 
light  wear,  but  three  had  very  heavy  wear.  Typical  pins  from  bearing  4SRH  are  shown 
in  figure  10.  It  is  assumed  that  the  wear  was  caused  by  the  edge  of  the  concentric  hole. 
The  stainless -steel  tubing  pins  were  free  to  turn  in  the  cage. 

The  total  running  times  for  each  drilled-ball  bearing  are  shown  in  tables  IV  and  V. 
Note  that  bearing  3SRK  (table  IV)  was  still  operating  satisfactorily  after  107  hours  accu- 
mulated  running  time,  including  66  hours  at  DN  values  of  at  least  1. 5x10  . This  com- 
pares with  the  fact  that  the  same  size  spherically  hollow  ball  bearings  in  reference  5 
failed  after  4 to  10  hours  running  time. 
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CONCLUDING  REMARKS 


It  was  expedient  to  modify  an  existing  bearing  for  these  tests  to  evaluate  the  drilled- 
ball  bearing.  Therefore,  the  bearing  in  this  report  should  obviously  not  be  considered 
an  optimum  design. 

The  wear  of  the  pins  could  certainly  have  been  reduced  by  using  a hardened  material. 
The  results  withf'the  stainless -steel  tubing  however,  do  point  out  that  pin  wear  could  be  a 
problem . 

It  should  be  noted  that  the  tests  reported  herein  were  limited  to  the  speed  range  of 
the  test  apparatus  and  not  limited  by  the  test  bearings.  Since  the  drilled -ball  bearing 
performed  quite  well  over  the  range  of  conditions  tested,  it  was  concluded  to  be  not  only 
a workable  concept,  but  one  worthy  of  further  investigation.  The  drilled -ball  bearing 
has  potential  for  high-speed  application. 


SUMMARY  OF  RESULTS 

An  experimental  investigation  was  conducted  to  evaluate  a drilled -ball  bearing.  Two 
7 5- millimeter- bore  bearings  having  balls  with  a 50-percent  weight  reduction  were  op- 
erated with  a 500-pound  (2200-N)  thrust  load  at  speeds  to  28  000  rpm  (2. 1 million  DN). 
Weight  reduction  was  achieved  by  drilling  a 0.42-inch-  (10.7-mm-)  diameter  concen- 
tric hole  through  each  11/16-inch-  (17. 5-mm-)  diameter  ball.  Test  results  were  eval- 
uated by  comparing  the  torque  and  temperature  of  the  drilled-ball  bearing  with  data  of  a 
similar  bearing  with  solid  balls  over  a range  of  operating  conditions.  The  follov/ing  re- 
sults were  obtained. 

1.  The  drilled-ball  bearings  operated  satisfactorily  over  the  range  of  conditions  in- 
vestigated with  both  mist  and  jet  lubrication. 

2.  The  torques  and  outer -race  temperatures  of  the  drilled-ball  bearing  were  signifi- 
cantly lower  than  those  of  a similar  bearing  with  solid  balls  when  the  lubricant  flow  rates 

O 

were  greater  than  0.4  pound  per  minute  (3xl0“  kg/sec). 

3.  A drilled-ball  bearing  was  still  operating  satisfactorily  after  107  hours  accumu- 

fi 

lated  running  time,  including  66  hours  at  DN  values  of  at  least  1. 5x10  . 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  October  14,  1970, 

126-15. 
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TABLE  I.  - BEARING  SPECIFICATIONS 


Bore  diameter,  mm 

75 

Radial  clearance,  in.  (mm) 

0.0016  to  0.0024  (0.041  to  0.061) 

Number  of  balls 

11 

Ball  diameter,  ^ in.  (mm) 

0.6875  (17.5) 

Ball  and  race  material, 

AISI  M-2 

Race  curvature,  inner  and  outer 

0.53 

Retainer  locating  surface 

Outer  race 

Retainer  material 

Annealed  AISI  M-2 

^Hole  size  of  drilled  balls  was  0.420  in.  (10.7  mm). 
Consumable-electrode  vacuum  melted. 


j *^5311  material  for  one  drilled-ball  bearing  was  SAE  52100. 


i TABLE  n.  - LUBRICANT  FLOW  RATE 

1 1 


1 

Shaft  speed. 

Oil  flow  rate^ 

-f; 

rpm 

Ib/min 

kg/sec 

10  000 

0. 037 

0.00028 

4. 

12  000 

.037 

.00028 

14  000 

.037 

.00028 

16  000 

.046 

.00035 

18  000 

.062 

. 00047 

20  000 

.073 

.00055 

22  000 

.073 

.00055 

^Oil  introduced  to  bearing  as  an  air-oil 
mist. 


TABLE  m.  - RADIAL  INTERNAL 


CLEARANCE  MEASURED  AFTER  TEST 


Bearing 

number 

Ball 

type 

Clearance 

in. 

mm 

IS 

Solid 

0. 0023 

0.058 

6S 

Solid 

.0024 

.061 

3SRH 

Drilled 

.0036 

.091 

4SRH 

Drilled 

.0024 

.061 

TABLE  IV.  - ACCUMULATED  RUNNING  TIME 


B 


CD-«8C 


Figure  2.  - Air-oil-mist  test  bearing  lubrication  system. 


C-69-2728 


(a)  Assembled  solid-ball  beating. 


C-69-1256 


(b)  Disassembled  cylindrically  hallow  (drilled)  ball  bearing. 

Test  beatings.  Type,  deep  groove;  material,  AISI  l»-2  tool  steel;  cage  eonsbuction,  two-piece  machined. 


Restralnln)  pin 
tot  bearing 
pitch  diameter)-' 


Cytindricatiy  hoilow 
(drilled)  ball 


Hgurc  4.  - Section  view  of  test  bearing  with  hollow  ball. 


Shaft  speed,  rpm 


Figure  6.  - Comparison  of  performance  data  of  75-millimefer-bore 
bearings  using  both  soiid  and  drilled  balls,  with  jet  lubrication. 
Oil  flow  rate,  0. 95  pound  per  minute  (7. 2xlO"3  kg/sec). 


.004  . OCB  .012  .016 

Lubricant  flow  rate,  kg/$ec 


Figure  7.  - Bearing  performance  as  function  of  lubricant  flow  rate. 
Oil  inlet  temperature,  llO”  F (316  Kh  shaft  speed,  20  000  rpm; 
thrust  load,  300  pounds  (2200  Nl. 


C-70-2439 


(a)  Bearim  3SRH. 


C-70-2440 


(b)  Beafint  4SRH. 

i|we  8.  • Post-test  view  of  drilled-ball  bearing  retainers 
showing  area  of  light  wear  froii  outer-race  land  coidact. 
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SELF-ACTING  MB  HYDRODYNAMIC  SHAFT  SEALS 


by  Lawrence  P.  Ludwig 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  i^4l35 


ABSTRACT 

Self-acting  and  hydrodYnamic  seals  are  described.  The  analytical 
procedures  are  outlined  for  obtaining  a seal  force  balance  and  the  operat- 
ing film  thickness.  Particular  attention  is  given  to  primary  ring  re- 
sponse (seal  vibration)  to  rotating  seat  face  runout.  This  response 
analysis  revealed  three  different'  vibration  modes.  Proposed  applications 
of  self-acting  seals  in  gas  turbine  engines  and  in  rocket  vehicle  turbo- 
pumps are  described.  Also  experimental  data  on  self-acting  face  seals 
operating  under  simulated  gas  turbine  conditions  are  given;  these  data 
show  the  feasibility  of  operating  the  seal  at  conditions  of  34-5  newtons 
per  square  centimeter  (500  psi)  and  152  meters  per  second  (500  ft /sec) 
sliding  speed. 


INTRODUCTION 

Considerable  effort  has  been  put  into  development  of  self-acting 
and  hydrodynamic  seals  because  conventional  contact  seals  cannot  meet 
the  ever  increasing  pressure,  temperature  and  speed  requirements  of  some 
modern  and  advanced  rotating  equipment.  As  an  example,  in  advanced  air- 
craft gas  turbine  operation,  seal  speeds  are  expected  to  reach  183  meters 
per  second  (600  ft /sec),  and  pressures  may  reach  345  newtons  per  square 
centimeter  (500  psi)  (ref.  l). 

The  present  solution  to  severe  operating  conditions  is  to  use 
clearance  seals  such  as  labyrinths;  these  seals  are  reliable  but  carry 
performance  penalties  because  of  high  leakage. 

In  advanced  industrial  compressors,  pressures  to  3450  newtons  per 
square  centimeter  (5000  psi)  are  under  consideration.  The  current  sealing 
system  for  these  high  pressures  usually  is  a liquid  buffer  bushing  that 
requires  a high  pressure  pump  and  electric  drive  motor  (also  for  fail- 
safe reasons  a backup  pump  and  motor  is  required) . These  compressor 
seal  systems  with  their  allied  plumbing  and  controls  take  up  considerable 
space  and  can  cost  as  much  as  the  compressor. 

Thus,  there  is  a need  for  reliable,  low  leakage  shaft  seals  that 
require  no  external  controls  or  equipment  and  that  can  operate  at  the 
pressures,  temperatures  and  speeds  of  advanced  machines.  Recent  studies 
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(carbon)  wear  was  insignificant  (see  fig.  35 )•  Typical  leakage 
values  are  shoxm  in  table  IV. 

In  order  to  check  the  effect  of  starting  and  stopping,  the  seal  was 
subjected  to  4o  starts .and  stops  with  room-temperature  air  at  69  newbons 
per  sq.uare  centimeter  (lOO  psi).  The  seal  speed  was  increased  from  0 to 
T6  meters  per  second  (O  to  250  ft/sec)  in  about  15  seconds.  The  seal 
was  then  allowed  to  coast  to  a stop  in  about  25  seconds . A comparison  of 
the  surface  prof.i.le  traces  before  and  after  the  4o  starts  and  stops  re- 
vealed carbon  wear  to  be  less  than  1.27  micrometers  (0.00005  in.). 


Rocket  Engine  Turbopump  Applications 

In  rocket  engine  turbopumps,  shaft  seals  are  used  to  seal  propellants 
such  as  liquid  oxygen  and  hot  hydrogen  gas.  Experience  has  shown  that 
the  shaft  seal  system  is  a very  critical  item  and  seal  failure  can  result 
in  total  destruction  of  the  vehicle.  Figure  36  shows  a typical  rocket 
engine  seal  system  used  in  current  practice.  The  purpose  of  the  system 
is  to  separate  liquid  oxygen  at  pressures  as  high  as  310  newtons  per 
square  centimeter  (450  psi)  from  the  hot  turbine  gas  at  689  newtons 
per  square  centimeter  (lOOO  psi).  The  seal  system  consists  of  three 
sealing  areas  with  a central  helium  purge  and  a dual  vent . 

The  liquid  oxygen  seal  is  a conventional  rubbing  contact  seal  with 
a bellows  secondary  seal.  Oxygen  is  prevented  from  leaking  past  the 
helium  seal  by  the  purge  flow  of  helium,  and  both  the  oxygen  and  helium 
pass  out  the  vent  indicated  in  figure  36.  A similar  action  occurs  on 
the  hot  hydrogen  gas  side.  However,  the  hydrogen  gas  seals  are  conven- 
tional ring  (clearance)  seals.  The  helium  purge  seals  are  also  conven- 
tional ring  (clearance)  seals. 

In  the  seal  system  such  as  depicted  in  figure  36  there  are  a number 
of  problem  areas , the  most  critical  of  which  is  compatibility  of  the  seal 
material  with  liquid  oxygen.  Therefore,  as  indicated,  welded  bellows 
designs  are  very  often  used.  Another  problem  area  has  been  wear  life. 

The  typical  wear  life  is  now  in  the  range  of  2 to  3 hours,  which  is  a 
satis factojry  margin  for  the  current  rocket  vehicles.  However,  for  the 
shuttle  vehicle  a total  life  of  10  hours  is  needed  with  a start-stop 
(mission)  capability  of  100.  Clearly,  the  current  seal  technology  is 
not  adequate  for  the  shtittle  life  requirements ; and  the  self-acting 
seal  may  provide  a solution. 

An  advanced  seal  system  is  under  development  (fig.  37)  with  a 
hydrodynamic  seal  for  liquid  oxygen  and  a self-acting  circumferential 
seal  for  the  helium.  The  seal  for  liquid  oxygen  is  a hydrodynamic  type 
with  Regleigh  step  type  thrust  bearing  geometry.  Instead  of  a bellows 
secondary,  a carbon  piston  ring  is  used.  Liquid  oxygen  pressure  is  near 
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3^5  newtons  per  scj.uare  centimeter  (500  psi)  and  seal  sliding  speed  about 
137  meters  per  second  (450  ft/sec).  The  predicted  operating  film  thick- 
ness is  0.00076  centimeters  (0.0003  in.). 

The  helium  purge  seal  is  a circumferential  seal  m'"'’  -^ied  to  have 
self-acting  geometry  similar  to  that  shown  in  figure  3&.  This  self- 
acting geometry,  as  in  the  case  of  the  self-acting  face  seal,  acts  to 
maintain  positive  separation  between  the  rotating  shaft  and  the  non- 
rotating carbon  rings.  The  helium  gas  pressure  is  35  to  69  newtons  per 
sq.uare  centimeter  (50  to  100  psi).  In  comparison,  the  clearance  ring 
seal  shown  in  the  conventional  configuration  (fig.  36)  has  a leakage 
rate  50  times  greater.  Thus,  by  use  of  the  self-acting  helium  seals, 
the  on-board  helium  inventory  can  be  reduced  and  significant  weight 
saving  will  acrue  because  of  the  smaller  tanks  and  lines. 


SUMMARY 

Self-acting  and  hydrodynamic  seals  and  their  potential  applications 
in  gas  turbine  engines  and  in  rocket  engine  turbopumps  are  described. 

In  particular  the  analytical  procedure  is  given  for  predicting  the 
operating  film  thickness  of  a 16.76  centimeter  (6.6  in.)  diameter  seal 
designed  for  gas  turbine  applications.  The  analysis  and  subsequent 
operation  of  this  seal  under  simulated  gas  turbine  conditions  revealed 
the  following; 

1.  Analysis 

a.  Noncontact  operation  with  acceptable  leakage  is  predicted  at 
the  selected  four  design  conditions  of  idle,  takeoff,  climb,  and  cruise. 

b.  The  operating  film  thickness  ranged  between  0.00046  and  0.00119 
centimeter  (0.00018  and  0.00047  in.)  for  the  four  design  conditions. 

c.  The  calculated  seal  leakage  rates  ranged  between  0.01  and  0.4o 
scmm  (0.4  and  l4.0  scfm)  for  the  four  design  conditions. 

d.  For  a typical  operating  condition,  noncontact  operation  was 
predicted  under  the  assumption  of  a 2-milliradian  face  deformation.  Gas 
leakage  was  about  twice^ that  for  parallel-face  operation. 

2.  Experiment -Simulated  Engine  Operation 

a.  The  self-acting  seal  ran  without  rubbing  contact  during  all  of 
the  simulated  engine  operating  conditions . Of  particular  interest  was 
that  noncontact  operation  was  maintained  at  the  advanced  engine  conditions 
of  a 152-meter-per-second  (500  ft/sec)  sliding  speed,  a 345  newtons  per 
square  centimeter  (500  psi)  sealed  pressure  differential,  and  a 8ll  K 
(1000°  F)  sealed  air  temperature. 
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b.  The  leakage  rates  diiring  endurance  testa  ranged  from  0.79  to 
1.63  standard  cubic  meters  per  minute  (28  to  57.5  scfm) .. 

c.  Self-acting  geometry  wear  due  to  rubbing  contact  proved  to  be 
insignificant. 

d.  Two  seal  wear  problems  were  noted.  These  are  (l)  fretting  wear 
of  the  secondary  ring  (piston  ring)  and  (2)  erosion  of  the  seal  dam 
(primary  seal)  by  hard  particles. 

e.  Wear  due  to  starts  and  stops  proved  to  be  insignificant.  For 
^40  starts  and  stops  wear  was  less  than  1.27  micrometers  (0.00005  in.). 
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Wear  and  Friction  of  Mechanical  Carbons  in  Liquid 
Oxygen  as  Influenced  by  Transfer  Films 

By  WILLIAM  F.  HADY  (ASLE),'  GORDON  P.  ALLEN  (ASLE),* 
and  ROBERT  L.  JOHNSON  (ASLE)* 


Experimental  wear  and  friction  studies  were  conducted  with  a series  of  mechanical  carbons  sliding 
against  metal  surfaces  in  liquid  oxygen  ( — 298  F)  at  sliding  velocities  to  6500  feet  per  minute  and 
a load  of  1000  gm.  The  data  reported  shows  that  dense  highly  graphitic  carbons  have  potential 
use  as  seal  and  bearing  materials  for  liquid  oxygen  applications. 

High  density  graphitic  carbons  with  a greater  oxidation  resistance  and  a greater  capability  of 
forming  a transfer  film  gave  the  lowest  wear  and  friction.  Metals  that  form  the  most  stable  oxide 
films  promote  greater  adherence  of  the  graphi'e  to  the  mating  surface.  Impregnated  carbons  must 
be  selected  with  caution  because  frictional  heating  generated  during  diding  can  initiate  hasardous 
reactions  between  oxygen  and  certain  unstable  otganic  compounds. 


Introduction 

Mechanical  carbons  are  being  used  in  seals  and  bear- 
ings to  operate  over  a wide  range  of  temperatures 
and  environments.  One  area  employing  carbons  is  in 
liquid  oxyg.'n  applications;  however,  the  basis  for  select- 
ing particular  typts  of  carbon  for  use  in  oxygen  is 
inadequately  denned.  The  stringent  compatibility  require- 
ment imposed  by  the  liquid  oxygen  environment  limits 
the  selection  of  impregnated  carbons  to  be  used  to  those 
of  known  stability  in  oxygen.  Any  unstable  organic  com- 
pound in  the  carbon  could  react  violently  with  the 
oxygen  when  sufficient  hrat  is  generated  during  sliding. 
Earlier  friction  and  wear  investigations  have  shown 
that  med'uinical  carbons  can  be  used  as  self-lubricating 
materials  for  aircraft  turbine  engines  at  high  tempera- 
tures of  7(X)F  {1,  2)  as  well  as  in  turbopump  applica- 
tions for  rocket  propulsion  at  liquid  hydrogen  tempera- 
tures, — A2S  F (J).  It  is  feasible,  therefore,  that  a carbon 
with  or  without  adjuncts  can  be  selected  to  perform 
satisfactorily  in  liquid  oxygen  and  provide  the  necessary 
low  friction  and  low  wear  required. 

The  low  wear  of  mechanical  carbons,  as  experienced 
■n  the  more  conventional  applications,  where  air,  mois- 
ture, or  other  vapors  are  present,  is  attributed  to  the  self- 
lubricating  characteristics  of  the  carbon.  It  has  been 
reported  (4),  that  effective  lubrication  is  accomplished 
only  when  an  oriented  surface  layer  of  graphitic  carbon 
is  established  on  the  mating  surface,  which  in  effect 

Contributed  by  the  ASLE  Technical  Committee  on  Seals  and 
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results  in  a sliding  combination  of  carbon  on  carbon 
rather  than  carbon  on  metal. 

Reference  (i)  hypothesized  that  graphite  lubrication 
depends  primarily  upon  adherence  of  the  graphite  to  the 
metal  mating  surface.  This  adherence  can  be  achieved 
by  the  presence  of  intermediate  films  of  adsorbed  moisture, 
gases,  or  by  the  presence  of  an  oxide  film  on  one  or  both 
of  the  surfaces  to  be  lubricated.  The  more  common 
theory  for  the  mechanism  of  graphite  lubrication,  which 
suggests  the  shearing  of  interlamellar  adsorption  films 
between  the  graphite  platelets,  does  not  consider  affinity 
or  adhesion  of  graphite  to  the  lubricated  surfaces.  Earlier 
liquid  oxygen  studies  (5  ) have  indicated  that  oxide  films 
are  beneficial  in  minimizing  wear  and  friction  in  metal- 
metal  combinations.  Therefore,  since  beneficial  oxide 
films  fr'rm  readily  on  metal  surfaces  in  liquid  oxygen  and 
graphite  effectively  lubricates  oxidized  metals  (/),  it  is 
likely  that  films  of  graphite  on  the  mating  surface  will 
develop  readily  and  lubrication  will  be  enhanced.  Such 
film  formation  is  essential  for  the  lubrication  to  provide 
low  wear  and  friction  as  required  in  dynamic  seals  and 
bearings. 

The  objectives  of  this  investigation  wei^  (a)  to  de- 
termine the  influence  of  graphite  contagAkn  wear  and 
friction  of  carbon  bodies,  (b)  to  det^Me  the  influence 
of  adjuncts  to  carbon  bodies  and  friction, 

(c)  to  investigate  what  efferti^f  any,  the  free  energy 
of  formation  of  metal  majjj^  surfaces  has 

on  wear  and  frictiqa^Sjpphite.  *%|Rggest 

improved  seal  n^aflnD^^r  liquid  N>xygenj[|pTOpump 
applications.  Car^l^with  vatw  amouRri^oi^aphite 
content  as  well  as  carbons  modmed  bv(ij|^s(2)i  adjuncts 
were  nm  in  sliding  contact  against  xi^ralsjpl^ing  different 
oxidation  characteristics  in  at  — 298  F. 

Data  were  obtained  with  8^i^({)&i-radius  rider  ^>eci- 
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men  sliding  on  a flat  surface  of  a rotating  2^-inch-dia- 
meter  disk.  Runs  were  made  with  specimens  submerged 
in  liquid  oxygen  at  surface  speeds  ranging  from  1000  to 
6500  feet  per  minute  and  a normal  load  of  1000  gm. 

Apparatus  and  procadur* 

The  apparatus  used  in  this  investigation  is  shown 
schematically  in  Fig.  1.  The  basic  elements  are  a rotating 
disk  specimen  (2>^-inch-diameter)  and  a stationary 
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Fig.  1.  Liquid  oxygen  friction  apparatus 


bemispherically  tipped  rider  specimen  (%  e-inch-radius) 
in  sliding  contact  with  the  disk  (see  inset).  The  disk  is 
rotated  by  a variable  speed  electric  motor  through  a 
gear  box  speed  increaser  coupled  to  the  specimen  shaft. 
Disk  speed  is  monitored  by  a magnetic  pickup  whose 
output  is  fed  into  a digital  readout  instrument. 

The  rider  specimen  is  loaded  against  the  disk  by  a 
pneumatic  operated  piston  on  the  end  of  a gitnbal 
mounted  arm.  Ihrougn  this  arm,  pressurizing  gas  (dry 
He)  is  supplied.  The  arm  is  linked  to  a strain  gage  as- 
sembly for  measurement  of  frictional  force. 

The  apparatus  consists  of  two  sections  which  may-  be 
separated  for  changing  specimens.  The  lower  section 
consists  of  four  separate  chambers:  The  inner  chamber, 
or  test  chamber,  is  located  within  a “jacket”  which 
may  be  filled  with  liquid  nitrogen  for  cooling.  This  cool- 
ing jacket  is  surrounded  by  a vacuum  chamber  to  reduce 
the  boil-off  rate  of  the  cooling  and  test  fluids.  I'he 
outermost  chamber,  or  spill  chamber,  surrounds  the  three 
chambers  and  provides  safe  operation  in  the  event  ex- 
cess amounts  of  the  test  fluid  should  escape.  The  upjier 
section  is  a vacuum  jacket  through  which  passes  he 
disk  specimen  drive  shaft  housing  and  the  rider  specimen 
arm  assembly.  A series  of  carbon  face  seals  are  emplo>  ed 
to  seal  around  the  drive  shaft  and  flexible  bellows  are 


used  to  seal  the  rider  arm  assembly.  Fluorinated  hydro- 
carbon oils  are  used  to  lubricate  the  gear  box  and  the 
support  bearings  in  the  shaft  housing  to  prevent  a 
reaction  of  the  oil  with  the  liquid  oxygen  in  case  the 
shaft  seals  fail. 

The  test  fluid,  liquid  oxygen  in  this  investigation, 
passes  through  a coil  within  the  cooling  jacket  before 
entering  the  test  chamber  near  the  bottom.  In  tests 
where  the  test  fluid  initially  is  in  the  gaseous  state, 
the  coil  would  condence  the  gas  into  the  liquid  state. 
Excess  liquid  and  vapor  are  vented  by  a line  leaving 
from  a point  near  the  top  of  the  chamber.  The  liquid 
level  within  the  test  chamber  is  monitored  by  a capa- 
citance probe  and  recorded  on  a circular  chart  capaci- 
tance recorder. 

The  cooling  jacket  is  filled  with  liquid  nitrogen  and 
vented  by  two  diametrically  opposite  lines.  The  coolant 
level  is  monitored  with  a carbon  resistance  probe,  a full 
jacket  being  indicated  by  a sharp  drop  in  output  when 
the  coolant  absorbs  the  heater  output. 

Specimen  Preparation  and  Test  Procedure 

The  nonimpregnated  carbon  rider  sptecimens  were 
cleaned  by  soaking  them  in  ACS  certified  acetone  for 
5 hours  and  placed  in  a vacuum  (10~*mm  Hg)  for 
10  hours. 

In  cleaning  the  impregnated  carbons  it  was  discovered 
that  in  some  cases  the  above  procedure  caused  the  im- 
pregnants  to  be  leached  out  when  they  were  placed  in  the 
vacuum.  Therefore,  the  impregnated  carbons  were  cleaned 
by  wiping  them  with  a soft  cloth  saturated  with  ACS 
certified  acetone  before  being  placed  in  the  vacuum.  All 
the  carbon  specimens  were  then  stored  in  a desiccator 
until  used. 

The  nonplated  disk  specimens  used  in  this  experiment 
were  circumferentially  finished  to  a surface  roughness 
of  4-8  microinches  RMS.  The  plated  specimens,  440-C 
hardened  to  52-54  R,.,  were  ground  and  lapped  to  4-8 
microinches  RMS  before  plating  (Table  1).  The  various 
platings  were  electro-deposited  from  electrolytes  held 
in  absorbent  materials  attached  to  portable  elec- 
trodes (d). 

All  the  disk  specimens  were  then  given  the  following 
cleaning  treatment:  (a)  immersion  in  an  ultrasonic 
cleaning  tank  filled  with  water,  for  hour;  (b)  thorough 
rinsing  with  ACS  certified  acetone;  (c)  polishing  with 
moist  levigated  alumina  on  a soft  cloth;  and  (d)  thor- 
ough rinsing  with  distilled  water.  The  remaining  water 
was  removed  using  filter  paper.  Each  disk  specimen  was 
prepared  just  prior  to  being  placed  in  the  test  chamber. 

After  the  desired  liquid  oxygen  level  was  attained, 
the  disk  specimen  was  brought  up  to  speed  and  the 
normal  load  was  applied.  Duration  of  runs  was  60 
minutes  or  less  depending  on  the  stability  of  operation. 
The  frictional  force  was  measured  continuously  by 
resistance  strain  gages  mounted  on  a dynamometer  ring 
whose  output  was  fed  into  a recording  potentiometer. 
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Table  1 

Physical  and  Chemical  Properties  of  Metal 
Disk  Materials  Used  in  This  Study 


Disk 

Solid  Plate 

Plate 

thick. 

(in.) 

Standard 

hardness 

(BHN)“ 

Surface 

finish 

(|xin.  RMS) 

—AF  . 

~298P0 

Au 

0.0030 

110 

4.2 

0.30 

Ag 

36 

6.2 

7 

Ag 

.0038 

85 

4.2 

7 

Rh 

.0020 

92S 

4.0 

20 

Cu 

82 

6.2 

35 

Cu 

.0034 

175 

4.0 

35 

Co 

101 

8.4 

55 

Co 

.0015 

— 

8.4 

55 

Ni 

68 

S.5 

56 

Ni 

.0046 

379 

4.5 

56 

Fe 

66 

4.8 

63 

Sn 

.0042 

<s 

3.6 

67 

Zn 

.0035 

SO 

12.0 

82 

Cr 

120 

8.4 

87 

Cr 

.0042 

733 

4.2 

87 

Ti 

175 

7.2 

110 

440-C 

20-54  R^ 

4.0-8.0 

® At  7S  F. 

Reference  (10)  (Real  per  gram  atom  of  Og). 


Rider  wear  was  obtained  by  measuring  the  wear  scar 
diameter  and  calculating  the  wear  volume. 

Results  and  discussion 

Influence  of  Graphite  Content  on  Wear 
AND  Friction 

The  importance  of  graphite  content  on  the  wear  of 
carbon  riders  is  demonstrated  in  Fig.  2.  The  carbon 
riders  were  run  in  sliding  contact  with  440-C  stainless 
steel  and  chromium  plate  in  liquid  oxygen  at  2300  feet 


Fig.  2.  Effect  of  graphite  content  on  the  lubricating  proper- 
ties of  carbons  in  liquid  oxygen  (2300  fpm;  1000-gm  load;  dura- 
tion, 1 hour). 


per  minute  and  a 1000-gm  load.  Rider  wear  decreased 
with  increasing  graphite  content;  the  fully  graphitized 
carbons  gave  the  lowest  wear  against  either  440-C  stain- 
less steel  or  chromium  plate.  In  both  series  the  wear  of 
the  amorphous  carbons  was  about  20  times  that  of  the 
fully  graphitized  carbon.  Mechanical  carbons  that  have 
operated  successfully  in  liquid  nitrogen  and  liquid  hydro- 
gen (J)  have  wear  rates  on  the  order  of  10“^^  inch^ 
per  foot  of  sliding,  which  is  comparable  to  the  wear 
rate  of  the  20%  graphite  sliding  on  chromium  plate 
(Fig.  2)  in  this  investigation. 

The  low  wear  exhibited  by  the  fully  graphitized  car- 
hop .specimens  is  attributed  in  part  tc  their  greater 
resistance  to  oxidation  than  those  carbons  of  lower 
graphite  content. 

It  has  been  reported  that  amorphous  carbon  begins 
to  oxidize  in  air  at  622  F and  that  graphitic  carbon 
begins  to  oxidize  in  air  at  842  F (7).  It  would  therefore 
appear  that,  in  the  highly  oxidative  environment  of  this 
investigation,  even  though  the  temperature  is  at  — 298  F, 
the  sliding  interface  temperatures  were  sufficient  to 
promote  a more  rapid  and  extensive  oxidation  of  the 
carbons  containing  little  graphite  and  resulted  in  ex- 
cessive corrosive  wear. 

It  appears  also  that,  in  this  investigation,  the  greater 
capability  of  the  fully  graphitized  materials  to  form  a 
transfer  film  of  graphite  on  the  metal  mating  surface  is 
important  in  reducing  rider  wear.  Visual  inspection  of 
the  disk  specimens  showed  that  an  adherent  graphite 
film  was  noted  best  with  the  fully  graphitized  rider  run 
on  chromium  plate.  It  was  also  observed  that  the  carbons 
of  lower  graphite  content  did  not  transfer  sufficient  gra- 
phite to  the  mating  surface  so  that  the  carbon  was 
continually  sliding  on  bare  metal  surfaces.  As  a result, 
the  lower  graphitic  carbons  were  more  susceptible  to  wear 
by  abrasive  processes  as  well  as  oxidation.  Figure  3 is  a 
set  of  photomicrographs  showing  rider  wear  scars  and 
the  transfer  film  of  graphite  on  the  mating  chromium 
plate  surfaces. 

The  distinct  separation  of  the  two  curves  is  very 
significant  as  it  points  out  the  importance  of  oxides 
being  present  on  the  metal  surfaces  when  graphite  is  to 
be  used  as  a lubricant  in  the  absence  of  moisture  or 
water  vapor.  The  selection,  therefore,  of  mating  surfaces 
talces  on  increased  importance  when  designing  dynamic 
seals  for  liquid  oig^gen  applications.  Previous  friction 
and  wear  studies  with  graphite  at  elevated  temperatures 
(1)  suggested  that  the  presence  of  beneficial  oxide  films 
promoted  an  affinity  of  the  graphite  for  the  metal  mating 
surface  and  was  a requirement  of  graphite  lubrication  in 
unconventional  systems.  The  20-fold  reduction  in  wear 
between  the  two  curves  was  the  basis  for  a more  ex- 
haustive study  as  to  the  role  played  by  oxide  films  in 
graphite  lubrication  for  liquid  oxygen  applications.  These 
results  will  be  presented  and  discussed  subsequently. 

Coefficient  of  friction  data  (bottom  of  Fig.  2)  show 
a downward  trend  as  the  amount  of  graphite  is  increased 
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Fig.  3.  Disk  (top)  and  rider  (bottom)  wear  areas  of  nonimpregnated 
carbons  with  various  graphite  content  sliding  on  chromium  plate  in  liquid 
oxygen  (load,  1000  gm;  sliding  velocity,  2300  fpm;  duration,  1 hour). 


from  0 to  100%.  The  values  reported  are  the  values  of 
friction  after  stabilization  has  occurred.  The  importance 
of  graphite  content  in  reducing  friction  is  easily  shown 
since  the  drop  in  friction,  comparing  the  amorphous 
carbon  to  the  20%  graphite  carbon,  is  very  pronounced: 
0.22-0.10,  when  sliding  on  440-C  stainless  steel  and 
0.10-0.06  when  sliding  on  chromium  plate.  With  further 
increases  in  graphite  content,  further  reductions  in  the 
coefficient  of  friction  are  experienced  with  values  reach- 
ing about  0.03  for  the  fully  graphitized  carbons  sliding 
on  440-C  and  chromium  plate. 

Frictional  force  b the  product  of  the  effective  shear 
area  in  sliding  and  the  shear  strength  of  the  interface 
film  (9).  The  harder  amorphous  carbons,  having  higher 
shear  strength  than  the  graphitic  carbons,  usually  give 
minimum  shear  areas.  The  addition  of  minor  amounts 
(20->K)%)  of  graphite  to  the  amorphous  carbon  usually 
gives  an  optimum  combination  of  low  shear  strength 


Fio.  4.  Effect  of  graphite  content  on  the  friction  of  carbon 
on  440-C  suinless  steel  in  liquid  oxygen  (2300  fpm;  1000-gm 
load;  duration,  I hour). 


(from  the  graphite)  and  low  shear  area  (from  the  amor- 
phous carbon  matrix)  that  results  in  minimum  friction. 
In  liquid  oxygen,  however,  the  lowest  friction  values  were 
obtained  with  the  fully  graphitic  carbons.  It  is  probable 
that  the  relative  influence  of  the  cryogenic  temperature 
on  the  shear  area  (as  determined  by  hardness)  and  the 
chemical  behavior  of  the  oxygen  on  the  formation  of 
adsorbates  for  easy  surface  shear,  may  have  altered  the 
optimum  composition. 

The  data  of  Fig.  4 are  presented  to  show  that  high 
starting  torques  can  be  experienced  with  carbons  of  low 
graphite  content  and  that  for  systems  where  high  starting 
torques  cannot  be  tolerated,  fully  graphitized  carbons  can 
provide  low  starting  friction  without  extensive  run-in 
periods.  The  values  of  friction  attained  after  run-in  are 
those  shown  in  Fig.  2. 

Influence  of  Metal  Mating  Hardness  on 
Graphite  Wear  and  Friction 

The  differences  in  wear  as  noted  in  Fig.  2 between 
the  44f,-C  stainless  steel  and  the  chromium  plate  sug- 
gested that  hardness  of  the  mating  surface,  usually  con- 
sidered important  to  wear  of  carbon  type  seal  materials, 
may  be  responsible  for  the  lower  wear  of  carbons  on 
chromium  plate.  A series  of  runs  was  therefore  made 
with  a hardenable  stainless  steel  (type  440-C)  of  various 
hardnesses  obtained  by  altering  the  heat  treatment.  In 
using  one  base  metal,  the  varbbles  of  oxidation  resist- 
ance and  composition  were  eliminated.  The  data  of  Fig. 
5 are  presented  to  show  that  hardness  of  the  mating 
surface  from  20  to  54  Rockwell-C  had  no  significant 
effect  on  the  wear  of  the  fully  graphitized  carbons  when 
run  in  liquid  oxygen.  From  this  it  can  be  deduced  that 
graphite  rider  wear  in  liquid  oxygen  is  influenced  more 
by  the  oxidation  resistance  and  composition  of  the 
mating  surface  than  hardness. 

Figure  5 data  also  show  that  the  coefficient  of  friction 
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>of  a fully  graphitized  carbon  sliding  of  440-C  of  various 
hardnesses  remained  constant  within  the  scope  of  this 
investigation. 
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Fig.  5.  Effect  of  surface  hardness  of  440-C  stainless  steel  on 
the  lubricating  properties  of  graphite  in  liquid  oxygen  (2300 
fpm;  1000-gm  load;  duration,  1 hour). 


Influence  of  Sliding  Velocity  on  Graphite 
Wear  and  Friction 

The  dissipation  of  frictional  heat  generated  during 
sliding  contact  by  dynamic  seals  in  liquid  oxygen  could 
become  of  prime  concern  where  substantial  surface  speeds 
are  encountered.  The  additional  heat  experienced  at  the 
higher  sliding  velocities  could  increase  the  oxidation  of 
the  fully  graphitized  carbons  which  would  lead  to  in- 
creased corrosive  wear.  A series  of  tests  was  conducted 
to  show  the  effect  of  sliding  velocity  on  the  wear  of  a 
fully  graphitized  carbon  rider  sliding  on  440-C  stainless 
steel  in  liquid  oxygen.  Data  of  Fig.  6 present  wear  per 
unit  distance  of  sliding  at  velocities  from  1000  to  6500 
feet  per  minute  and  a load  of  1000  gm. 
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Fig.  6.  Effect  of  sliding  velocity  on  the  lubricating  properties 
of  graphite  sliding  on  440-C  stainless  steel  in  liquid  oxygen 
(1000-gm  load;  duration,  1 hour). 


In  this  investigation,  sliding  velocity  had  no  significant 
effect  on  graphite  rider  wear.  Further  increases  in  sur- 
face speeds,  however,  could  bring  about  increased  wear 
as  the  interface  temperatures  could  become  sufficiently 


high  and  cause  extensive  oxidation  of  the  graphite. 
With  the  addition  of  adjimcts  to  the  base  graphite  (to 
increase  the  oxidation  resistance  and  improve  physical 
properties)  higher  surface  speeds  may  be  tolerable.  The 
selection  of  adjuncts  is  limited,  however,  to  those  that 
will  remain  stable  in  the  highly  oxidizing  environment. 

The  coefficient  of  friction  (bottom  of  Fig.  6)  shows  a 
decreasing  trend  to  3000  feet  per  minute,  after  which 
it  remains  constant  within  the  limits  of  this  investigation. 
The  reduction  in  friction  between  1000  and  3000  feet  per 
minute  (0.08-0.03)  is  not  significant  as  both  values  are 
well  below  0.10. 


The  Influence  of  Impregnants  on 
Wear  and  Friction 

Two  series  of  impregnated  carbons,  a 20%  graphite 
base  grade,  and  a 100%  graphite  base  grade  were  run 
against  440-C  stainless  steel  in  liquid  oxygen  to  study  the 
effects  of  various  impregnants  on  wear  and  friction  of 
these  carbons.  The  ueimpregnated  base  grades  were  run 
against  themselves  for  a comparison  [note  (A),  Figs. 
7 and  8]. 
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Fig.  7.  Effect  of  impregnants  on  the  lubricating  properties 
of  a 20%  graphite  sliding  on  440-C  stainless  steel  in  liquid 
oxygen  (2300  fpm;  1000-gm  load;  duration,  1 hour). 
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Fig.  S.  Effect  of  impregnants  on  the  lubricating  properties 
of  a 100%  graphite  sliding  on  440-C  stainless  steel  in  liquid 
oxygen  (2300  fpm;  1000-gm  load;  duration,  1 hour). 
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The  wear  data  for  the  20%  graphite  series,  presented 
in  Fig.  7,  show  that  the  impregnant  had  little  effect  on 
the  wear  of  the  carbon  rider.  The  carbon  with  metal 
impregnation  had  the  lowest  wear:  2.2  X 10“^®  inch® 
per  foot  of  sliding  for  this  series  of  runs. 

The  coefficients  of  friction  of  the  variously  impreg- 
nated 20%  graphite  riders  are  presented  at  the  bottom 
of  Fig.  7.  The  addition  of  the  impregnants  had  no  sig- 
nificant effect  on  the  frictional  properties  of  the  carbons 
used  in  this  investigation.  The  organo-metallic  complex 
impregnated  carbon  had  the  lowest  coefficient  of  friction 
(0.04)  for  this  series. 

The  data  in  Fig.  8 show  the  effect  of  impregnants 
on  the  wear  and  friction  of  a 100%  graphite  rider  sliding 
on  440-C  in  liquid  oxygen.  In  general,  additive  impreg- 
nants did  not  significantly  influence  wear;  however,  the 
metal  fluoride  impregnant  and  the  organo-metallic  com- 
plex impregnant  in  a low  porosity  carbon  did  reduce  wear 
by  a factor  of  approximately  3.  The  metal  fluoride  im- 
pregnant had  the  lowest  wear  of  the  two:  3 X 10“^^ 
inch®  per  foot  of  sliding. 

This  reduction  in  carbon  rider  wear  indicates  the 
oxidation  resistance  of  the  carbon  was  increased  with  the 
addition  of  the  impregnant.  The  wear  reduction  is  an 
indication  of  the  importance  of  corrosive  wear.  The 
impregnant  also  acts  to  encourage  a more  rapid  rate 
of  graphite  transfer  to  the  metal  surface  which  in  turn 
reduces  adhesive  wear.  It  is  important  to  note  that  the 
graphite  riders  of  high  porosity  carbons  with  organo- 
metallic  complexes  (single  and  double  impregnations) 
had  higher  wear  than  the  low  porosity  graphite  rider 
having  the  same  impregnant. 

Figure  8 also  presents  coefficients  of  friction  for  the 
same  series  of  impregnations.  The  high  density,  organo- 
metallic  complex,  graphite  rider  sliding  on  440-C  stain- 
less steel  in  liquid  oxygen  gave  the  lowest  friction  co- 
efficient, 0.01. 

From  the  results  of  Figs.  7 and  8,  high  density  (low 
porosity)  100%  graphite  mechanical  carbons  can  be 
considered  for  bearings  and  seals  in  liquid  oxygen  ap- 
plications. The  selection  of  impregnants  should  be  made 
with  caution,  however,  and  should  be  limited  to  those 
having  known  stability  with  liquid  oxygen. 

The  Influence  of  Mating  Surface  on 
Wear  and  Friction 

Friction  and  wear  studies  (P)  at  elevated  temperatures 
to  700  F hypothesized  that  in  the  absence  of  adsorbed 
water  or  vapor,  the  continual  presence  of  a proper  oxide 
on  one  or  both  of  the  lubricated  surfaces  influenced  the 
adherence  of  graphite  to  the  mating  surface  and  affected 
good  graphite  lubrication.  A series  of  tests,  therefore, 
was  made  to  explore  this  hypothesis  by  sliding  100% 
unimpregnated  graphite  riders  on  various  metal  surfaces 
in  liquid  oxygen.  These  data  are  shown  on  F*gs.  9 
(solids)  and  10  (platings). 

The  abscissa,  free  energy  of  formation  of  the  oxide,  in 
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Fio.  9.  Effect  of  metal  oride  formation  on  the  lubricating 
properties  of  a 100%  graphite  sliding  on  various  solid  metals  in 
liquid  oxygen  (2300  fpm;  1000-gm  load;  duration,  1 hour). 


Fig.  10.  Effect  of  metal  oxide  formation  on  the  lubricating 
properties  of  100%  graphite  sliding  on  various  metal  plates  in 
liquid  oxygen  (2300  fpm;  1000-gm  load;  duration,  1 hour). 


kcal  per  gram  atom  oxygen,  is  a measure  of  the  ease  with 
which  the  various  metal  oxides  can  form  at  liquid  oxygen 
temperatures.  (The  more  negative  the  value,  the  more 
stable  the  oxide.)  The  relative  position  of  the  standard 
free  energies  of  formation  for  the  oxides  of  the  metals 
studied  were  in  the  same  order  over  the  entire  tempera- 
ture range  that  could  be  expected  to  result  from  local 
frictional  heating  on  the  surfaces.  Reference  (S)  indi- 
cates that  under  conditions  of  boundary  lubrication  more 
favorable  than  in  the  present  experiments,  surface  tem- 
peratures 900  F above  the  ambient  might  be  obtained.  On 
that  basis,  in  these  experiments,  interface  temperatures 
of  about  600  F could  be  postulated.  The  surface  tempera- 
tures, therefore,  can  be  expected  to  range  from  the  ambi- 
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ent  of  — 298  to  600  F.  The  values  used  in  plotting  the 
relative  position  of  the  oxides  formed  were  extrapolated 
from  graphs  down  to  — 298  F,  liquid  oxygen  temperature 
(10). 

The  data  of  Figs.  9 and  10  show  a downward  trend  in 
graphite  rider  wear  as  the  free  energy  formation  of  the 
oxide  becomes  more  negative.  This  downward  trend  in 
wear  is  more  pronounced  with  the  plated  specimens  (Fig. 
10)  than  with  the  solid  disk  specimens  (Fig.  9).  The 
break  in  the  curve  for  the  plated  specimens,  i.e.,  in 
separating  the  precious  metals  from  the  remaining  speci- 
mens, could  be  caused  by  the  presence  of  a contaminant, 
co-deposited  from  the  electrolyte  with  the  metal,  re- 
maining on  the  surface  of  the  disk.  Any  contamination 
present  in  studies  of  this  nature  can  have  marked  effect 
on  the  wear  and  frictional  properties  of  the  materials 
under  investigation.  The  coefficient  of  friction  also  shows 
a downward  trend  with  both  the  plated  and  solid  disk 
specimens  as  the  oxides  that  are  formed  become  increas- 
ingly stable. 

Those  metals  forming  the  more  stable  oxides  developed 
transfer  films  from  the  graphitic  carbon  bodies  (mechani- 
cal carbons);  such  films  provided  the  most  effective 
lubrication.  The  stability  of  the  film  is  associated  with 
the  formation  of  a chemical  bond  between  the  graphite 
and  the  metal  oxide.  During  sliding  contact,  penetra- 
tion of  the  fluid  (O2)  adsorbed  on  the  surface  would 
be  achieved.  Thus,  with  the  mechanical  carbon  and  the 
oxide-coated  metal  in  intimate  contact,  a chemical  re- 
action to  form  a carbon-oxygen-metal  complex  can  occur. 
Conditions  favorable  for  such  reaction  are  that  the  con- 
tacting solids  are  under  pressure  (the  yield  strength  of 
the  softer  slider  material)  and  that  sufficient  frictional 
energy  is  available  for  reaction.  The  kinetics  of  such 
reactions  are  impossible  to  define  because  of  transient 
conditions  that  are  characteristic  of  sliding  contact.  The 
present  reference  to  free  energy  -elationships  indicate 
the  relative  stabilities  of  potential  chemical  bonds  in  the 
postulated  carbon-oxygen-metal  complex.  The  chemical 
bonding  energy  is  associated  witli  stability  of  adhering 
graphitic  carbon  films  on  the  mating  metal  surfaces  as 
described  herein.  Thus,  the  sliding  process  was  one  of 
graphite  sliding  on  a graphite  film  rather  than  graphite 
on  nascent  metal. 

With  those  metals  forming  less  stable  oxides,  it  is 
thought  that  the  graphite  rider,  through  a chemical  re- 
action, removes  the  bonded  oxygen  from  the  metal  sur- 
face resulting  in  the  formation  of  carbon  monoxide  or 
carbon  dioxide.  In  these  experiments,  those  metal  oxides 
having  a less  negative  A F than  either  carbon  monoxide 
or  carbon  dioxide  showed  little  or  no  graphite  transferred 
to  the  mating  surface.  It  is  thought  that  in  the  libera- 
tion of  these  gases  the  nascent  metal  surfaces  reoxidized 
from  time  to  time  leading  to  a corrosive  type  wear  mech- 
anism for  the  graphite  rider.  It  appears  that  as  the 
metal  oxides  become  less  stable,  the  degree  of  corrosive 
and  adhesive  wear  increases. 


Summary  of  results 

An  experimental  wear  and  friction  investigation  of 
mechanical  carbons  for  seals  and  bearings  was  conducted 
in  an  environment  of  liquid  oxygen.  The  following  re- 
sults were  obtained: 

(1)  Highly  graphitic  mechanical  carbons  had  better 
wear  and  friction  properties  in  liquid  oxygen  than  more 
commonly  used  materials  which  have  low  graphite  con- 
tent. Of  the  graphitic  materials  tested,  performance  was 
best  with  those  having  high  density  (low  porosity) . Low 
wear  values  for  graphitic  carbon  are  attributed  in  part 
to  its  greater  oxidation  resistance  in  comparison  with 
amorphous  carbon.  Also  important  to  both  wear  and 
friction  is  the  greater  capability  of  the  graphitic  ma- 
terials to  form  a transfer  film  of  carbon  on  the  metal 
mating  surface;  optimum  performance  appears  to  occur 
when  a continuous  transfer  film  is  present  on  the  mating 
metal  so  that  the  solid  carbon  can  slide  on  a carbon  film. 

(2)  Chromium  plate  was  a better  mating  surface  than 
any  of  the  other  metal  platings,  pure  metals,  or  440-C. 
Observations  in  these  and  other  carbon  wear  studies  sug- 
gest that  the  metal  oxide  films  are  of  primary  importance 
in  effecting  graphite  lubrication.  Metals  forming  the 
most  stable  and  dense  oxide  films  appear  to  perform 
best.  The  presence  of  these  metal  oxides  on  the  mating 
surface  promotes  adherence  of  a beneficial  transfer  film 
of  graphite  from  the  mechanical  carbons  in  sliding  con- 
tact. 

(3)  Additive  impregnants  to  mechanical  carbons  did 
not  have  a significant  effect  on  wear  and  friction.  Erratic 
data  was  experienced  with  impregnated  carbons  as  com- 
pared to  data  for  the  nontreated  base  grade  carbons;  this 
was  attributed  to  treatment  inconsistencies.  Where  the 
use  of  treated  carbons  is  preferred  they  should  be  im- 
pregnated in  very  nearly  the  final  form  so  that  the  most 
effectively  treated  material  will  not  be  removed  by  ma- 
chine finishing. 

(4)  Hardness  of  the  mating  440-C  material  was  varied 
from  20  to  S4  Rockwell-C  without  significant  Influences 
on  wear  and  friction  of  fully  graphitized  carbon  rider 
specimens. 

(5)  Sliding  velocity  from  1000  to  6500  feet  per  minute 
had  no  significant  effect  on  rate  of  wear  or  friction  of 
fully  graphitized  carbon  rider  specimens  when  run  on 
440-C. 

(6)  Carbon  wear  problems  are  less  severe  in  these 
liquid  oxygen  experiments  than  in  liquid  hydrogen  studies 
made  previously.  A potential  reaction  hazard  exists, 
however,  with  carbons  in  sliding  contact  at  high  surface 
speeds  in  liquid  oxygen.  Dense,  highly  graphitic  ma- 
terials have  the  greatest  resistance  to  initiating  such  an 
oxidation  reaction;  any  impregnants  used  to  improve 
the  performance  of  mechanical  carbons  in  liquid  oxygen 
applications  must,  therefore,  have  known  stability  in 
oxygen. 
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SUMMARY 

Friction  and  wear  studies  were  conducted  with  four  material  combinations 
run  submerged  in  liquid  oxygen  and  in  liquid  fluorine  to  determine  their  po- 
tential as  dynamic  seal  components  for  fluorine  turbopump  applications.  The 
friction  and  wear  experiments  were  conducted  with  a 3/l6-inch-radius  hemisphe- 
rically  tipped  rider  sliding  in  a circumferential  path  on  the  flat  surface  of  a 

rotating  2— -inch-diameter  disk. 

The  seals  used  in  this  investigation  had  a flame-sprayed  AI2O3  nosepiece 
(0.006  to  0.008  in.  thick)  and  were  run  against  a mating  disk  of  TiC  cermet  or 
a fused  coating  of  CaFa  + LiF  + NiF2  on  AI2O3  submerged  in  liquid  fluorine. 

Results  indicated  that  the  presence  of  a fluoride  film,  either  as  an  ap- 
plied fused  coating  (CaF2  + LiF  + NiF2)  or  as  a film  formed  during  sliding 
(NiFg  on  the  TiC  cermet  or  possibly  aluminum  fluoride  (AIF3)  on  AI2O3)  in 
liquid  fluorine,  was  beneficial  in  reducing  the  friction  and  wear  of  the  AI2O3 
riders.  The  seal  experiments  in  liquid  fluorine  showed  that  flame-sprayed 
AI2O3  sliding  against  the  TiC  cermet  or  a fused  coating  of  CaF2  + LiF  + NiF2 
on  AI2O3  are  potential  seal  materials  for  fluorine  turbopump  applications. 


INTRODUCTION 

The  potential  use  of  liquid  fluorine  as  the  oxidizer  for  high-thrust 
rocket  engines  imposes  critical  problems  for  sliding  contact  seals  in  turbo- 
pumps. To  date  little  information  is  available  to  aid  in  the  selection  of 
sliding  contact  seal  materials  for  use  in  liquid  fluorine.  Materials  that  have 
been  used  successfully  in  seals  for  liquid  hydrogen  and  liquid  oxygen  applica- 
tions have  also  been  used  in  liquid  fluorine  with  some  problems.  The  successes 
that  have  been  achieved  can  generally  be  attributed  to  the  use  of  a sweep  gas 
across  the  seal  face,  which  reduces  contact  of  the  seal  materials  with  fluo- 
rine (ref.  1). 

Instances  of  violent  explosions  have  occurred,  however,  with  both  oxygen 
and  fluorine  where  carbons  have  been  used  and  the  ignition  source  has  been 
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traced  to  the  seal  areas.  Compatibility  studies  have  shorn  that  "amorphous" 
carbon  will  react  violently  with  veiy  low  concentrations  of  fluorine  in  nitro- 
gen and  that  graphitic  carbon,  after  prolonged  soaking,  will  also  react  vio- 
lently (refs.  2 to  4).  Applications,  therefore,  should  be  avoided  where  con- 
tact of  the  carbon  with  liquid  fluorine  is  possible.  Material  combinations 
must  be  selected  that  will  be  conrpatible  with  fluorine  during  sliding  contact 
and  will  provide  the  low  wear  and  friction-  necessary  for  dynamic  seals.  Such 
selections  can  be  based  on  well-known  chemical  thermodynamic  principles  and  on 
experimental  reaction  rate  and  compatibility  studies  (refs.  5 to  7).  Eeactive- 
gas  lubrication  studies  (ref.  8)  showed  that  controlled  reaction  rate's  (i.e. , 
limiting  the  degree  of  corrosion)  were  useful  in  providing  effective  lubrica- 
tion. It  is  possible,  therefore,  that  materials  that  have  low  reaction  rates 
or  are  able  to  resist  excessive  corrosion  with  fluorine  may  also  form  benefi- 
cial lubricating  films. 

lEhe  following  investigation  was  accomplished  in  three  phases:  (l)  fric- 

tion and  wear  studies  in  liquid  oxygen  of  material  combinations  expected  to  be 
chemically  stable  in  fluorine,  (2)  friction  and  wear  studies  of  these  combina- 
tions in  liquid  fluorine,  and  (3)  fiill-scale  seal  studies  of  these  combinations 
in  liquid  fluorine  at  surface  speeds  and  loads  representative  of  a pump  appli- 
cation. ' 

I 

MAEBRIAL  SEEECEIOB 

Ehe  solid  materials  used  in  this  investigation  were  selected  primarily  for 
their  resistance  to  fluorine  attack.  33ie  EiC  cermet  and  AlgOg  were  selected 
because  of  hardness,  resistance  to  wear,  and  chemical  stability  in  fluorine. 

Eie  nickel-chrome  alloy  that  contains  approximately  55  percent  nickel  was  se- 
lected as  the  substrate  for  the  fused  fluoride  coating  (62  BaFg  + 38  Ca^g, 
eutectic)  because  of  its  hardness  and  the  tight  bond  formed  between  this  coat- 
ing and  nickel-chrome  alloys.  Anticipated  shear  properties  of  passivation 
films  in  sliding  contact  were  also  important  in  the  selection  of  materials. 

Ehe  two  fused  fluoride  coatings  (76  CaPg  + 23  LiF  + 1 liFg  and  62  BaFg  + 

38  CaFg)  were  selected  because  they  are  very  stable  compounds  that  would  not  be 
chemically  affected  by  liquid  fluorine.  Ehese  fused  fluoride  coatings  have 
also  shown  considerable  promise  as  solid  lubricants  in  other  extreme  environ- 
ments (ref.  9). 

t 

APEABAEU3  MD  PROCEDURE 

Ehe  apparatus  used  in  the  first  -two  phases  of  this  investigation  is  shown 
schematically  in  figure  1.  Ehe  basic  elements  are  a rotating  disk  specimen 
(si- in.  diam. ) and  a stationary  hemispherically  tipped  rider  specimen  (3/l6-in. 

rad. ) in  sliding  contact  with  the  disk  (see  inset).  Ehe  disk  is  rotated  by  a 
variable  speed  electric  motor  through  a gearbox  speed  increaser  coupled  to  the 
specimen  shaft.  Disk  speed  is  monitored  by  a magnetic  pickup  whose  output  is 
fed  into  a digi^jal  readout  instrument. 
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Figure  1.  - Liquid  oxidant  friction  apparatus. 
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The  rider  specimen  is  loaded  a^inst  the  disk  hy  a pneumatically  operated 
piston  on  the  end  of  a gimibGQ.  mounted  arm.  Throvigh  this  arm  pressurizing  gas 
(dry  helium)  is  supplied.  !Hie  arm  is  linked  to  a strain  gage  assembly  for 
measLirement  of  frictional  force. 

The  apparatus  consists  of  two  sections  (lower  and  upper)  that  may  be  sep- 
arated for  changing  specimens.  !Ihe  lower  section  consists  of  four  separate 
chambers.  The  inner  chaasber,  or  test  chamber,  is  located  within  a "jacket" 
that  is  fl]J.ed  with  liquid  nitrogen  for  cooling  and  condensing  the  test  gas. 
Ihls  cooling  jeuiket  la  surrovuaded  by  a vacuum  chamber  to  reduce  the  boiloff 
rate  of  the  cooling  and  test  fluids.  The  outermost  or  spill  chamber  (not  diown 
in  fig.  1)  surrounds  the  three  chambers  and  would  provide  safe  operation  if 
excess  amounts  of  the  test  fluid  should  escax>e.  The  upper  section  is  a vacuum 
jacket  throu^  which  pass  the  disk  specimen  drive  shaft  housing  and  the  rider 
specimen  arm  assembly.  A series  of  face  seals  are  used  to  prevent  leakage  of 
the  oxidant  eilong  the  drive  shaft.  Located  in  the  iqipor  half  of  the  bearing 
housing  are  two  carbon  face  seals  used  primarily  to  prevent  leakage  of  the 
cooling  oil.  Within  the  housing  that  extends  down  into  the  test  chamber  is  a 
double-face  seed  that  is  purged  with  helium  set  at  a pressure  slif^tly  higher 
them  the  test  chamber  pressure.  The  upper  half  of  this  double  seal  consists 
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of  graphite  running  against  a nickel-chrome  alloy,  and  the  lower  half  consists 
of  AI2O3  running  against  a fused  fluoride  coating  (B3P2  CaP2)  on  the  nickel- 

chrome  alloy.  Flexible  bellows  are  used  to  seal  the  load  beam  assembly.  Fluo- 
rinated  hydrocarbon  oils  are  used  to  lubricate  the  gearbox  and  the  support 
bearings  in  the  shaft  housing  to  minimize  the  possibility  of  reaction  of  the 
oil  with  the  test  fluid  in  case  the  shaft  seals  fail. 

The  test  gas,  oxygen  or  fluorine,  passes  throu^  a coil  within  the  cool- 
ing jacket  before  entering  the  test  chamber  near  the  bottom.  In  these  tests 
the  test  fluid  is  initially  in  the  gaseous  state;  the  coil,  at  liquid  nitrogen 
temperature,  condenses  the  gas  into  the  liquid  state.  Excess  liquid  and  vapor 
are  vented  by  a line  leaving  from  a point  near  the  top  of  the  chamber.  The 
liquid  level  within  the  test  chaniber  is  monitored  by  a capacitance  probe. 

The  cooling  jacket  is  filled  with  liquid  nitrogen  and  vented  by  two  dia- 
metrically opposite  lines.  The  coolant  level  is  monitored  with  a carbon  re- 
sistance probe. 

After  the  desired  liquid  level  was  attained,  the  disk  specimen  was  brou^t 
up  to  speed  and  the  normal  load  was  applied.  When  possible,  experiment  dura- 
tion was  1 hour.  The  frictional  force  was  measured  continuously  by  resistance 
strain  gages  mounted  on  a dynamometer  ring  whose  output  was  fed  into  a record- 
ing potentiometer.  After  completion  of  a run,  rider  wear  was  obtained  by  mea- 
suring the  wear  scar  and  calculating  the  wear  volume. 

For  the  seal  experiments  a housing 
adapter  was  made  that  contained  the  test 
seal.  A l/l6-inch  purge  line  was  con- 
nected to  the  housing  adapter,  which 
maintained  a 2 -pound-per- square -inch 
pressure  differential  across  the  test 
seal. 


SPECIMEII  PBEPAEATIOn 

For  the  friction  and  wear  experi- 
ments, the  solid  AI2O2  riders  and  disks 
were  scrubbed  with  levigated  alumina, 
rinsed  with  distilled  water,  rinsed  with 
alcohol,  dried,  and  then  rinsed  with  a 
solvent  (1,1,1  trichloroethane ) just 
prior  to  testing.  The  TiC  cermet  disk 
specimens  were  also  cleaned  in  this  man- 
ner. The  fused  fluoride  coatings  were 
prepared  in  a hydrogen  atmosphere  fur- 
nace at  1900°  F,  stored  in  a dessicator, 
and  finally  rinsed  with  a solvent  (1,1,1 
trichloroethane)  before  being  placed  in 
the  friction  apparatus. 
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Figure  2.  - Friction  and  wear  of  aluminum  oxide  riders 
sliding  on  various  materials  In  liquid  oxygen  and  liquid 
fluorine.  Sliding  velocity,  2300  feet  per  minute;  load, 
1000  grams. 


For  the  fluorine  seal  experiments,  the  mating  disk  specimens  were  cleaned 
and  prepared  as  described  previously.  Ihe  experimental  seal  assemblies  were 
previously  cleaned  and  passivated  (exposed  to  fluorine  gas  to  form  a "passive” 
surface  film).  Upon  assembly  the  flame- sprayed  AI2O3  nosepieces  were  wiped 
with  a soft  cloth  saturated  with  the  solvent. 


RESULTS  AMD  DISCUSSION 
Friction  and  Wear  Experiments 

Data  were  obtained  in  liquid  oxygen  and  in  liquid  fluorine  with  AI2O3 
riders  sliding  on  four  disk  materials:  (l)  nickel-bonded  TiC  cermet,  (2)  solid 

AI2O3,  (3)  76  CaF2  - 23  LiF  - 1 NiF2  film  on  AI2O3  (l  NiF2  was  used  as  a col- 
oring agent  in  order  to  differentiate  between  the  fluoride  coating  and  the 
AI2O3  substrate),  and  (4)  62  BaF2  - 38  CaF2  (eutectic)  film  on  a nickel-chrome 
alloy.  The  friction  and  wear  results  are  presented  in  table  I and  figure  2; 
these  results  are  representative  of  a number  of  runs. 

TABIE  I.  - EXEERlMEimi.  DAIA.  TOR  FRICTION  MD  WEAR  OF  MATERIALS  IN  LIQUID  OXJTGEN  AND  LIQUID  FLUORINE 
[Riders,  aluminum  oxidej  sliding  velocity,  2300  feet  per  minutej  load,  1000  grams,  ] 


Disk  material 
composition 

Coating  com- 
position and 
thickness 

Test 

liquid 

Total 

ittn 

time, 

min 

Rider  wear 
rate, 
cu  in. /ft 
of  sliding 

Disk  sub- 
strate wear 
rate, 
cu  in. /ft 
of  sliding 

Friction  co- 
efficient, 
f 

Remarks 

TiC  cermet 
(52  Ti,  5 Mo, 

25  Ni,  4.5  Cb, 
13.2  C,  0.3  Ta) 

None 

Oxygen 

60 

0.015x10-9 

1.180x10-9 

0.37 

Friction  erratic; 
polished  wear  scars 

None 

Fluorine 

®23 

0.012X10-9 

0.120x10-3 

0.10 

Friction  steady; 
surface  reaction 
film  NiFg  identified 

AI2O3 

Hone 

Oxygen 

60 

0.140X10"^ 

Negligible 

0.50 

Friction  erratic; 
polished  wear  scars 

None 

Fluorine 

60 

0.028X10-9 

Negligible 

0.12 

Friction  steady; 
polished  wear  scars 

AI2Q3 

76  CaFg, 
23  LiF, 

1 NiFs 
0.0025  in. 

Oxygen 

62.5 

0.015x10-9 

Negligible 

^0.29 

Friction  steady; 
film  failed  at  ap- 
proximately 61.5  min 

76  CaF2, 
23  LiF, 

1 NlFs 
0.003  in. 

Fluorine 

®45 

0.033x10-9 

Negligible 

0.17 

Friction  steady 

Nickel-chrome 
alloy  (53  Ni, 
3.2  Ti,  19  Cr, 
12  Fe,  11  Co, 
1.6  Al,  10  Mo) 

62  BaFg, 

38  CaFg 
0.0025  xn. 

Oxygen 

59 

8.300x10-9 

Excessive 

0. 66 

Film  failed  imme- 
diately 

62  BaFo, 
38  CaFg 
0.002  in. 

Fluorine 

®20 

0.076x10-9 

0.011X10“^9 

0.24 

Friction  steady 

®Test  terminated  because  of  low  liquid  fluoripe  level. 
^Coefficient  of  friction  after  film  failure,  0.50. 
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Kie  resiilts  obtained  indicate  that  liquid  fluorine  is  potentially  a better 
boundary  lubricating  media  than  ‘liquid  oxygen  for  the  material  combinations 
selected  for  this  investigation.  !Ehe  low  coefficients  of  friction  in  fluorine 
are  attributed  to  the  formation  of  beneficial  metal  fluoride  films  on  the  mat- 
ing surfaces.  ITne  rider  wear  rates,  cubic  inches  per  foot  of  sliding,  are  in 
general  of  the  same  order  of  magnitude  with  the  exception  of  the  BsPg  + CaPg 

eutectic  coating  on  the  nickel-chrome  alloy  run  in  liquid  oxygen,  which  is 
approximately  three  hundred  times  greater.  Resistance  to  oxidation  by  liquid 
oxygen  and  to  fluoridation  by  liquid  fluorine  as  well  as  hardness  of  the  sub- 
strate materials  are  thou^t  to  be  responsible  foy  the  low  rider  wear  in  these 
experiments.  It  appears  that  the  corrosive  and  abrasive  wear  that  could  be 
expected  in  the  hi^ly  corrosive  environments  were  minimized  by  the  careful 
selection  of  materials. 

Previously  reported  liquid  oxygen  studies  (refs.  10  and  11)  showed  that 
the  presence  of  a proper  oxide  film  on  one  of  the  mating  surfaces  was  bene- 
ficial in  effecting  good  lubrication.  In  this  study  it  appears  that  the  pres- 
ence of  a fluoride  film,  either  an  applied  fused  fluoride  film  in  liquid  oxygen 
or  a fluoride  film  formed  during  sliding  in  liquid  fluorine,  is  also  beneficial 
in  reducing  wear  and  friction. 


Friction  and  Wear  with  Surface  Reaction  Films 

She  results  for  AI2O3  sliding  against  either  the  TiC  cermet  or  AlgOg  show 
a reduction  in  rider  wear,  friction  coefficient,  and  disk  wear  in  liquid  fluo- 
rine as  compared  with  liquid  oxygen  (table  II  and  fig.  2).  Photographs  of 

TABIE  II.  - EXEEEIMEiraiAL  SEAL  DAIA.  IN  LIQUID  ELUOKINE 

[Hosepiece,  flame- sprayed  altaaimmi  oxidej  sliding  velocity,  2200  feet  per 
minute}  pressure  difference,  2 Ib/sq  in.] 


Disk  material 

Coating  com- 
position and 
thickness 

Pace 

load,®' 

lb 

Total 

run 

time, 

min 

Hosepiece 
wear, 
cu  in. /ft 
of  sliding 

Disk  sub- 
strate 
wear  rate, 
ou  in. /ft 
of  sliding 

Remarks 

TiC  cermet 

Hone 

21 

20 

28.00>a0"^ 

7.000X10”^ 

Surface  speed, 
80  fb/min 

Hone 

15 

40 

6.85X10-9 

0.152X10-9 

Surface , reac- 
tion} film 
NiPg  identified 

AlgOs 

76  CaFgj 
23  IriF, 

1 HJFg 
0*00X5  Xu* 

15 

60 

0.80X10"^ 

negligible 

Trace  amounts  of 
applied  fluoride 
film  detected  on 
wear  track 

^Calculated  load  at  cryogenic  temperature  taking  into  account  differential 
tbermal  contraction  of  assembly. 
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these  two  material  combinations  after  running  In  oxygen  and  In  fluorine  can  be 
seen  In  figures  3 and  4.  Of  the  two  sliding  combinations,  AI2O3  sliding 
against  AlgOj  showed  the  greatest  Improvement  In  that  rider  wear  was  reduced 
by  a factor  of  5 and  the  coefficient  of  friction  was  reduced  from  0.50  In  oxy- 
gen to  0.12  In  fluorine.  While  the  combination  of  AlgOj  sliding  on  the  TIC 
cermet  shows  no  appreciable  change  In  rider  wear,  the  friction  coefficient  Is 
reduced  from  0.37  In  oxygen  to  0.10  In  fluorine.  It  Is  Important  to  note  that 
continuous  friction  traces  recorded  during  these  runs  showed  that  sliding  was 
very  smooth  and  steady  In  liquid  fluorine  as  compart^  with  the  liquid  oxygen. 
In  which  sliding  was  very  rou^  and  friction  coefficient  varied  as  much  as 
±0. 05. 


X-ray  diffractions  of  the  disk  specimen  wear  tracks  were  taken  after  r\ins 
In  the  test  fluids  to  determine  whether  a reaction  film  had  formed  on  the 
materials.  Nickel  fluoride  was  Identified  as  being  present  on  the  wear  track 


F)9ur«  3.  - Aluminum  mMe  riders  and  urKOdtad  Utinium  urtidt  c*rm«(  and  aluminum  nlda  disk  spadmans  run  submargad  In  liquid 
onyqan.  Slidlnq  velocity,  ?300  laal  par  minute;  load,  1000  grams. 


\ 
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Disk  wear  area,  TIC  cermet  Disk  wear  area,  AI2O3 


Fiqurt  4.  - Aluminum  oxMe  riders  and  uncoated  titanium  carbide  cermet  and  aluminum  oxide  disk  specimens  run  submerged  in  liquid 
fluorine.  Sliding  velocity,  2300  feet  per  minute;  load,  1000  grams. 


of  the  TiC  cermet  disk  after  it  was  in  liquid  fluorine.  This  indicated  that 
the  soft  nickel  binder  reacted  with  the  fluorine  to  form  a thin  surface  film 
of  NiF2,  which  was  resiic.i  ^..ble  for  the  low  coefficient  of  friction.  Althou^ 
AIF3  was  not  positively  . ntified  on  the  AI2O3  disk  nin  in  fluorine,  it  is 
probable  that  a thin  AIF3  film  was  formed  during  sliding  and  was  responsible 
for  friction  and  wear  chara-:teristics. 

Visual  and  microscopic  examinations  of  the  disk  specimens  run  in  oxygen 
and  in  fluorine  show  that  the  wear  tracks  are  smooth  and  polished.  The  hl^ly 
polished  appearance  of  the  TiC  cermet  suggests  that  the  soft  intermediate 
films,  formed  during  sliding,  prevented  galling.  The  wear  of  he  TiC  cermet 
disk,  therefore,  is  thou^^t  to  be  the  removal  of  the  soft  nlcK.:!l  binder  in  the 
form  of  oxides  or  fluorides.  Since  profilcjmeter  treuies  of  the  AI2O3  disks 
indicated  no  appreciable  wear  in  liquid  fluorine,  it  is  thought  that  the  rider 
tip,  being  continually  svdbjected  to  hi£^  interface  temperatures,  contributed 
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0.05  In. 


Disk  wear  area,  nickel-chrome  alloy  (BaFj  - CaF2.  eutectic) 


Disk  wear  area.  AI2O3  (CaF^  - LIF  - NIF2) 


Nickel-chrome  alloy 


C-67830 

Figure  5.  - Aluminum  oxide  riders  and  coated  aluminum  oxide  and  nickel-chrome  disk  specimens  run  submerged  in  liquid  oxygen.  Sliding 
velKity,  ?300  feet  per  minute;  load,  1000  grams. 


most  to  the  formation  of  the  fluoride  film.  Because  of  its  performance,  both 
in  liquid  oxygen  and  in  fluorine,  the  combination  of  AI2O3  sliding  against  the 
TiC  cermet  was  selected  as  one  of  the  material  combinations  for  the  fluorine 
seal  phase  of  this  investigation. 


Friction  and  Wear  with  Applied  Surface  Films 

35ie  results  of  the  applied  fluoride  coatings  on  eitner  AI2O3  or  the 
nickel-chrome  all jy  indicated  that  these  coatings  show  promise  in  oxygen  and 
in  fluorine  (table  I and  fig.  2).  In  general,  the  experiments  showed  the  films 
performed  at  least  as  well  in  fluorine  as  they  did  in  oxygen. 


The  CsF2  + LIF  + NIF2  on  AI2O3  appears  capable  of  providing  em  effective 
mating  surface  for  the  AI2O3  rider  in  oxygen.  When  the  results  of  this  coat- 
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Flqurs  6.  - Aluminum  oxide  riders  end  coited  eluminum  oxide  anci  nickel-chrome  disk  specimens  run  submerged  In  liquid  fluorine. 
Sliding  velocity,  2300  feet  per  minute;  load,  1000  grams. 


Ing  are  con^>ared  with  the  results  of  the  uncoated  AI2O3  (fig.  l)  run  In  oxy- 
gen, It  Is  noted  that  the  friction  coefficient  was  reduced  forom  0.50  to  0.29 
by  -';he  coating.  In  fluorine,  however,  this  fluoride  coating  on  AI2O3  showed  a 
higher  friction  coefficient  (0.17)  than  the  uncoated  Al^O^  (0.12).  Continuous 
friction  traces  recoi^ied  during  louis  In  both  oxygen  and  fluorine  Indicated 
that  sliding  was  smooth  and  steeidy  with  the  coating. 

The  AI2O3  rider  wear  In  oxygen  euid  In  fluorine  Is  essentially  the  same, 
and,  dLlthou^  there  Is  evidence  of  apparent  coating  failure  (figs.  5 and  6), 
surface  profile  traces  of  the  disk  wear  tracks  show  the  wear  of  the  AI2O3  siib- 
strate  to  be  negligible.  Because  of  the  performance  shown  In  the  friction  euad 
weeu:  experiments  both  In  oxygen  amd  In  fluorine  the  CaFg  + LIF  + NlPg  on  AI2O3 
was  selected  as  a mating  material  for  the  AI2O3  noseplece  for  the  fluorine  seal 
studies. 
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®ie  applied  film  of  Bal'2  + Cal’g  on  the  nickel  chrome  showed  a great  vari- 
ance in  performance  when  comparing  the  runs  in  oxygen  and  in  fluorine.  !Ehe 
runs  in  oxygen  indicated  that  the  film  failed  immediately  and  resulted  in  a 
deep  grooving  of  the  nickel-chrome  substrate  (fig.  5)  as  well  as  excessive 
AI2O3  rider  wear  (table  I and  fig.  2);  the  rider  also  showed  evidence  of  metal 
transfer.  The  friction  coefficient  for  this  3jun  remained  high,  and  the  re- 
corded friction  trace  indicated  very  rough  sliding  and  erratic  contact. 

In  liquid  fluorine,  however,  disk  and  rider  wear  are  appreciably  less 
(table  I and  fig.  2).  Surface  profile  traces  indicated  very  little  wear  to 
the  nickel-chrome  substrate.  It  is  quite  possible  that  KiFg  ‘ws-s  formed  during 
sliding  as  was  the  case  for  the  TiC  cermet  run  in  fluorine;  however.  X-ray 
diffraction  did  not  detect  its  presence.  The  reduction  in  rider  wehr  and  disk 
wear  and  the  low  friction  coefficient  (0.24)  are  thou^t  to  be  due  to  the  ef- 
fectiveness of  the  applied  eutectic  fluoride  coating.  Ehotographs  of  this 
combination  after  running  in  liquid  fluorine  are  shown  in  figure  6. 

I 

Seal  Experiments 

From  the  friction  and  wear  study,  the  material  combinations  of  AlgOg 
sliding  against  the  TiC  cermet  and  AI2O3  sliding  against  a fused  coating 
(CaFg  + LiF  + ITiFg)  on  AlgOg  were  selected  as  the  materials  to  be  used  in  the 
dynamic  seal  experiments  in  liquid  fluorine  (table  II). 

The  stationary,  flame- sprayed  AI2O3  nosepiece  was  attached  to  a machined 
beryllium  copper  bellows  that  had  a spring. rate  of  1000  pounds  per  inch  and 
was  run  against  the  mating  disk  while  submerged  in  liquid  fluorine.  The  re- 
quired experimental  test  conditions  were  as  follows:  sliding  velocity,  2300 

feet  per  minute;  face  load,  15  pounds;  pressure  differential  across  the  seal, 

2 pounds  per  square  inch.  In  these  seal  experiments,  the  low  pressure  dif- 
ferential did  not  prevent  the  sealing  siirfaces  from  being  wetted  by  liquid 
fluorine. 

Two  minor  modifications  to  the  friction  and  wear  apparatus  were  required 
before  the  dynamic  seal  studies  could  be  made  (fig.  7).  These  modifications 
consisted  in  removing  the  loader  assembly  and  redesigning  the  lower  seal  hous- 
ing to  incorporate  the  housing  of  the  e2q)erimental  seal.  In  addition,  a helium 
purge  line  was  connected  between  the  load  beam  and  the  seal  housing.  This 
helium  purge  line  was  used  to  pressurize  internally  the  experimental  sf’al  and 
to  maintain  a 2-pound-per-square-inch  pressin:e  differential  across  tht  ^eal. 

The  results  of  the  seal  studies  are  presented  in  table  II  and  figure  8. 

In  the  first  attempt  to  run  a full-scale  seal  in  fluorine  it  was  found 
that  the  desired  surface  speed  could  not  be  attained  because  of  insufficient 
power  to  drive  the  shaft.  The  overloading  of  the  drive  unit  was  caused  by  the 
high  (21-lb)  face  load  on  the  seal.  As  a result,  this  escperiment  was  termi- 
nated after  20  minutes.  Surface  profile  traces  of  the  TiC  cermet  disk 
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Weir  rate,  cu  in./ft  of  sliding 


^Liquid  fluorine  chamoer 
Liquid  nftrogen  chamber 


VKuum  chamber 


CO-7734 


Liquid  nitrogen 
::a-~  Gaseous 
fluorine 


Fluorine 
vent-^ 
Nitrogen  vent 


Helium  supply 

_JDL 


Hgure  7.  - Liquid  fluorine  seal  test  apparatus. 


Laid,  lb  20 

Duration,  min  20 

Sliding  velocity,  It/min  80 


Al20}/nc  cermet 


Ij  C-69904 
60 

2300 


Profile  traces 


41203/710  cermet 


Nosepiict  wear 

Disk  substrate  ««eir 
{calculated  from  profile  trace) 
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Figure  8.  - Weir  of  seel  materials  obtained  during  seal  experiments  in  liquid  fluorine. 
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(fig.  8)  indicated  that  a deep  groove  had  been  worn  in  the  disk.  The  measure- 
ments of  the  AI2O3  nosepiece  also  indicated  considerable  wear  in  addition  to 
visible  edge  chipping.  Photographs  of  the  seal  conponents  for  this  experiment 
can  be  seen  in  figure  9. 


Figure  9.  Seal  components;  flame-sprayed  aluminum  oxide  sliding  against  a titanium  carbide  cermet  in  liquid  fluorine.  Sliding  velocity,  80 
feet  per  minute;  load,  21  pounds;  duration,  20  minutes. 


The  second  seal  experiment  was  run  after  a modification  to  the  drive  unit 
was  acconiplished  as  well  as  calculations  of  expected  seal  face  loading  due  to 
contraction  of  the  shaft.  This  experiment  was  run  successfully  for  40  minutes 
at  2300  feet  per  minute  and  a face  load  of  15  pounds.  Surface  profile  traces 
of  the  TiC  cermet  disk  indicated  a reduction  in  disk  wear  as  compsired  with  the 
first  seal  experiment  (fig.  8).  The  AI2O3  nosepiece  also  showed  less  weetr  and 
less  edge  chipping.  The  seal  cooiponents  (fig.  10)  are  shown  after  completion 
of  the  experiment  in  fluorine. 

The  final  seeil  experiment,  that  of  AI2O3  running  aigalnst  a fused  coating 
of  CaF2  + LIF  + HiF2  AI2O3,  was  rion  successfully  for  60  minutes.  Visual 
examination  of  the  mating  disk  indicated  appeurent  loss  of  the  film;  however, 
X-ray  diffraction  showed  that  traces  of  the  fused  fluoride  coating  were  pres- 
ent in  the  wear  track.  Surface  profile  traces  of  the  mating  disk  indicated 
that  there  was  no  measurable  wear  of  the  AI2O3  substrate  (fig.  8).  Figure  11 
shows  the  seal  components  used  in  the  third  seal  experiment  after  60  minutes 
of  running  in  liquid  fluorine.  The  results  of  the  seal  experiments  indicated 
that  AI2O3  sliding  eigainst  either  the  fused  fluoride  film  on  AI2O3  or  the  TiC 
cermet  are  acceptable  material  combinations  for  fluorine  seal  api lications. 
Proper  pressvire  balancing  of  the  sesLL  is  required,  however,  to  prevent  exces- 
sive face  loading,  which  can  cause  catastrophic  seal  wear  and  Icxial  fragmenta- 
tion of  AI2O3. 
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Figure  10.  - SmI  compoMnts;  n«ne-spriy«t  aluminum  oxide  sliding  against  a titanium  cartMa  cermet  In  liquid  fl'jorine.  Sliding  velocity,  2300 
feet  per  minute;  load,  1$  pounds;  duration,  40  minutes. 
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Figure  11.  - Seal  components;  flamed-sprayed  aluminum  oxide  sliding  against  76  CaF2  * 23  UF  + 1 NIFj  on  aluminum  oxide  in  liquid  fluorine. 
Sliding  velocity,  2300  feet  per  minute;  load,  15  pounds;  duration,  60  minutes. 


SUM4ARY  CF  RESULTS 

From  the  data  obtained  with  aluminum  oxide  (AI2O3)  In  sliding  contact  with 
severeil  mating  surfaces  submerged  In  liquid  oxygen  or  In  liquid  fluorine  In 
friction,  weeu:,  and  dynamic  seal  studies,  the  following  results  were  noted: 

1.  !I3ie  AI2O3  sliding  against  either  the  titanium  ceurblde  cermet  or  a fused 
fluoride  film  on  AI2O3  are  potentlaLUy-  useful  seal  material  coniblnatlons  for 
liquid  fluorine  turbopump  applications. 

2.  The  presence  of  a fluoride  film,  either  as  an  applied  film  (calcium 
fluoride  (CaF2)  - lithium  fluoride  (LIF)  - nickel  fluoride  (NIF2))  or  a film 
formed  during  sliding  (NIF2)  Is  beneficial  In  reducing  friction  and  wear  of 
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materials  in  liquid  fluorine. 


3.  With  the  same  sliding  combination  in  this  investigation,  the  coef- 
ficient of  friction  was  generally  lower  in  liquid  fluorine  than  in  liquid 
oxygen. 


Lewis  Research  Center 

Rational  Aeronautics  and  Space  Administration 
Cleveland,  Ohio,  June  4,  1964 
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iurvey  of  the  Theory  of 


ce  Seals 


l.  H.  BERND 

Oeneral  Eiesfric  Research  & Development  Center 


, A brief  revievir  is  presented  of  various  theories  and 
approaches  that  have  been  followed  seeking  to  explain 
the  functioning  of  face  seals,  and  improve  their  opcr> 
ation.  The  known,  essential  characteristics  of  a radial 
face  seal  are  summarized.  The  performance  and  inherent 
limitations  of  a seal  are  discussed  in  terms  of  the  axial 
forces  on  the  seal  faces  and  the  character  of  the  lubri- 
cation between  the  mating  faces. 

Considerable  explorative  work  has  been  done  over 
the  past  decade,  spurred  by  Denny’s  experiments 
showing  that  hydrodynamic  pressure  generation  (in- 
creased load  bearing)  and  inward  pumping  (reduced 
leakage)  can  take  place  in  a seal.  Definite  approaches 
involving  different  mechanisms  have  emerged.  The 
status  is  that  the  dominant  mechanisms  have  not  been 
fully  studied,  isolated,  and  reduced  to  useable,  uni- 
versal parameters.  Hence,  the  conscious  exploitation  of 
these  mechanisms  to  obtain  improved  sealing  ties 
largely  ahead  in  most  cases. 


Presented  at  the  23rd  ASLE  Annual  Meeting 
in  Cteveland,  May  6-9,  1968 


Nomenclature 

Ah  = Nominal  area  of  contact  between  seal  faces 
Ap  = Area  of  rear  of  seal  exposed  to  pressure  of  fluid  being 
sealed 

b = Width  of  seal  face  = R2  — f?i 

c = Constant 

Ff  = Friction  force 

Fh  = Force  on  seal  face 

Fp  = Hydrostatic  force 

F*  s=  Spring  force 

/ = Coefficient  of  friction 

h = Mean  clearance  between  seal  faces 


INTRODUCTION! 

The  purpose  of  this  article  is  to  review  the  status  of 
face  seal  theory.  Mechanical  face  seals  have  been  used 
in  industry  since  the  early  nineteen  hundreds.  They  are 
luiique  in  their  ability  to  seal  with  negligible  lealtags 
under  severe  conditions,  and  consume  relatively  little 
frictional  energy.  They  are  reliable,  have  long  life,  and 
require  no  maintenance.  Their  major  application  is  to 
seal  liquids  imder  pressure. 

The  function  of  a face  seal  is  to  prevent  leakage 
where  a rotating  shaft  pierces  a housing  or  wall.  The 
basic  concept  involved  appears  simple  at  first  thought. 
Two  smooth  faces,  one  a rotating  ring  affixed  to  the 
shaft,  the  other  a stationary  ring  secured  to  the  hoiLsing, 
are  pressed  together.  This  decreases  the  clearance 
between  the  faces,  thus  decreasing  the  size  of  the  leak- 
age path  to  limit  or  prevent  fluid  leakage. 

The  realization  that  this  seal  is  in  many  respects  a 
complex  device;  that  boundary  lubrication,  cavitation, 
or  a full  fluid  film  oan  exist  between  the  faces  depending 
upon  conditions;  that  conceivably  various  Afferent 
mechanisms  can  act  to  provide  load  bearing  between 
the  faces  (as  wdl  as  prevent  leakage);  are  thoughts  of 
relatively  recent  origin.  Indeed,  the  past  decade  has  seen 
considerable  exploration  of  the  face  seal  as  a fluid  film 
device,  motivated  by  the  hopeful  expectation  of  iraprov- 


N = Rotational  speed 
P = Pressure 

Pp  = Fluid  pressure  being  sealed 
Q = Leakage  rate  betvi’cen  seal  faces 
Ri  = Inner  radius  of  seal  face 
Rz  = Outer  radius  of  seal  face 
Z :=  Viscosity 
(ZN/F)  = Duty  parameter 

P Balance  of  seal 
1}  1 — P,  a measiue  of  seal  balance 

c Extensa!  presswe  applied  to  seal  face 
7 Shear  stress  on  sea!  faces 
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ing  the  operation  of  the  seal.  Nevertheless,  the  theory 
of  face  seals  has  not  in  toto  progressed  to  the  point  of 
providing  a general,  useable,  “textbook”  type  of  rational 
design  approach  based  on  analytical  foundations.  The 
scope  of  existing,  comprehensive  studies  is  somewhat 
limited;  many  important  areas  still  lie  unexplored,  both 
analytically  and  experimentally.  The  range  of  major 
studies  is  blocked  out  in  Fig.  1. 

Thus,  even  though  certain  mechanistic  approaches 
are  well  ac*  vanced,  it  cannot  as  yet  be  said  whether  the 
face  seal  ns  it  basically  stands  today — evolved  largely 
by  trial  and  error  testing — has  resulted  in  about  the  best 
seal  possible  when  used  properly;  or  whether  advances 
such  as  longer  life,  lower  leakage,  operation  at  greater 
extremes  of  rotational  speed  or  fluid  pressure,  can  ulti- 
mately be  obtained. 

Undoubtedly  a primary  reason  for  this  slow  advance 
is  the  small  dimensions  of  a face  seal  making  direct 
examination  of  a lubricating  or  sealing  mechanism 
exceedingly  difficult.  Furthermore,  the  wide  range  of 
conditions  possible  as  to  seal  materials,  dimensions, 
alignment,  fluid  pressures,  bearing  loads,  rotational 
speeds;  as  well  as  the  difficulty  in  assuming  what  may 
or  may  not  be  a dominant  mechanism  (or  mechanisms) 
confuse  the  issue.  Small  differences  in  dimensions  as 
well  as  manufacturing  tolerances  may  prcduce  consider- 
able variation.'!  in  performance.  Judging  by  progress 
over  the  past  decade,  one  may  expect  continued  explor- 
ation and  increasing  knowledge,  leading  to  a slow  evolu- 
tion of  design  techniques. 

A seal  is  also  a thrust,  bearing.  Thus  it  has  the  same 
basic  problems  as  a bearing,  as  well  as  additional 
requirements  steniming  from  its  sealing  function.  A re- 
view of  theory  must  include  as  evidence  the  perfor- 
mance of  a seal,  show  how  this  is  related  to  physical 
form,  and  the  lubrication  regimes  that  exist.  Boundary 
lubrication  fundamentals  are  important  to  a class  of 
seals;  practice  here  is  well  established.  Mixed  and  fluid 
film  lubrication  are  also  found  in  seals.  For  these,  the 
hydrodynamic  generation  of  pressure  for  load  bearing 
and  seding  between  faces  is  an  interesting,  as  well  as 
speculative  subject. 

Initially,  the  theories  or  approaches  applied  to  face 
seal  design  were  simple.  For  example: 

1.  It  is  an  intuitively  obvious  concept  that  seal  faces 
can  be  forced  together  to  prevent  leakage.  Thus  it 
seemed  reasonable  to  design  by  experimentally  in- 
creasing the  external  load  on  the  faces  until  leakage 
became  tolerable,  seeking  a compromise  versus 
increasing  wear  and  shorter  life. 

2.  Surface  tension  acting  at  the  interface  between  liquid 
and  air,  at  the  low-pressure  edge  of  the  seal  faces, 
creates  a pressure  differential  to  contain  tlie  liquid. 
The  sealing  pressure  so  created  can  be  computed, 
knowing  the  surface  tension,  and  assuming  that  the 
maximum  gap  width  between  seal  faces  is  equal  to 
the  sum  of  the  waviness  of  tire  two  face  siufaces  (6). 
For  common  fluids,  sealing  pressure  in  the  order  of 
25  to  50  psi  can  thus  be  inferred. 
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3.  In  high  speed  seals,  centrifugal  force  acting  on  'iuid  | 
present  between  seal  faces  that  are  not  in  physical  * 
contact  can  be  used  to  oppose  the  hydrostatic  pres- 
sure causing  inward  radial  leakage  (7). 

In  contrast,  much  of  tire  recent  literature  is  concerned 
with  how  the  physical  features  of  face  seals  possessing  , 
liquid  films  between  the  faces  are  related  to  seal  per- 
formance. How  important  are  these  features?  Should 
they  be  modified?  Thus,  for  e.xample,  are  better  or  more 
poorly  finished  .surfaces  desirable?  Can  distortion,  vibra- 
tion, and  eccentricity  and  misalignment  be  put  to 
advantageous  use?  ( 

In  summation,  practical  knowledge  of  boundary 
lubrication  in  a seal  is  far  more  advanced  than  knowl- 
edge of  hydrodynamic  effects.  That  is,  it  is  possible  to 
design  a seal  and  select  suitable  face  materials  from  the 
standpoint  of  friction  and  wear.  It  is  not  possible  on  a 
broad  basis  to  select  or  isolate  specific  hydrodynamic 
pressure  generating  mechanisms  to  be  used,  and  thereby 
deliberately  create  load  bearing  pressure  with  pressure 
variations  to  oppose  leakage.  An  exception  to  this  would 
be  the  use  of  centrifugal  force  in  a hi^  speed  seal. 


CHARACTERISTICS  OF  A MECHANICAL 
FACE  SEAL 

Performance  Limifs 

The  practical  operating  limits  of  seals  are  generally 
stated  to  be  as  follows: 

. 

Pressure — Figure  2 is  a compilation  from  tlie  published 
data  of  various  seal  manufacturers  of  the  pressures 
that  can  be  sealed  readily  with  a face  seal.  Important 
is  the  fact  that  higher  pressures  can  be  sealed  with  | 
balanced  seals  than  with  unbalanced  seals.  Typical  ( 
maximum  pressmes  for  unbalanced  seals  are  in  the  ^ 
order  of  one  to  two  hundred  psi.  Balanced  seals  are 
used  up  to  pressures  in  the  order  of  1000  psi  or  more. 

This  originally  raised  the  question  why  relatively 
small  clianges  in  balancing  can  alter  the  ma.ximum  seal- 
ing pressine  so  (i).  This  difference  in  duty  can  be  ^ 
ascribed  to  the  different  lubricating  regimes  that  can 
exist  between  the  seal  faces. 

Face  Speed — Manufacturers’  recommendations  are  for 
maximiun  shaft  speeds  in  the  6000  rpm  to  15,000 
rpm  range.  The  maximum  speed  noted  for  any  face 
seal  is  about  30,000  rpm. 

Life — In  conservative  refinery  practice,  typical  seal 
life  is  noted  as  being  about  2000-8000  hr  (9).  In  I 

domestic  water  pumps,  life  is  probably  in  the  order  1 

of  15,000  hr,  i.e.,  2 years  of  continuous  service.  For 
very  high  face  velocities  and  poor  lubrication,  such 
as  for  a cryogenic  liquid  sed  in  a rocket  engine 
turbojpiunp,  life  may  be  only  a matter  of  minutes. 

October,  1968  LUBRICATION  ENGINEERING 
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Fig.  I— Range  of  maior  studies  (pressure  seated  vs.  speed). 


Leakage — Existing  data  is  unreliable  since  in  practice 
a liquid  may  often  evaporate  before  it  can  be  measured. 
For  a “properly”  designed  seal,  anticipated  leakage 
can  range  from  “zero”  to  about  10  cc/min.  Lealcage 
is  generally  reported  to  increase  with  speed.  Some 
find  the  converse:  a stationary  seal  leaks  badly,  but 
improves  in  sealing  with  increasing  speed. 

Essential  Physical  Features  of  Mechanical  Face  Seals 

Empirical  experience  has  produced  features  common 

to  all  mechanical  face  seals,  lliese  featmres  are: 

1.  Sealing  is  accomplished  by  holding  two  mating, 
annular  faces  together. 

2.  The  faces  are  pressed  together  by  light  spring  load- 
ing, and  by  fluid  pressure  acting  on  the  rear  of  one 
of  the  sealing  faces.  The  amount  of  fluid  pressiure  so 
employed  varies  according  to  the  “balance”  of  the 
seal. 

3.  The  two  annular  surfaces  in  contact  are  made  from 
dissimilar  materials  capable  of  opesation  under 
boundary  lubiication  conditions.  Low  coeflicients  of 
friction,  good  heat  conductivity,  are  sought  to  prevent 
high  temperatures  and  breakclown  of  face  materiais. 

4.  The  face  seal  mating  surfaces  are  lapped  flat  to  within 
a 2-5  light  bands  of  flatness  (24  to  60  microinches); 
the  resultant  finish  (.surface  roughness)  is  approxi- 
mately 10  to  ""O  microinches. 


-100  0 200  400  500 

TEMPERATURE, *F 

Fig.  2— Approximate  outline  of  seat  operating  conditions  recommended 
by  manufacturers  (pressure  vs.  temperature). 


5.  A certain  minimum  amount  of  roughness  and/or 
waviness  of  the  seal  faces  should  be  considered  an 
essential  feature  of  a seal.  Excessively  rough  surfaces 
can  make  for  high  coefficients  of  friction,  excessive 
wear  and  for  short  life.  However,  exceedingly  smooth 
surfaces  have  resulted  in  the  failure  of  seals  and 
bearings.  The  ability  to  provide  load  bearing  is  lost. 
Such  failure  has  been  attributed  to  the  lack  of  hydro- 
dynamic  pressure  generation  that  variations  in  sur- 
face height  would  have  produced,  or  the  inability  of 
the  surfaces  to  retain  a lubricant  (11). 

6.  The  shaft  mounted  face  is  flexibly  moimted  and 
sealed  to  the  shaft  so  that  the  mating  faces  are  held 
in  contact  in  spite  of  shaft  vibration  or  eccentricity. 

7.  Auxiliary  “static”  seals,  usually  “O”  rings,  are  pro- 
vided to  seal  the  mating  faces  to  the  shaft  or 
machinery  housing. 

Cross-sections  of  several  typical  types  of  face  seals 
are  ^ven  in  Fig.  3. 

BALANCE 

Axial  Forces  on  a Seal 

It  is  necessary  to  consider  the  axial  forces  acting  on  a 
seal  face  in  order  to  define  the  “balance”  of  a seal  and 
relate  balance  to  seal  performance.  T\vo  external  forces 
act  to  press  the  seal  faces  together.  They  are: 

1.  A hydrostatic  force  proportional  to  the  pressure 
being  sealed  Fp.  Most  of  the  load  on  the  faces  Is  pro- 
duced in  this  way  by  the  fluid  being  sealed. 

2.  A spring  force  Fg.  This  force  is  relatively  small.  It  is 
used  to  ensure  contact  between  the  faces  before  the 
pressure  being  sealed  has  been  built  up.  The  spring 
force  must  be  large  enough  to  overcome  the  static 
friction  Ff  of  the  “O”  ring. 

Fluid  pressure  between  the  seal  faces  (when  fluid  is 
present  between  the  faces  to  exert  pressure)  opposes 
these  external  forces,  and  acts  to  separate  the  seal 
faces.  This  pressure  can  be  due  primarily  to  leakage 
flow  across  the  faces,  and  be  determined  by  the  char- 
acteristics of  the  (low  process  acting  to  produce  a pre.s- 
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Fig.  3b— Unbalanced  seal— schemofic. 


Fig.  3c— “Balanced”  seal— schsmalie. 
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fluid  being  sealed  acts  (Fig.  3b).  Prc  ’mably,  the  pres, 
sure  limit  for  sealing  is  reached  when  the  external  load 
F,  + Fp  is  sufBciently  large  with  respect  to  the  opposing 
pressure  within  the  fluid  film  between  the  faces  to 
force  the  faces  together;  produce  considerable  physical 
contact  and  boundary  lubrication;  with  attendant  high 
friction,  heat  release  and  wear. 

Balonced  Seal 

To  overcome  the  pressure  limitation  of  a few  hundred 
psi,  a seal  is  “balanced”  by  using  a stepped  shaft 
(Fig.  3c).  This  reduces  the  loading  on  the  seal  faces 
resulting  from  the  hydrostatic  pressure  Pp.  The  usual 
limit  to  balancing  is  about  one  third.  One  third  of  tlie 
pressure  is  balanced  out,  leaving  two-thirds  of  the  hydro- 
static pressure  (Pp)  act  on  the  setd  face.  Tliat  is: 

Fp  = (1  - p)PpAp  = %PpAp,  [1] 

where  /3  is  termed  the  amount  of  balance.  Alternately, 
(1  — /8)  = 7j  is  also  used  to  designate  the  extent  of 
balance  (10). 

Should  the  balancing  limit  of  = 16  be  much  ex- 
ceeded, it  has  been  found  that  the  seal  faces  tend  to 
be  in  an  unstable  condition  (9).  Balancing  can  only  be 
carried  so  far,  i.e.,  up  to  ^ = 16  as  an  ideal  limit.  For  a 
P larger  than  this,  once  the  faces  are  slightly  forced 
apart  by  motion,  misalignment,  flashing  of  liquid  into 
vapor,  dirt,  etc.,  the  faces  wiU  ojjen  further  by  them- 
selves, and  subsequently  be  unable  to  close. 

To  see  why  this  should  be  so,  let  us  consider  the  axial 
forces  that  act  on  the  seal.  For  the  seal  gap  (h)  not  to 
open,  the  sum  of  the  axial  forces  must  act  to  press  the 
faces  together.  That  is: 


Fig.  3— Typical  saals. 


(F,  + Fp)>Fh 


sure  drop.  If  the  faces  are  close  enough,  and  speeds 
high  enough,  hydrodynamic  pressure  generation  caused 
by  surface  irre^arities  or  other  causes  should  be  super- 
posed on  this  presstu'e  drop.  If  however,  the  faces  are 
pressed  tightly  together,  fluid  should  be  excluded,  as 
evidenced  by  a lack  of  fluid  pri  ssure  as  reported  by 
Mayer  (2). 

For  the  first  case,  suppose  that  the  sea!  faces  are 
parallel  and  separated  by  fluid.  Then  laminar  leakage 
for  a continuous  liquid  film  between  the  faces,  results 
in  a linear  pressure  distribution  between  inlet  and  out- 
let (Fig.  4).  This  follows  when  the  width  of  the  seal 
face  is  small  with  respect  to  the  radius  of  the  seal,  and 
a constant  viscosity  is  assumed.  The  net  force  F*  acting 
on  the  rotating  seal  face  due  to  this  leakage  pressure  is 
(Pp/2)Ah,  where  A*  is  the  contact  area  of  a face. 

Unbalanced  Seal 

The  unbalanced  seal  is  the  simplest  form  of  sea! 
(Fig.  3a).  It  is  fitted  to  a shaft  of  constant  diameter. 
As  a consequence,  tire  contact  area  Ah  between  the 
sealing  faces  is  equal  to  the  area  Ap  on  the  rear  of  the 
sealing  ring  upon  which  the  hydrostatic  pressure  of  die 


For  a linear  pressmre  distribution  between  the  seal  faces: 
[F,-^(l-.i8)FpAp]>^Aft  [2] 


legend: 

0.  CLEARANCE  (III  DECREASING  IN  DIRECTION  OF  FLOW 
b.  parallel  faces,  (Rj-Bil/Rg  NOT  SMALL 
e.  PARALLEL  FACES,  b «(  R^.R, 

d.  CLEARANCE  (M  INCREASING  IN  DIRECTION  OF  FLOW 

e.  CLEARANCE  (HI  : 0 PERFECT  CONTACT,  Q-0 

Fig.  4— ProAsura  batwesn  teol  facos  du»  lo  tsakage. 
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Fig-  5— Lubricaiion  regimes  (friction  vs.  duly  porameter). 


Afc  in  practice  is  only  slightly  larger  than  Ap.  This  shovi^s 
therefore,  that  a balance  acts  to  provide  a net  force 
keeping  the  faces  together,  and  that  a much  greater 
degree  of  balance  cannot  do  so. 

Actually,  to  keep  the  faces  together,  the  net  static 
forces  acting  on  the  seal  (Fj  + Fp  + F*)  must  be  greater 
than  zero  for  various  reasons.  There  must  be  a margin 
sufficient  to  overcome  vibration,  part  misalignment,  and 
“O”  ring  friction.  In  addition,  the  leakage  pressure  term 
(Pp/2)  may  increase  (or  decrease)  because  the  seal  faces 
may  cease  to  be  parallel  under  operating  conditions 
because  of  wear,  thermal  gradients  and  deformation 
under  load. 

Suppose  it  were  possible  to  press  the  seal  faces  tightly 
together,  leaving  no  gap  (/i  = 0),  so  that  full  contact 
with  no  leakage  were  achieved.  Then  the  ret  fluid 
pressure  between  the  faces  due  to  the  leakage  of  fluid 
between  them  would  approach  zero  (Fig.  4).  Or,  sup- 
pose tliat  the  leakage  clearance  diverged  in  the  direc- 
tion of  flow  to  reduce  the  net  fluid  pressure.  Under 
these  conditions  a balance  larger  than  j8  = % would  be 
possible.  The  fact  that  a j8  = has  been  stated  to  work 
satisfactorily  until  the  faces  move  apart  (9,  1)  implies 
that  the  average  fluid  pressure  between  faces  can  be  less 
than  Pp/2. 


(tj  = 1 for  an  unbalanced  seal,  i.e.,/3  = 0),  ties  in  nicely 
with  the  need  to  use  a balanced  seal  when  sealing 
against  high  pressures.  This  points  out  that  balancing  a 
seal  decreases  fiction  by  changing  dry  friction  to  lubri- 
cation with  a liquid  film. 

If  a fluid  film  has  been  obtained  by  balancing,  the  gap 
width  should  increase.  This  is  apparently  confirmed 
since  the  authors  note:  “For  ij  = 0.5  the  friction  is 
quite  low,  but  the  seal  lealts  a little.”  The  implication  is 
that  the  improved  ability  of  a balanced  seal  to  handle 
higher  pressure  and  obtain  a lower  effective  coefficient 
of  friction  is  attained  at  the  cost  of  leakage,  and  that 
this  leakage  then  brings  in  to  play  the  following  effects: 

1.  Fluid  pressure  between  faces  due  to  leakage. 

2.  Hydrodynamic  bearing  action,  because  of  the  pres- 
ence of  Uquid,  to  enable  higher  unit  loads  to  be  borne 
by  the  sed  faces. 

Fogg,  in  tests  on  a parallel  thrust  bearing  (13),  obtained 
data  giving  a relation  between  the  coefficient  of  fric- 
tion (/)  and  high  values  of  {ZN/P)  in  the  full  fluid 
regime  of 

f=c{ZN/py'^  [3] 


FRICTION 


where  c is  a constant. 


One  expects  friction  in  a seal  to  follow  the  trends 
found  in  other  bearing  elements,  where  different  lubri- 
cating regimes  exist  depending  upon  conditions.  These 
regimes  are  customarily  termed  boundary  lubrication, 
mixed  film  lubrication,  and  full  film  lubrication.  Different 
coefficients  of  friction  are  found  in  each  regime.  This  is 
sketched  in  Fig.  5 versus  the  “duty  parameter”  (ZN/P). 

Boon,  Honingh  and  Van  Rijssen  (12)  state  that  they  / 
have  tested  many  seals.  They  consider  Fig.  6 to  be 
typical  of  the  frictional  characteristics  of  the  seals  they 
have  tested  when  sealing  a liquid.  Figure  7 gives  diy 
friction  for  the  same  seal.  It  is  quite  different  in  character. 

The  “wet”  seal  friction  in  Fig.  6 initially  decreases  with 
load,  then  increases  greatly  as  the  load  is  further 
increased.  The  friction  values  obtained  are  representa- 
tive of  the  transition  between  full  film,  mixed  and 
boundary  lubrication.  The  fact  tliat  lower  friction  values 
occur  at  about  i}  = 0.5  to  0.8  (rj  = 0.7  for  P = 0.3 
balance),  and  that  higher  friction  is  found  at  ij  = 1.0 


□ >S9  PSI,  FIRST  HOUR 
B = 59  PSI,  AFTER  20  HOURS 
A • S5  PSI,  FIRST  HOUR 
4 • 03  PSI,  AFTER  ZO  HOURS 
LAPPED  FACES'CARBON/SIELUTE 
LI0UID>  WATER 


I • COEFFICIENT  OF  FRICTION 
T?*l-fl 

(T>  EXTERNAL  PRESSURE 
APPLIED  TO  seal  FACE 
Pp  • PRESSURE  SEALED 
AGAINST 

r*  SHEAR  STRESS  ON  SEAL 
FACES 


Typical  wet  tunning  friciion  cf  a face  seat. 


foumal  of  the  American  Society  of  Luhrication  Engineers 


ASS 


It  is  possible  to  show  that  the  exponent  for  (ZN/P) 
should  be  approximately  14  if  the  hydrodynamic  pres- 
sure generating  mechanism  is  reducible  to  the  Reynolds 
equation  vdthout  side  leakage;  i.e.,  if  pressure  generation 
were  due  primarily  to  fluid  viscosity  acting  in  a con- 
verging clearance.  This  relation  should  hold  for  large 
values  of  (ZN/P)  when  the  ratio  of  clearance  to  varia- 
tions in  surface  height  is  large.  -As  the  bearing  siurfaces 
approach  at  low  values  of  (ZN/P),  the  exponent  should 
decrease. 

Nau  (14,  IS)  has  compared  face  clearance  and  friction/ 
duty  parameter  data  from  tests  of  various  seal,  and  seal- 
like geometries.  He  notes  that  in  some  cases  (3)  and  (4) 
the  exponent  is  one-half,  whereas  in  others  (5)  and  (16), 
an  entirely  different  relation  holds.  Thus  it  would  appear 
that  different  mechanisms  have  been  observed  to  act  in 
the  fluid  lubrication  regime. 
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GAS  TURBINE  FACE  SEAL  THERAAAL  DEFORMATION  AND  COMPUTER  PROGRAM 
FOR  CALCULATION  OF  AXISYMMETRIC  TEMPERATURE  FIELD 


by  Terrence  E.  Russell,  Gordon  P.  Allen,  L awrence  P.  Ludwig, 

and  Robert  L.  Johnson  ' 

Lewis  Research  Center 
SUAAMARY 

The  effects  of  seal  deformation  on  seal  balance  are  pointed  out.  £u  particular,  di- 
vergent sealing  faces  are  shown  to  be  undesirable.  As  a first  step  in  determining  seal- 
ing face  deformation,  a computer  program  is  presented  for  calculating  the  temperature 
field  in  the  arbitrary  body  of  revolution  with  arbitrary  thermal  boundary  conditions.  The 
program,  which  is  written  in  FORTRAN  IV  language  for  an  IBM  7094  digital  computer, 
is  general  and  can  be  applied  to  a variety  of  problems.  Application  of  the  program  to  a 
specific  gas  turbine  mainshaft  seal  is  demonstrated  in  detail;  both  computer  input  and 
output  data  are  given.  The  program  is  also  used  to  solve  an  example  problem  which  has 
an  exact  solution;  thus  a j^rtial  check  on  program  accuracy  is  provided. 


INTRODUCTION  ♦ 

Face  seals  in  advanced  gas  turbine  engines  will  be  subjected  to  temperatures,  pres- 
sures, and  sliding  surface  speeds  higher  than  that  jf  current  engine  practice.  Bicreases 
in  temperature  arise  from  continuing  increases  in  flight  speed  and  turbine  inlet  temper- 
ature (ref.  1),  increases  in  pressure  result  from  use  of  higher  pressure  ratio  compres- 
sors, and  increases  in  surface  speeds  are  due  in  part  to  increases  in  shaft  diameter 
needed  to  carry  increases  in  torque.  As  an  example,  proposed  advanced  engines  have 
seal  sliding  speeds  to  500  feet  per  second  (127  m/sec)  (ref.  2)  as  compai'ed  to  350  feet 
per  second  (88. 9 m/sec)  in  engines  in  current  use.  In  order  to  cope  with  these  higher 
temperatures,  pressures,  and  speeds,  the  contacting-type  face  seal  may  be  replaced 
with  noncontacting  face  seals  such  as  the  hydrostatic  and  hydrodynamic  type  (ref.  3). 
However,  regardless  of  the  type  of  face  seal  used,  deformation  of  the  sealing  faces,  due 
to  thermal  gradients,  pressures,  and  centri&^l  forces,  will  have  significant  effects  on 
seal  performance  (ref.  4).  hi  particular,  deformations  due  to  thermal  gradients  are  a 
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major  problem  area.  The  first  step  in  determining  thermal  deformation  is  calculation 
of  temperature  distribution  in  the  seal  assembly.  Such  calculation  by  computer  program 
is  the  subject  of  this  report.  The  specific  objectives  of  this  study  were  to  (1)  present  in 
detail  a computer  program  for  calculation  of  temperature  distribution  in  axisymmetric 
bodies,  (2)  show  how  the  computer  program  is  applied  to  mainshaft  seal  thermal  analy- 
sis, and  (3)  demonstrate  program  accuracy  by  comparison  with  a thermal  problem  having 
an  exact  solution. 

The  computer  progrmn  for  calculation  of  temperature  distribution  is  written  in 
FORTRAN  IV  computer  language  for  use  on  an  IBM  7094  digital  computer.  The  program 
is  quite  general  and  can  be  applied  to  a variety  of  axisymmetric  body  problems.  The  cal- 
culation procedure  requires  that  these  bodies  be  divided  into  an  arbitrary  finite  number 
of  axisymmetric  volume  elements  or  nodes.  These  nodes  need  not  be  equal  in  cross  sec- 
tion. The  program  will  take  into  account  contact  resistance  at  the  interface  between 
nodes  and  will  also  account  for  material  properties  that  vary  from  node  to  node.  Also 
provisions  are  made  in  the  program  to  handle  varying  gas  temperatures  along  the  seal 
boundaries  and  inteznal  viscous  heat  generation  wiMn  the  fluid  at  the  boundaries. 


SYMBOLS 

A area,  ft^ 

2 

A„  cross  section  area,  ft 

a outer  radius  of  rotor  or  stator,  ft 

C thermal  conductance,  Btu/(sec)(°F) 

C£  skin  friction  coefficient 

Cj^  torque  coefficient 

C specific  heat,  Btu/(lbm)(°F) 

It 

D hydraulic  diameter,  ft 

characteristic  length  for  liquid  film  cooling,  ft 
d differential 

F function  of 

f view  factor  for  radiation 

Gr  Grashof  number 

Grjj  Grashof  number  based  on  diameter,  D®gQ(T|j  - Tg^u|Tj 
Gr^  Grashof  number  based  on  length,  - '3^g)/i'|Tf 


2 


I 


u 


So 

H 

h 

K 

k 

L 

AZ 

N 

Nu 

P 

w 

Pr 

Pr, 

Q 

q 

R 

Re 

Re^. 

Re. 


V 


Re.. 


w 


Re. 


X 


CO 


Re 

r 

Ar 

^av 


gravitational  acceleration,  ft/sec 
convective  conductance,  Btu/(sec)(°F) 
heat  transfer  coefficient,  Btu/(ft^)(sec)(°F) 
/3/w 

thermal  conductivity,  Btu/(ft)(sec)(°F) 

length  of  cylinder  or  surface,  ft 

axial  length,  in.  or  ft 

radiative  conductance,  Btu/(sec)(°F) 

Nusselt  number,  hDj^/k 

wetted  perimeter,  ft 

Prandtl  number 

Prandtl  number  of  boundary  film, 
heat  flux,  Btu/sec 
internal  heat  generation,  Btu/sec 
fluid  internal  heat  generation,  Btu/sec 
thermal  resistance,  (sec)(°F)/Btu 
contact  resistance,  (sec)(°F)/Btu 
Reynolds  number 

critical  Reynolds  number  for  transition 


Reynolds  number  based  on  total  velocity 
Reynolds  number  based  on  mass  flow,  W„D/u- 

cL 

Reynolds  number  based  on  flow  length,  V^gX/i/j 

Reynolds  number  based  on  rotation,  cor  /u^ 

radial  coordinate,  ft 

radial  width,  in.  or  ft 

average  radius  of  element,  in,  or  ft 

inner  radius  of  annulus  between  cylinders,  ft 

outer  radius  of  annulus  between  cylinders,  ft 

clearance  (e.g. , seal  gap),  ft 
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T temperature,  °F 

*^av  averse  (or  film)  temperature,  °F 

*^in  temperature  entering  fluid  element,  °F 

"^out  temperature  leaving  fluid  element,  °F 

Too  fluid  temperature,  °F 

Ta£  Taylor  number  of  boundary  film,  wrs^/^ 

Va  axial  velocity,  ft/sec 

Vr  linear  velocity  of  inner  cylinder,  ft/sec 

Vtot  total  fluid  velocity,  ft/sec 

Vgg  free  stream  velocity,  ft/sec 

W mass  flow  rate,  Ibm/sec 

Wa  mass  flow  per  square  foot  of  cross  section,  W/A^,  lbm/(ft^)(sec) 
w over- relaxation  factor 

X flow  length,  ft 

z axial  coordinate,  ft 

a coefficient  of  thermal  expansion 

^ angular  velocity  of  fluid,  rad/sec 

9 partial  derivative 

A difference 

e emissivity  for  radiation 

H absolute  viscosity,  lbm/(ft)(sec' 

u kinematic  viscosity,  ft^/sec 

p density,  Ibm/ft® 

T£  tangential  shear  stress  at  wall,  Ibf/in.^ 

ct)  rotor  angular  velocity,  rad/sec 

Subscripts: 

b at  fluid  bulls  temperature 

c convective 

e environment 

ei  between  element  and  environment 
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es  from  environment  to  element 

f at  boundary  film  temperature 

i element 

j nei^bor  element  of  i 

ji  between  neighbor  and  element 

k environment  "area"  affecting  element  i by  radiation 

ki  between  environment  "area"  k and  element 
I environment  "area"  affecting  element  i by  convection 

fam  laminar 

2i  between  environment  "area"  I and  element 
r radiation 

8 surface 

se  from  element  to  environment 

tr  transition 

turb  turbulent 


DISCUSSION  OF  THERMAL  DEFORMATION  IN  SEALS 

Figure  1 is  a schematic  drawing  of  a gas  turbine  mainshaft  seal  for  bearing  sumps. 
The  seal  restricts  leakage  of  surrounding  high  temperature,  hi^  pressure  gas  into  the 


Figurt  L ■ Mainshaft  saal  tor  baaring  sump  In  gas  turMna  angina. 


sump.  The  gas  leakage,  through  the  seal  into  the  sump,  acts  as  a sweep  gas  which  helps 
prevent  oil  leakage.  However,  it  is  desirable  to  minimize  this  gas  leak^e,  since  the 
hot  gas  degrades  the  lubricant  and  adds  to  the  cooling  requirements  of  the  lubricant  sys- 
tem. 

Seal  leakage  and  wear  are  grossly  affected  by  seal  force  balance  and  it  has  been 
recognized  that  deformation  of  the  sealing  faces  (which  form  the  dam)  can  have  a signifi- 
cant effect  on  the  seal  force  balance  (ref.  5).  A discussion  of  seal  force  balancing  can  be 
found  in  reference  6.  The  manner  in  which  the  sealing  face  deformation  affects  the  seal 
force  balance  and  stability  of  a conventional  face  seal  is  discussed  in  reference  7,  In 
general,  thermal  deformations  cause  the  seal  faces  (dam)  to  form  a nonparallel  leakage 
path,  and  the  pressure  within  these  sealing  faces  is  greatly  dependent  on  the  shape  (con- 
vergent or  divergent)  of  this  leakage  path;  thus  the  force  balance  is  affected  by  the  ther- 
mal deformation. 

Thermal  gradients  usually  produce  sealing  gaps  divergent  from  the  dam  inside  diam- 
eter to  the  outside  diameter.  Thus,  it  is  usually  advantageous  to  locate  the  higher  pres- 
sure at  the  seal  outside  diameter  since  this  will  result  in  convergence  with  respect  to  the 
leakage  direction.  However,  many  face  seals  are  designed  witli  the  higher  pressure  at 


S' 


300  400  500  600  700  800 

Sealed  aFr  temperature,  K 

Figure  2.  - Effect  of  thermal  deformation  on  air  leakage  of  orifice 
compensated  hydrostatic  seal.  Sliding  speed,  200  feet  per  second 
(61.0  m/sec);  pressure  differential,  100  pounds  per  square  inch 
(6, 89xl0r  N/m2).  (Data  from  ref.  4. ) 
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the  dam  inside  diameter  and  the  gas  turbine  face  seal  is  an  example  of  this  construction 
practice.  The  advantage  of  placing  the  hi^er  pressure  gas  at  the  dam  inside  diameter 
puts  the  oil  mist  at  the  outside  diameter;  thus  centrifugal  force  also  acts  to  prevent  oil 
leakage. 

Thermal  deformation  also  affects  operation  of  hydrostatic  seals.  Figure  2,  from  ref- 
erence 4,  shows  the  effect  of  sealing  face  deformation  on  leakage  throu^  a hydrostatic 
seal  operating  at  200  feet  per  second  (61.0  m/sec)  and  100  pounds  per  square  inch 
(6. 89x10^  N/m^)  pressure  differential.  With  a sealed  air  temperature  of  120°  F (322  K), 

Q 

the  seal  leakage  is  ^proximately  13  SCFM  (0.0062  standard  m /sec)  and  as  the  air  tem- 


Flflurt  r.  - Oftrill  wMr  pM*m,  surtKt  pniAI«  traces,  nnl  phctoaiicragraiihs  of  lungstan  cailMa  seal  seal.  Sodium  tamparalurc,  1000^  f (5»°  Cl; 
oatraling  Umt,  4 hours;  sIWint)  vataity,  79M  par  sacond  124  m/sact;  prassurt,  SO  pounds  par  squart  inch  gift  (34  Nicm?  9090).  Malrom  rat.  t.1 
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perature  is  increased,  the  leakage  decreases.  This  leakage  decrease  is  due  to  increas- 
ing angular  deformation  of  the  sealing  gap.  The  result  is  that  the  seal  nins  with  closer 
clearance.  Eventually  as  the  air  temperature  increases  still  further,  the  deformation 
causes  the  inside  diameter  of  the  nosepiece  to  3nib  against  the  seal  seat  and  failure  occurs. 

Seal  thermal  deformation  effects  have  also  been  noticed  in  other  applications.  As  an 
example,  reference  6 reports  that  the  main  problem  in  sealing  liquid  sodium  with  a face 
contact  seal  was  thermal  deformation  of  the  sealing  faces.  Some  results  of  this  study  are 
repeated  in  figure  3 which  shows  the  wear  pattern  made  by  a nosepiece  sliding  against  a 
seal  seat.  Surface  profile  traces  have  been  taken  at  intervals  around  the  wear  track. 
These  profile  traces  show  that  tlie  sealing  faces  were  not  parallel  during  operation,  the 
greatest  wear  occurring  at  the  inside  diameter.  The  slope  of  the  wear  pattern  suggests  a 
divergence  in  the  rai^e  of  0. 006  inch  per  inch  (0. 006  m/m)  of  radial  distance. 

Regardless  of  the  seal  type  (face  contact,  hydrostatic,  or  hydrodynamic),  the  sealing 
gap  is  usually  small  (0.0001  to  0.0010  in.  or  0.00025  to  0.0025  cm  for  gas  film  seals) 
and  deformations  can  easily  be  of  the  same  magnitude,  ,thus  affecting  seal  performance 
significantly.  These  sealing  face  deformations  could  arise  from  temperature,  pressure, 
or  centrifugal  force  effects.  Careful  design  can  minimize  undesirable  rffects  due  to 
pressure  and  centrifugal  force.  Deformations  due  to  temperature  gradients  are  usually 
difficult  to  eliminate.  Even  the  heat  generated  in  shearing  a thin  film  of  gas  within  the 
interface  can  introduce  a significant  and  undesirable  thermal  gradient  in  the  seal  rings. 

The  preceding  evidence  indicates  that  thermal  deformation  can  significantly  affect 
seal  performance.  The  first  step  in  analysis  of  these  thermal  deformations  is  calculation 
of  the  temperature  fields  in  the  seal  assembly,  and  the  computer  program  for  these  calcu- 
lations is  given  in  the  following  sections. 


ANALYSIS  OF  TEMPERATURE  FIELDS  IN  AXISYMMETRIC  BODIES 

Shaft  seals  are  composed  of  basically  axisymmetric  bodies.  Also,  the  circumferen- 
tial temperature  gradient  approaches  zero  for  most  applications.  Therefore,  the  cylin- 
drical coordinate  system  is  used  as  a basis  for  analysis.  The  following  restrictions  are 
placed  on  the  thermal  analysis: 

(1)  A steady  state  must  exist. 

(2)  An  axisymmetric  temperature  field  must  east. 

Therefore,  with  internal  heat  generation,  the  heat  conduction  equation  in  cylindrical 
coordinates  is  (ref.  8) 

- — (kr  — ^ — (k  — ) + q(r,z)  = 0 (1) 

r 3r  \ 0r/  9z  \ dz/ 
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Figure  4.  - Seal  axisymmetric  nosepiece  subdivided  into 
finite  number  of  three-dimensional  axisymmetric 
volume  elements. 
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Figure  5.  - Typical  interior  (i**’)  element  and  its  four  neighbor  elements. 


where  r is  the  radial  coordinate,  k is  thermal  conductivity,  z is  the  axial  coordinate, 

T is  temperature,  and  q is  internal  heat  generation. 

Equation  (1),  which  makes  no  restrictions  of  constant  thermal  conductivity  k,  can  be 
approximated  by  a finite  difference  numerical  approach  in  which  thermal  conductivity  is 
held  constant  over  small  regions.  In  this  finite  difference  approach,  each  of  the  axisym- 
metric bodies,  which  comprise  the  seal,  is  subdivided  into  a finite  number  of  three- 
dimensional  axisymmetric  volume  elements  of  rectangular  cross  section  (see  fig.  4). 
These  elements  need  not  be  equal  in  cross-sectional  area.  In  general,  there  will  be  P 
elements  of  which  m are  elements  whose  temperature  is  obtained  by  solving  a heat  bal- 
ance equation  and  P - m are  elements  in  which  the  temperature  is  specified.  Figure  4 
indicates  the  position  of  a typical  interior  element  (i^^  element).  The  numbers  assigned 
to  the  neighboring  elements  will  be  determined  in  the  construction  of  the  element  pattern, 
but  for  the  purpose  of  developing  the  heat  balance  equation  these  neighboring  elements  are 
numbered  1,  2,  3,  and  4 (see  fig.  5). 

For  the  numerical  solution,  the  application  of  the  law  of  conservation  of  energy  at 
each  volume  element  allows  good  generality  to  be  maintained.  Referring  to  figure  5,  a 
heat  balance  for  steady-state  conduction  at  element  i results  in  the  following  difference 
equation: 


g 


Q|i  + Q2j^  + Qgj  + + (j-  = 0 


where  the  Q..  terms  are  the  heat  fliixes  from  the  neighboring  elements  or 

Cii(Tj  - T.)  + CgjCTg  - Tj)  + Cg.(Tg  - T.)  + - T-)  + qi  = 0 (2a) 


in  which  the  conductances 


are  computed  as  follows  with  reference  to  figure  5: 


Az<  Az- 

1 1 

^ ^ 2 2 ^ 

Cjj  23tRj  Ar^kj  2jtRj  Ar^k.  ®li 


^i  ^2 

_ _ 1 g 2 _i_ 2 

^2i  ^’^^mi  ^“^i^i  ^^^m2  ^^2^2 


(2b) 


where  R^-  is  thermal  resistance.  As  an  example,  for  heat  conduction  from  neighbor 

element  1 to  the  i element,  the  resistance  is  made  up  of  the  resistance  of  one-half 
that  of  the  i®^  element  plus  one-half  that  of  neighbor  element  1 plus  the  contact  resis- 
tance R . Thus  the  calculated  temperature  is  that  of  the  element  center.  However, 
ji 

the  thermal  conductivity  assigned  to  the  whole  element  volume  is  the  value  at  the  temper- 
ature of  the  element  center. 

Equation  (2a)  can  be  stated  concisd.y  as 


^Cj,(Tj-T,).ci,=  0 


3=1 


(3) 


where  i is  the  element  under  consideration,  the  j’s  are  its  four  neighboring  elements, 
and  1 s i < m.  At  the  outer  surfaces  of  the  axisymmetric  bodies,  which  comprise  the 
seal,  the  i*^  element  will  have  less  than  four  solid  neighbor  elements  but  will  have  en- 
vironmental radiation  and  convection  effects  on  the  external  surface  (or  surfaces)  (fig.  6). 
This  means  that  some  of  the  j neighbors  are  replaced  by  environmental  regions  which 
are  identified  as  the  k^^  area  for  radiation  and  the  2^^  area  for  convection.  It  should 
be  noted  that  an  external  surface  could  have  both  radiation  and  convection  effects.  The 
k*"^  and  2^  areas  would,  therefore,  be  superimposed. 
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Environment 


Figure  6.  - Typical  element  with  environment  convection  and/or  radiation 
to  one  surface. 


An  i element  could  have  radiation  on  more  than  one  face.  This  radiation  heat 
flux  is 


1 


An  i element  could  have  more  than  one  face  with  convective  effects 


1 


Combining  equations  (3),  (4),  and  (5)  results  in  the  difference  equation  for  the  heat  bal 
ance  of  the  i^  element: 


(6) 


*S  •* 

^ Cj^(Tj  - Ti)  + ^ Ny(T^  - Tj)  * ^ H„(T^  - Tj)  * 'q,  =0 

3=^  ^ J f V ) 

Conduction 


Radiation 


-y- 

Convection 


V 

Internal 

heat 

genera- 

tion 


It  should  he  noted  that  equation  (6)  establishes  the  convention  that  heat  flowing  from  an 
element  has  a negative  value  and  heat  flowing  into  an  element  has  a positive  value. 

In  addition  to  the  boundary  conditions  of  radiation  and  convection,  two  other  boundary 
surface  conditions  are  possible.  The  heat  flux  may  be  a specified  function 


r 


"K^iA 


Q •■< 

^ei 


(7) 


or 

C(r,z) 


where  C(r,  z)  = 0 for  a perfectly  insulated  surface.  Or  the  heat  transfer  coefficient  may 
be  a specified  value  such  as 


hei  = ^ ^ei 

Also  the  temperature  of  any  element  may  be  specified  as 

T.  = f(r,  z)  (9) 

The  program  has  the  special  feature  of  calculating  varying  gas  temperatures  in  flow 
over  a surface  or  in  small  passages.  In  addition,  heat  generated  within  a fluid,  such  as 
that  due  to  viscous  shear  in  the  sealing  interfaces,  can  be  accounted  for.  Referring  to 
figure  7 reveals  the  heat  balance  for  the  center  fluid  element  is 

- W * Vl<Tsl  - V - V % = ® »0> 


12 


Fluid 

flow 


■ Solid  body  eTemantri- 


I Annular  neighbor 
I (of  flow  element) 

I h2A2(Ts2-Tjn> 

L 


-h2 


Tin 


"'(Vin 


Flow  neighbor 
(of  flow  element) 


If 


-hi- 


br 


hlAl<Tsi  - T[n» 
Flow  element 

Solid  body  elements 


Figure  7.  - Fluid  volume  element  for  varying  temperature  forced 
convection  heat  transfer. 


in  which  is  the  internal  heat  generated.  Equation  (10)  enters  into  the  element  heat 
balance  (eq.  (6))  only  through  the  determination  of  the  fluid  temperature. 

Returning  to  the  element  heat  balance  (eq.  (6))  matrix  notation  can  be  used  to  express 
tliis  system  of  linear  equations  as  follows: 


•I 

z 


1=1 

TtiT 


H 


(11) 

where  [A]  is  the  mxm  conductance  matrix,  {T}  is  the  mxl  temperature  vector,  and 
{TL  } is  the  mxl  thermal  load  vector. 

In  equations  (6)  and  (11)  it  should  be  noted  that,  for  interior  elements,  the  N,,.  and 
terms  vanish;  also  numbers  are  assigned  to  the  j elements. 

The  matrix  [A]  can  be  shown  to  be  real,  symmetric,  and  positive  definite.  The  tem- 
peratures are  obtained  using  the  successive  over- relaxation  technique.  By  introducing 
the  over- relaxation  factor  w,  the  successive  over- relaxation  algorithm  is  given  for  the 
temperature  at  the  i*^  element  at  the  (K  + 1)*^  iteration  by: 
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where 


i-1 


m 


- > a.  - > a.  .T?  + (TL).  - a.  .T? 

i»3  3 Z-  ^’3  3 ‘^1,1  1 


j=l 


i=i+l 


1 s W <:  2 and  1 <s  i ^ m 


and 


diagonal  term  of 
row  in  matrix  [A] 


off-diagonal  terms  of 

Al- 

i™  row  in  matrix  [A] 


(TL),  = Y,  Vk  * Y 


k=l 


1=1 


+ q. 


.th 

I 


thermal  load  term 


This  system  of  m equations  is  iteratively  solved  until  a specified  level  of  convergence 
is  obtained. 

The  boundary  condition  conductances  Nj^.  and  are  calculated  with  the  aid  of  thfe 
empirical  relations  listed  in  table  I and  discussed  later. 


LIMITATIONS  AND  SCOPE 

This  program  has  a present  capacity  of  400  volume  elements,  200  boundary  condition 
elements,  95  varying  temperature  boundary  elements  (see  Computer  Input  in  appendix  A), 
and  15  different  materials.  Several  minor  limitations  are  discussed  in  the  section  on  in- 
put where  the  parameters  involved  are  introduced.  The  program  is  designed  for  an  IBM 
7094  digital  computer  and  is  written  in  FORTRAN  IV  language. 

Provision  is  made  for  adding  subroutines  to  calculate  additional  boundary  condition 
coefficients  without  interrupting  the  sequence  of  statement  numbers  or  altering  present 
statements.  Up  to  four  forced  convection,  five  free  convection,  and  two  varying  tempera- 


14 


TABLE  I.  - BOUNDARY  HEAT  TRANSFER  COEFFICIENTS 


Heat  transfer  type 

Geometry  and  fluid 

Regime 

Coefficient  equation 

Forced  convection 

Duct  flow,  liquid 

Laminar 

Turbulent 

Transition 

h = 1. 24  (kj/D)(Re^PrjD./X)^/® 
h = 0. 023  (kf A))Re®'  °Pr^'  ^ |l  + 0. 3 (DA)®' 
V=‘»lam-^(Vb  - -2500)/4500 

Sides  of  rotors, 
liquid  or  gas 

Laminar 

Turbulent 

h = 0. 574  (I^/r)(s/r)°-  %e°'  hry^/{p/w) 
h=  0.01826  (kf/r)(s/r)°-  %e°'®Prf^/y(0/w) 

Radial  seal  gap, 
liquid  or  gas 

Laminar 

Turbulent 

h = 2 0Sf/s)Pr|/® 

h = 0.0297  (fcf/r)(r/s)^/®Re®/^Prj^/® 

Concentric  cylinders, 
liquid  or  gas 

Turbulent 

h = A jo.  015  Re^* ®Pr^/^  + 0. 092  Ta^ /®PrJ/^j 

Flat  plate, 
liquid  or  gas 

Laminar 

Turbulent 

h = 0.332  (kA)Rey^Prf/^ 
h = 0. 0288  (kA)Re®*  ®Prj/® 

Free  convection 

Horizontal  cylinder, 
liquid  or  gas 

Laminar 

Turbulent 

h = 0. 53  (yDj(Gru  fPrj)V4 
h = 0. 13  (kf/D^)(Grjj  fPrpl/3 

Vertical  cylinder 
or  plane 

Laminar 

Turbulent 

h=  0.44  (k^A)(Grjj  fPrpl/^ 
h=  0. 13  (kfA)(Grjj  jPrj)l/3 

Liquid  film  cooling, 
gravity  flow 

lx=  2Cp(W/L)/nD^ 

Radiation 

Any  surface 

^ _ q - S^^esfe  + t|t^  + T .t|  + 

^ A AT  l-F33P3g(l-e3)(l-eg) 
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ture  conditions  can  be  added  by  writing  appropriate  subroutines  and  by  adding  the  required 
statements  in  subroutine  CQN.  The  CQN  statements  required  can  be  deduced  from  the 
portions  labeled  for  present  coefficients.  Changes  and  some  limitations  are  discussed  in 
more  detail  in  appendix  B. 

The  present  coefficient  equations  are  based  on  properties  evaluated  at  the  boundary 
film  temperature  (average  of  bulk  fluid  and  surface  temperatures).  Unless  the  initial  tem- 
perature estimates  (required  as  a starting  point)  are  very  close  to  the  finai  temperatures 
calculated,  the  input  required  will  have  to  be  changed  and  the  problem  rerun  at  least  once 
to  obtain  the  best  results. 


CONCLUDING  REMARKS 

The  program,  which  is  written  in  FORTRAN  IV  language  for  an  IBM  7094  digital  com- 
puter, is  general  and  can  be  applied  to  a variety  of  axisymmetric  problems.  Various  con- 
vection and  radiation  boundary  conditions  which  can  be  used  are  given  in  the  mathematical 
formulation.  The  program  listing  and  flowcharts  for  steady- state  thermal  solution  of  an 
axisymmetric  solid  in  cylindrical  coordinates  are  given.  Computer  program  application 
to  a nosepiece  assembly  is  given  in  detail.  Additional  demonstration  of  the  program  is 
provided  in  a comparison  of  the  program  solution  to  the  exact  solution  for  a finite  cylin- 
der. This  comparison  shows  a maximum  error  of  15  percent  when  a coarse  mesh  is 
used.  Thus  a partial  check  on  program  accuracy  is  provided. 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  July  10,  1969, 

126-15. 


APPENDIX  A 


COMPUTER  PROGRAM 
Preparation  of  Input  Data 

The  recommended  first  step  is  the  preparation  of  the  element  pattern.  For  the  seal 
analyzed  in  appendix  C,  a layout  of  the  seal  assembly  five  times  actual  size  was  used. 
There  is  no  restriction  on  the  numbering  sequence  except  the  use  of  consecutive  numbers 
(i.e. , every  number  from  1 to  P),  but  it  is  preferable  to  use  an  orderly  system  in  order 
to  avoid  confusion  and  to  ejq)edite  assembling  the  data  required  for  input.  The  drawing 
also  includes,  for  convenience,  the  radial  dimension  and  mean  radius  of  each  element 
row  and  the  axial  dimension  of  each  column. 

Adjacent  elements  should  have  the  same  common  dimension.  Slight  variations  will 
not  cause  appreciable  errors  if  a contact  resistance  is  added  to  compensate  for  the  in- 
creased conduction  path  length  of  off-center  nonmatching  elements. 

Also,  for  convenience,  the  boundaa^y  conditions  (pressure,  temperature,  fluid,  and 
so  forth,  needed  to  determine  the  values  of  required  properties)  are  included.  The  ma- 
terials of  the  various  parts  are  included  in  a table  (on  the  drawing  if  room  is  available). 

The  items  of  data  required  are  listed  in  the  following  section  on  computer  input.  A 
compact  outline  of  most  items  can  be  obtained  from  the  section  Program  Symbols  and 
Definitions  or  from  table  II.  The  conduction  element  matrix  (TDl)  and  boundary  coeffi- 
cient lists  (TD2)  include  input  data. 
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TABLE  n.  - SUMMARY  OF  TD2  LISTS  FOR  SUBROUTINES  TO  CALCULATE  COEFFICIENTS 

[Parameters  in  parentheses  are  calculated  in  subroutine.  Except  for  TD2(20)  of  EN3  and  VT2  and  TD2(11)  of  FCl  and  FC2,  parameters  after  hA  are 
merely  to  make  writing  FORTRAN  expression  for  h easier.  ] 


TD2 

word 

or 

sub- 

script 


Subroutine 


SNl 

(duct  flow, 
Uquid) 


SN2 

(sides  of 
rotors) 


SN3 

(radial  seal 
gap) 


SN4 

(concen- 
tric cyl- 
inders) 


SN5 

(flat 

plate) 


FCl 

(horizon- 

tal 

cylinder) 


FC2 

(vertical 
cylinder 
or  plane) 


FC3 

(liquid 

film 

cooling, 

gravity 

flow) 


RAl 

(radla-i 

tion) 


1 

SCI 
(specifiedi 
heat 
transfer 
coeffi- 
cient) 


VTl 

(varying  tempera- 
ture duct  flow, 
liquid) 


VT2 

(varying  tempera- 
ture radial  seal  gap) 


1 

2 

3 

4 

5 

6 

7 

8 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


^b 

hf 

fJf 

^a 

O 

X 


s,f 

f*f 

»^av 

S 


(Re„) 

(PVf) 

(hf) 

(hA) 

(D/S) 

(fef/D) 

j([(D/X)f-’| 


(Re„) 

(Pr|/3) 

(hf) 

(hA) 

(V^'av) 

(f«Aav]°*^) 

(K) 


% 

s.f 

ftf 

"f 

^av 

s 


(Re„) 

(pr|/3) 

(hf) 

(hA) 

(Heat  genera- 
tion  factor) 


Mf 

"f 


1 

(O 


(Re^) 

(prl/3) 

(hf) 

(hA) 

(Vr) 

(^tot) 

(S) 


h 

S.f 

Mf 

"f 

X 

V„ 

(Re^) 

(Prf) 

(h) 

(hA) 


^b 

h 

S,f 

f*f 

"f 

D 

(Prf) 

(G^d) 

(hf) 

(hA) 

(PPfGrjj) 

(AT) 


(V 


(kf/D) 


L 

(Prf) 

(GriP 

(1^) 

(hA) 

(PrjGrjj) 

(AT) 


a^/D) 


W/L 


"L 

(h) 

(hA) 


es 

^se 

®e 

®s 

(h) 

(hA) 

(1  - 6e) 

(l-e«) 


Tfe  Tg 

h 

(hA) 


^b 

kf 

S.f 
1^1 
W 
D 
X 

Annular  neighbor 
conduction  number 
Flow  neighbor  con- 
duction number 

Combining  flow 
indicator 
Flow  initiation 
indicator 
Ax 


(Re™) 

w' 


(Prf) 

(hf) 

(hA) 

(D/X) 

(kf/D) 

([D/xf-'^) 


% 

S.f 

Hi 

^'av 

s 


Combining  flow 
indicator 
Flow  initiation 
indicator 
Annular  neighbor 
conduction  number 
Flow  neighbor  con- 
duction number 
W 

(Re,,) 

(prP) 

(RCg) 

(hf) 

(hA) 

(Heat  generation 
factor) 


*Rotor  or  stator  flag  (zero  for  rotor,  nonzero  for  stator). 


Computer  Input 


The  data  input  of  a problem  is  submitted  to  the  computer  on  the  cards  described  in 
this  section.  Unless  specifically  stated,  no  input  card  may  be  omitted. 

Item  1;  Title  card  (72H) 


word  1 columns  1 to  72  Title  of  problem  being  run 


Item  2:  Output  control  (L?>)  card  (1016)  for  obtaining  printouts  in  addition  to  that  listed 
in  the  section  Computer  Output 


word  1 columns  1 to  6 

word  2 columns  7 to  12 

word  3 columns  13  to  18 


word  4 columns  19  to  24 


word  5 columns  25  to  30 
word  6 columns  31  to  36 


A nonzero  integer  causes  printout  of  the  conduc- 
tion matrlK  (TDl  table)  input 

A nonzero  integer  causes  printout  of  tlie  bound- 
ary conductance  matrix  (H(NBPT,J),J=1,9) 

A nonzero  integer  causes  printout  of  the  element 
temperatures  for  the  next  to  last  iteration  (un- 
less execution  terminated  by  reaching  maximum 
number  of  iterations)  for  comparison  with  tem- 
peratures of  last  iteration 

Leave  blank.  This  word  is  set  within  the  pro- 
gram to  cause  printout  of  the  convergence  cri- 
terion (Item  5,  word  4)  and  of  the  temperature 
change  for  each  element  at  each  iteration; 
N is  specified  by  word  2 of  the  Run  data  card 
(Item  4). 

A nonzero  integer  causes  printout  of  the  bound- 
ary condition  input  matrix  (TDA  and  TD2  lists) 

Not  used 


word  7 columns  37  to  42  Not  used 


word  8 columns  43  to  48  A nonzero  integer  causes  the  final  element  tem- 

peratures to  be  punched  on  cards  for  use  as  ini- 
tial estimates  for  another  run 

word  9 columns  49  to  54  A nonzero  integer  causes  thermal  expansions  to 

be  punched  on  cards  for  use  in  other  programs 
(e.g,,  a stress  analysis) 
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word  10 


columns  55  to  60 


A nonzero  integer  causes  printout  of  element 
temperatures  and  heat  fluxes  after  each  itera- 
tion. Also  thermal  expansion  data  (a,  T,  of  AT) 
are  printed.  This  option  is  meant  only  for  de- 
bugging data  and  should  not  be  included  for  a 
standard  run. 


Item  3:  Miscellaneous  options  (NI)  card  (516) 

word  1 columns  1 to  6 Number  of  cases  (designs)  to  be  analyzed.  If 

only  one  case,  this  word  may  be  left  blank. 

No  other  words  now  used;  leave  blanl?:. 


Item  4:  Run  data  (RD)  card  (5F6.0) 

word  1 columns  1 to  6 Over- relaxation  factor  w (1  w < 2) 

word  2 columns  7 to  12  Reference  temperature  for  thermal  expansion 

{a  AT) 

word  3 columns  13  to  18  The  interval  N required  for  word  4 of  the  LD 

card  (Item  2) 

No  other  words  now  used. 


Item  5:  Case  data  (CD)  card  (10F6. 0) 


word  1 

columns  1 to  6 

word  2 

columns  7 to  12 

word  3 

columns  13  to  18 

word  4 

columns  19  to  24 

word  5 

columns  25  to  30 

word  6 

columns  31  to  36 

word  7 

columns  37  to  42 

Number  of  elements  (400  maximum  at  present) 

Number  of  boundary  elements  (200  maximum  at 
present) 

Maximum  number  of  iterations  allowed  for  a run 

Temperature  convergence  criterion.  The  maxi- 
mum change  in  temperature  of  any  element  from 
one  iteration  to  the  next  that  is  considered  an 
acceptable  error. 

Not  used 

Starting  temperature  for  varying  temperature 
flow  1 (see  varying  temperature  under  boundary 
condition  input  (Item  10)) 

Starting  temperature  for  varying  temperature 
flow  2 
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word  8 
word  9 


\'?ord  10 


columns  43  to  48 
columns  49  to  54 


columns  55  to  60 


Not  used 

To  avoid  numerical  instability  due  to  low  flow 
rates  in  the  varying  temperature  calculation, 
the  boundary  elements  are  subdivided.  The 
number  of  subdivisions  is  specified  between  1 
and  100  in  this  word. 

Not  used 


Item  6:  Thermal  conductivity  data  cards 

The  thermal  conductivity  of  each  material  is  treated  as  a power  series  fimction  of 
temperature  (k  = AT®  + BT^  + . . . + NT®”^).  Provision  is  made  for  curve  fitting  up  to 
15  materials.  The  coefficients  required  are  computed  by  an  auxiliary  program  (or,  of 
course,  by  hand)  from  available  data.  The  degree  of  fit  of  a curve  is  defined  as  the  high- 
est power  of  temperature  appearing  in  the  function.  Thus,  a linear  fit  is  degree  1;  a 
constant  conductivity  is  degree  0;  and  so  forth. 

The  auxiliary  program  is  designed  to  produce  fits  of  all  degrees  up  to  11  from  which 
the  best  agreement  with  a set  of  average  values  of  k is  selected  as  the  function  to  be 
used.  Therefore,  words  4 and  5 were  included  to  avoid  exceeding  the  computer  capacity 
when  the  higher  powers  of  temperature  occurred.  Later  it  was  somewhat  arbitrarily 
decided  to  limit  the  maximum  degree  of  fit  to  five  in  view  of  data  scatter  due  to  vailation 
between  material  lots.  The  primary  reason  was  to  increase  the  number  of  materials 
possible  and  to  save  computer  storage  space. 

Card  1 (5F10.0) 


word  1 

columns  1 to  10 

Upper  temperature  limit  of  curve  fit 

word  2 

columns  11  to  20 

Material  code  number.  Each  material  must  be 
assigned  a number  so  that  the  correct  proper- 
ties will  be  used  in  the  program. 

word  3 

columns  21  to  30 

Degree  of  fit  (0  to  5) 

word  4 

columns  31  to  40 

Thermal  conductivity  scaling  factor.  At  present, 
this  is  1. 

word  5 

columns  41  to  50 

Temperature  scaling  factor.  At  present,  this 

is  1. 

Card  2 (6E13.6)  - The  coefficients  of  the  equation:  A in  columns  1 to  13,  B in  col- 
umns 14  to  26,  and  so  forth. 
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Card  3 (blank  card)  - S less  than  15  materials  are  used,  a blank  card  must  be  inserted 
following  the  last  conductiviiy  card  in  order  to  terminate  the  reading  of  data. 


Item  7;  Mean  coefficient  of  linear  thermal  e:^ansion  cards 

The  remarks  made  about  conductivity  (see  Item  6)  also  apply  to  expansion. 


Card  1 (5F10.0) 


word  1 
word  2 
word  3 
word  4 

word  5 


columns  1 to  10 
columns  11  to  20 
columns  21  to  30 
columns  31  to  40 

columns  41  to  50 


Upper  temperature  limit  of  curve  fit 
Material,  code  number 
Degree  of  fit  (0  to  5) 

Thermal  expansion  scaling  factor.  At  present, 
this  is  1. 

Temperature  scaling  factor.  At  present,  this  is  1. 


Card  2 (6E13.6)  - The  coefficients  of  the  equation  as  in  Item  6. 


Card  3 (blank  card)  - To  terminate  data  read  in  for  less  than  15  materials  (see  Item  6). 


Item  8:  Conduction  matrix  data  (TDl)  card  (F4. 0,  IX,  F7. 4, 2F5. 3,  IX,  4F4. 0,  F3. 0, 
4F7. 0)  - 1 card  per  element;  element  numbers  in  numerical  order 


word  1 

columns  1 to  4 

word  2 

columns  6 to  12 

word  3 

columns  13  to  17 

word  4 

columns  18  to  22 

word  5 

columns  24  to  27 

word  6 

columns  28  to  31 

word  7 

columns  32  to  35 

word  8 

columns  36  to  39 

word  9 

columns  40  to  42 

word  10 

columns  43  to  49 

word  11 

columns  50  to  56 

word  12 

columns  57  to  63 

word  13 

columns  64  to  70 

Element  conduction  number 

Mean  element  radius,  r^^,  in. 

Element  radial  width,  Ar,  in. 

Element  axial  length,  AZ,  in. 

East  neighbor  conduction  number, 

North  neighbor  conduction  number,  jg 

West  neighbor  conduction  number,  jg 

South  neighbor  conduction  number,  j^ 

Material  code  number  (see  Item  6,  word  2) 

East  contact  resistance,  R , (sec)(°F)/Btu 

°l,i 

North  contact  resistance,  R^  , (sec)(°F)/Btu 

2,  X 

West  contact  resistance,  R_  , (sec)(°F)/Btu 

3,i 

South  contact  resistance,  R_  , (sec)(°F)/Btu 
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Item  9:  Initial  temperature  cards  (16F5. 0)  - Put  16  initial  element  temperatures  per 
card. 


words  1 columns  1 to  5, 
to  16  6 to  10, 

11  to  15, 
and  so  forth 


Initial  element  temperatures  (°F)  are  listed  in 
sequence  from  1 to  the  total  number  of  ele- 
ments: elements  1 to  16  on  the  first  card,  ele- 
ments 17  to  32  on  the  second,  and  so  forth. 


Item  10:  Boundary  heat  transfer  cards 


Each  boundary  element  requires  an  indicator  card.  Following  the  indicator  card  is  a 
set  of  one  or  more  cards  for  each  boundary  condition  associated  with  the  element.  A par- 
tial outline  is  presented  in  table  H.  This  sequence  is  repeated  for  each  boundary  element. 

Card  1:  Boundary  indicator  card  (316)  - 1 card  per  element 


word  1 columns  1 to  16 


word  2 columns  7 to  12 


word  3 columns  13  to  18 


Boundary  number  of  the  element.  In  addition  to 
the  comduction  numbers  which  are  assigned  to 
the  elements,  each  boundary  element  is  given  a 
boundary  number.  Any  convenient  order  of 
numbering  can  be  used.  This  is  for  convenience 
in  preparing  data. 

Conduction  number  of  the  boundary  element. 

Most  computation  is  based  on  the  conduction 
number. 

Boundary  heat  transfer  type  code  number  for 
first  basic  iype  associated  with  the  element. 
Code  numbers  are  as  follows: 

(1)  l^ecified  heat  flux  - the  net  flux  for  all 
faces  for  which  it  is  specified.  K this  type 
is  associated  with  a node,  it  must  appear 
first;  but  the  other  types  need  not  appear  in 
any  fixed  order. 

(2)  Forced  convection 

(3)  Free  convection 

(4)  Radiation 

(5)  Specified  heat  transfer  coefficient 

(6)  Specified  temperature  - By  definition  this 
will  be  the  only  condition  for  an  element; 
the  program  considers  only  its  effect  on 
adjacent  elements. 
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Card  2:  Index  card  (for  each  condition;  basic  type  or  subtype) 

This  card  has  two  forms.  Form  A is  used  for  specified  parameters  (types  1 and  7) 
which  require  no  additional  cards.  Form  B (TDA)  is  used  for  the  remaining  types  which 
do  require  additional  cards. 

Form  A for  specified  heat  flux  (15,  E13. 6, 16) 

word  1 columns  1 to  5 Conduction  number  of  element 

word  2 columns  6 to  18  Heat  flux,  Btu/sec 

word  3 columns  19  to  24  A nonzero  integer  if  other  types  or  subtypes 

associated  with  the  node  follow;  blank  (or  0)  if 
no  types  or  subtypes  follow. 

Form  A for  specified  temperature  (15,  IX,  F6. 0) 

word  1 columns  1 to  5 Conduction  number  of  element 

word  2 columns  7 to  12  Temperature  of  element,  °F 

Form  B (6F6. 0,  F12. 0)  - These  (IDA)  cards  are  the  same  for  all  types  using  them. 

word  1 columns  1 to  6 Conduction  number  of  element 

word  2 columns  7 to  12  Heat  transfer  type  (2  to  6) 

word  3 columns  13  to  18  Heat  transfer  subtype  code  number.  (For  additions 

or  substitutions  see  limitations  and  scope. ) 

Subtype  code  numbers  for  type  2 (forced  convec- 
tion) are  as  follows: 

(1)  Duct  flow,  liquid  - for  explanation  see 
headings  under  additional  cards 

(2)  Sides  of  rotors 

(3)  Radial  seal  gap 

(4)  Concentric  cylinders 

(5)  Flat  plate 

(6)  to  (9)  for  additional  subtypes 

Subtype  code  numbers  for  type  3 (free  convection) 
are  as  follows: 

(1)  Horizontal  cylinder 

(2)  Vertical  cylinder  or  plane 

(3)  Liquid  film  cooling,  gravity  flow 

(4)  to  (8)  for  additional  subtypes 


i 

\ 

I 
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word  4 

columns  19  to  24 

word  5 

columns  25  to  30 

word  6 

columns  31  to  36 

word  7 columns  37  to  48 


Subiype  code  numbers  for  type  6 (varying  temper- 
ature forced  convection)  are  as  follows: 

(1)  Duct  flow,  liquid 

(2)  Radial  seal  gap 

(3)  to  (4)  for  additional  subtypes 

Types  4 and  5,  at  present,  have  no  subtypes;  so 
word  3=0. 

Nonzero  number  if  other  types  or  subtypes  follow 

Number  of  items  to  be  read  from  the  remaining 
cards  for  this  condition 

Area  indicator  code  number  specifies  to  which 
face  of  the  element  the  condition  applies;  these 
numbers  are  as  follows; 

(1)  East  face 

(2)  North  face 

(3)  West  face 

(4)  South  face 

(5)  Specified  area  - used  for  special  cases  such 
as  a small  duct  passing  through  an  element 
or  a boundary  at  an  appreciably  nonparallel 
or  nonnormal  angle  to  the  axis.  Since  con- 
ductive resistance  is  assumed  to  be  negligi- 
ble compared  with  boundary  film  resistance, 
the  problem  of  location  does  not  occur. 

If  a specified  area  (code  number  5 in  word  6)  is 
used,  the  value  in  square  feet  is  placed  here; 
otherwise,  this  word  is  left  blank. 


For  lypes  2 to  6,  the  following  additional  cards  are  needed  as  shown  under  iypes  4 
and  5 and  the  subtypes  of  types  2,  3,  and  6.  Card  1 is  the  indicator  card  described  pre- 
viou^y.  Card  2 is  the  TDA  card  for  the  type  or  subtype.  The  properties  are  evaluated 
at  the  temperature  indicated  by  the  equations  in  table  I. 

Steady-state  forced  convection  (type  2): 


Subtype  1 - Duct  flow,  liquid 
Card  3 (7F11.0) 

word  1 columns  1 to  11  Fluid  bulk  temperature,  °F 
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word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

word  5 

columns  45  to  55 

Mass  flow  per  square  foot  of  cross  section, 
lbm/(ft^)(sec) 

word  6 

columns  56  to  66 

Hydraulic  diameter,  4Aj^/P^,  ft 

word  7 

columns  67  to  77 

Plow  length  (distance  from  start  of  duet  to  center 
of  element),  ft 

Subtype  2 - Sides  of  rotors  (see  Use  of  Local  Coefficients  in  appendix  D) 

Cards  (7F11.0) 

word  1 

columns  1 to  11 

Fluid  bulk  temperature,  °F 

word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

word  5 

columns  45  to  55 

Kinematic  viscosity,  ft  /sec 

word  6 

columns  56  to  66 

Average  radius  of  element,  ft 

word  7 

columns  67  to  77 

Gap  between  rotor  and  stator,  ft 

Card  4 (3F11.0) 

word  1 

columns  1 to  11 

Rotor  angular  velocity,  rad/sec 

word  2 

columns  12  to  22 

Outer  radius  of  rotor  or  stator,  ft 

word  3 columns  23  to  33 

Subtype  3 - Radial  seal  gap 

Rotor  or  stator  flag  (zero  for  rotor,  nonzero  for 
stator) 

Cards  (7F11.0) 

word  1 

columns  1 to  11 

Fluid  bulk  temperature,  °F 

word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

s 

f 
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word  5 

columns  45  to  55 

Kinematic  viscosity,  f tv  sec 

word  6 

columns  56  to  66 

Average  radius  of  element,  ft 

word  7 

columns  67  to  77 

Gap  between  rotor  and  stator,  ft 

Card  4 (2F11.0) 

word  1 

columns  1 to  11 

Rotor  angular  velocity,  rad/sec 

word  2 

columns  12  to  22 

Outer  radius  of  rotor  or  stator,  ft 

Subtype  4 - Concentric  cylinders  (inner  cylinder  rotating) 

Card  3 (7F11.0) 

word  1 

columns  1 to  11 

Fluid  bulk  temperature,  °F 

word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

word  5 

columns  45  to  55 

Kinematic  viscosiiy,  fi^/sec 

word  6 

columns  56  to  66 

Outer  radius  of  annulus  between  cylinders,  ft 

word  7 

columns  67  to  77 

::ner  radius  of  annulus,  ft 

Card  4 (2F11.0) 

word  1 

columns  1 to  11 

Rotational  velocity  of  inner  cylinder,  rad/sec 

word  2 

columns  12  to  22 

Axial  flow  velocity,  ft/sec 

Subtype  5 - Flat  plate 

Card  3 (7F11.0) 

word  1 

columns  1 to  11 

Fluid  bulk  temperature,  °F 

word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

word  5 

columns  45  to  55 

Kinematic  viscosiiy,  ft^/sec 

word  6 

columns  56  to  66 

Flow  length  (distance  from  start  of  plate  to  cen- 
ter of  element),  ft 

word  7 

columns  67  to  77 

Velocity  of  bulk  fluid,  ft/sec 
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Free  convection  (iype  3): 

Subtype  1 (horizontal  cylinder)  or  2 (vertical  cylinder  or  plane),  gas  - identical  except 
for  the  characteristic  length  used 


Card  3 (6F11.0) 

word  1 

columns  1 to  11 

Fluid  bulk  temperature,  °F 

word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

word  5 

columns  45  to  55 

Kinematic  viscosity,  ft  /sec 

word  6 

columns  56  to  66 

Subtype  1:  hydraulic  diameter,  ft 

Subtype  2:  flow  length  (distance  from  start  of 
flow  to  top  of  surface  of  which  element  is  a 
part),  ft 


Subtype  3 - Liquid  film  cooling,  gravity  flow 


Card  3 (4F11,0) 

word  1 

columns  1 to  11 

Fluid  film  temperature,  °F 

word  2 

columns  12  to  22 

Mass  flow  per  unit  length  (at  a right  angle  to  flow 

direction),  lbm/(ft)(sec) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/ (lbm)(°F) 

word  4 

columns  34  to  44 

Flow  length  (distance  from  point  where  flow 

starts  to  where  it  leaves  surface  (e.  g. , one- 
half  circumference  of  horizontal  cylinder)),  ft 


Graybody  radiation  (type  4): 


Card  3 (4F11.0) 

word  1 

columns  1 to  11 

Environmental  temperature,  °F 

word  2 

columns  12  to  22 

View  factor,  environment  to  surface 

word  3 

columns  23  to  33 

View  factor,  surface  to  environment 

word  4 

columns  34  to  44 

Emissiviiy  of  environment 

word  5 

columns  45  to  55 

Emissivity  of  surface 
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Specified  hf?at  transfer  coefficient  (type  5): 

Card  3 (2F11.0) 

word  1 columns  1 to  11  Fluid  bulk  (or  environmental)  temperature,  °F 

word  2 columns  12  to  22  Heat  transfer  coefficient,  Btu/(ft^)(sec)(°F) 

Varying  temperature  forced  convection  (type  6); 

Subtype  1 - Varying  temperature  duct  flow,  liquid 

Card  3 (7F11.0) 


word  1 

columns  1 to  11 

Fluid  bulk  temperature,  °F 

word  2 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

word  3 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

word  4 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

word  5 

columns  45  to  55 

Mass  flow  per  square  foot  of  cross  section, 
lbm/(ft^)(sec) 

word  6 

columns  56  to  66 

Hydraulic  diameter,  4A  /P  , ft 

A W 

word  7 

columns  67  to  77 

Flow  length  (distance  from  start  of  duct  to  center 
of  element),  ft 

Card  4 (4F11.0) 

word  1 

columns  1 to  11 

Conduction  number  of  annular  neighbor  (element 
on  other  boimdary  of  flow  if  flow  is  between  two 
elements).  If  none,  leave  blank. 

word  2 

columns  12  to  22 

Conduction  number  of  flow  neighbor  (element  up- 
stream of  element  under  consideration).  IE  this 
is  the  first  element  along  the  flow,  leave  blank. 

word  3 

columns  23  to  33 

Combined  flow  indicator  (see  remarks  at  end  of 
this  subiype) 

word  4 

columns  34  to  44 

Flow  initiation  indicator  (see  remarks  at  end  of 
this  subtype) 

word  5 

columns  45  to  55 

2 

Cross  section  of  duct,  ft 

There  is  provision  in  the  program  for  varying  temperature  flows  of  two  starting  tern 
peratures.  Any  number  of  varying  temperature  flows  can  be  handled  subject  to  the  fol- 
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lowing  additional  restrictions.  The  program  will  handle  only  one  such  boundary  condition 
per  element.  The  number  of  elements  with  varying  temperature  flows  cannot  exceed  half 
the  number  of  boundary  elements  (95)  at  present.  There  can  be  no  more  than  five  com- 
bined flows  (ejqplained  later). 

The  flow  initiation  indicator  distinguishes  the  two  starting  temperatures.  K 1 is 
used,  the  starting  temperature  is  word  1,  Card  2 of  Item  5 (Case  data).  If  2 is  used,  the 
starting  temperature  is  word  2,  Card  2 of  Item  5. 

If  two  flows  (limit  of  program)  combine  at  a boundary  element  to  form  a new  flow, 
this  element  is  a combined  flow  element.  For  a combined  flow  element,  the  flow  initia- 
tion indicator  must  be  zero.  Five  such  combinations  are  permitted  by  the  program.  An 
additional  card  is  then  required. 

Card  5 (216)  - only  for  combined  flow  elements 

word  1 columns  1 to  6 Conduction  number  of  one  upstream  neighbor  ele- 

ment 

word  2 columns  7 to  12  Conduction  number  of  otlier  upstream  neighbor 

element 

Subiypes  - Varying  temperature  radial  seal  gap 

Card  1 (7F11. 0) 

word  1 
word  2 
word  3 
word  4 
word  5 
word  6 
word  7 

Card  2 (7F11.0) 


word  1 

columns  1 to  11 

Rotor  angular  velocity,  rad/sec 

word  2 

columns  12  to  22 

Outer  radius  of  rotor,  ft 

word  3 

columns  23  to  33 

Combined  flow  indicator 

word  4 

columns  34  to  44 

Flow  initiation  indicator 

v/ord  5 

columns  45  to  55 

Annular  neighbor  conduction  number 

columns  1 to  11 

Fluid  bulk  temperature,  F 

columns  12  to  22 

Thermal  conductivity,  Btu/(ft)(sec)(°F) 

columns  23  to  33 

Specific  heat,  Btu/(lbm)(°F) 

columns  34  to  44 

Absolute  viscosity,  lbm/(ft)(sec) 

columns  45  to  55 

Kinematic  viscosity,  ft  /sec 

columns  56  to  66 

Average  radius  of  element,  ft 

columns  67  to  77 

Gap  between  rotor  and  stator,  ft 

SO 


word  6 
word  7 


columns  56  to  66 
columns  67  to  77 


Flow  neighbor  conduction  number 
Mass  flow,  Ibm/sec 

Card  5 (216)  - only  for  combined  flow  elements 

word  1 columns  1 to  6 


word  2 


columns  7 to  12 


Conduction  number  of  one  upstream  neighbor 
element 

Conduction  number  of  other  upstream  neighbor 
element 


I 

f 
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Computer  Output 

standard  output  of  results.  - The  standard  output  of  the  program  is  obtained  with  all 
list  options  (Item  2 of  Computer  Input)  set  at  zero  with  the  possible  exception  of  the 
punch  options  (words  8 and  9).  This  output  is  as  follows: 

Item  1:  Problem  title 

Item  2:  Printout  options  (see  input  Item  2) 

Item  3:  Miscellaneous  options  (see  input  Item  3) 

Item  4:  Pun  data  (see  input  Item  4) 

Item  5:  Case  data  (see  input  Item  5) 

Item  6:  Thermal  conductivity  curve  fit  coefficients  for  each  material 

Item  7:  Thermal  expansion  curve  fit  coefficients  for  each  material 

Item  8:  Element  starting  temperature  estimates 

Item  9:  Varying  temperature  boundary  element  dimensionless  coefficient,  hA/WC^ 
Item  10:  Varying  temperature  boundary  element  fluid  internal  heat  generation 
Item  11:  Conduction  number  and  preceding  element  conduction  numbers  for  each 
combined  flow  element 

Item  12:  Conduction  number,  varying  temperature  number,  and  flow  code  for  vary- 
ing temperature  boundary  elements 
Item  13:  Element  steady-state  temperatures 

Item  14:  Boundary  element  forced  convection,  free  convection,  radiation,  and  vary- 
ing temperature  convection  conductances 
Item  15:  Varying  temperature  boundary  condition  fluid  temperatures 
Item  16:  Element  thermal  conductivities 
Item  17:  Element  heat  fluxes  to  neighbor  elements 
Item  18:  Element  conductances  to  neighbor  elements 
Item  19:  Element  boundary  conductance  sums  and  boundary  heat  flux  sums 
Item  20:  Element  free  thermal  expansion,  a AT 
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An  illustration  of  the  output  can  be  found  in  the  listing  for  the  sample  problem  in 
appendix  C. 

Program  error  mess^es.  - The  program  includes  checks  of  some  of  the  input  to 
ensure  correct  relations.  First,  the  conductiviiy  (TDl)  cards  are  checked  for  numerical 
order  of  conduction  numbers.  Once  this  has  been  achieved,  a check  is  made  for  neighbor 
agreement.  For  example,  if  element  10  has  element  11  listed  as  east  neighbor,  ele- 
ment 11  must  have  element  10  as  west  neighbor,  assuming  this  is  the  correct  relation. 
When  the  neighbor  agreement  is  complete,  a check  is  made  of  boundary  index  cards  to 
ensure  numerical  order  of  boundary  numbers.  Then  a check  is  made  to  see  that  the  con- 
duction number (s)  on  the  element  boundary  index  card(s)  agree  with  the  conduction  num- 
ber on  the  indicator  card.  Also  there  is  a check  for  ^reement  of  the  boundary  number 
corresponding  to  an  element  conduction  number  with  the  conduction  number  correspond- 
ing to  the  element  boundary  number. 


AFN(NTF) 

ALPHA(15, 11) 

CE(NJPTS,4) 

GFN(NTF) 

H(NBPTS,  9) 

JBNT(JBPT) 

JBP 

JBPT 

JNTF(JVPT) 

JPT 

JVPT 

MATL(15, 11) 

NAT(NDR) 

NBDIM 

NBND(NBP) 

NBP 

NBPTS 


Program  Symbols  and  Definitions 

conduction  number  of  varying  temperature  element  annular  neighbor 
thermal  expansion  curve  fit  matrix  (input  Item  6) 
neighbor  conductance  matrix 

conduction  number  of  varying  temperature  element  flow  neighbor 

boundary  conductance  matrix 

boundary  number  of  element  JBPT 

conduction  number  of  boundary  element  (in  card  check) 

conduction  number  of  boundary  element,  NBND(NBP) 

varying  temperature  number  of  element  JVPT 

conduction  number  of  element 

conduction  number  of  varying  temperature  element,  NODE(NTF) 
thermal  conductivity  curve  fit  matrix  (input  Item  5) 
conduction  number  of  one  adjacent  element  upstream  of  NDR 
maximum  number  of  boundary  elements  accepted  by  program 
conduction  number  of  boundary  element  NBP 
boundary  number  of  boundary  element 
actual  number  of  boundary  elements 
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NBR(NTR) 

NBT(NDR) 

NDIM 

NDR 

NITS 

NJPTS 

NM(NDR) 

NODE(NTF) 

NTF 

NTR 

NVDIM 

QF(NTF) 

Q(JBPT) 

SUMH(NBPT) 

SUMT(NBPT) 

TBND(NTF) 

TCF(NTF) 

TDA(7) 

TD1(NJPTS,  19) 
TD2(20) 
THEXP(JPT) 
T(JPT) 

TS(INC) 


flow  number  (input  Item  10,  Card  4,  word  3)  of  varying  temperature 
element 

conduction  number  of  other  adjacent  element  upstream  of  NDR 

maximum  number  of  conduction  elements  accepted  by  program 

combination  number  of  combined  flow  varying  temperature  element 

maximum  number  of  iterations  allowed  for  analysis 

actual  number  of  conduction  elements 

conduction  number  of  combined  flow  element  NDR 

conduction  number  of  varying  temperature  element  NTF 

varying  temperature  number  of  varying  temperature  boundary  ele- 
ment 

noncombining  flow  number  of  varying  temperature  element 
maximum  number  of  varying  temperature  elements  acc^ted 
fluid  shear  heat  generation  at  varying  temperature  element  NTF 
sum  of  boundary  heat  fluxes  of  conduction  element  JBPT 
sum  of  boundary  conductances  of  boundary  element  NBPT 
sum  of  boundary  heat  fluxes  of  boundary  element  NBPT 
fluid  temperature  at  varying  temperature  boundary  element 
dimensionless  coefficient  of  varsdng  temperature  element,  kA/WC 


index  card  (input  Item  10,  Card  2)  list 
conduction  data  matrix 

properties  cards  (input  Item  10,  Card(s)  3 and  those  following)  list 

element  thermal  expansion,  a AT 

initial  temperature  estimate  for  element  JPT 

fluid  temperature  calculation  by  subdivision  of  boxmdary  element 

Conductance  matrix  CE(NJPTS,4).  - The  symbols  for  conductance  matrix 
CE(NJPTS,  4)  are  as  follows: 

CE(JPT,  1)  conductance  between  conduction  element  JPT  and  east  neighbor 

CE(JPT,2)  conductance  between  conduction  element  JPT  and  north  neighbor 

CE(JPT,  3)  conductance  between  conduction  element  JPT  and  west  neighbor 

CE(JPT,4)  conductance  between  conduction  element  JPT  and  south  neighbor 
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(Boundary  conductance  matrix  H(NBPTS,  9).  - The  symbols  for  boundary  conduc- 
tance matrix  H(NBPTS,9)  are  as  follows: 

H(NBPT,  i)  specified  heat  flux 

H(NBPT,  2)  sum  of  forced  convection  (including  specific  coefficient)  conductances 

H(NBPT,  3)  sum  of  forced  convection  conductance  x fluid  temperature 

H(NBPT,  4)  sum  of  free  convection  conductances 

H(NBPT,  5)  sum  of  free  convection  conductance  x fluid  temperature 

i 

H(NBPT,6)  sum  of  radiation ’’conductances” 

H(NBPT,  7)  sum  of  radiation  ’’conductance”  x environmental  temperature 

H(NBPT,  8)  sum  of  varying  temperature  conductances 

H(NBPT,  9)  sum  of  varying  temperature  conductance  x fluid  temperature 

Conduction  data  matrix  TD1(NJPTS,  19).  - The  symbols  for  conduction  data  matrix 
TD1(NJPTS,  19)  are  as  follows: 

TD1(JPT,  1)  element  conduction  number 

1 TD1(JPT,2)  mean  element  radius 

I 

I TD1(JPT,  3)  element  radial  width,  Ar 

I TD1(JPT,  4)  element  axial  length,  Al 

i 

I TD1(JPT,  5)  east  neighbor  conduction  number,  3 j 

I TD1(JPT,6)  north  neighbor  conduction  number,  jg 

I TD1(JPT,7)  west  neighbor  conduction  number,  3 g 

I " 

i TD1(JPT,  8)  south  neighbor  conduction  number, 

I ^ 

I TD1(JPT,9)  material  code  number 

TD1(JPT,  10)  east  contact  resistance, 

TD1(JPT,  11)  north  contact  resistance,  R„ 

°2i 

i TD1(JPT,  12)  west  contact  resistance,  R„ 

°3i 

TD1(JPT,  13)  south  contact  resistance,  R^, 

TD1(JPT,  14)  east  and  west  boundary  areas  (added  during  run) 

TD1(JPT,  !£')  no3rth  boundary  area  (added  during  run) 

TD1(JPT,  16)  south  boundary  area  (added  during  run) 

TD1(JPT,17)  boundary  condition  type  code  number  (added  during  run) 
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TD1(JPT,  18)  thermal  conductivity  (added  during  run) 

TD1(JPT,  19)  element  temperature  (added  during  run) 

TD2  list  for  subroutine  SNl,  type  2 (forced  convection),  subtype  1 (duct  flow, 
liquid).  - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature, 

TD2(2)  boundary  film  thermal  conductivity,  hj 

TD2(3)  boundary  film  specific  heat,  C„  ^ 

TD2(4)  boundary  film  absolute  viscosity, 

TD2(5)  fluid  mass  flow  per  square  foot  of  cross  section,  W_ 

3. 

TD2(6)  duct  hydraulic  diameter,  D 

TD2(7)  length  from  start  of  flow  to  center  of  element,'  X 
TD2(8)  not  used  in  order  to  obtain  computability  witli  VTl 

TD2(9)  not  used  in  order  to  obtain  computability  with  VTl 

TD2(10)  not  used  in  order  to  obtain  computability  with  VTl 

TD2(11)  not  used  in  order  to  obtain  computability  with  VTl 

TD2(12)  not  used  in  order  to  obtain  computability  with  VTl 

TD2(13)  Reynolds  number  (calculated  in  subroutine),  Re^ 

TD2(14)  Prandfl.  number  (calculated  in  subroutine),  Pr^ 

TD2(15)  heat  transfer  coefficient  (calculated  in  surboutine),  h^ 

TD2(16)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 
TD2(17)  hydraulic  diameter/flow  length  (calculated  in  subroutine),  D/X 
TD2(18)  conductivity/hydraulic  diameter  (calculated  in  subroutine),  k^/D 
TD2(19)  0. 7 power  of  TD2(16)  (calculated  in  subroutine),  (D/X)®* 

TD2  list  for  subroutine  SN2,  type  2 (forced  convection),  subtype  2 (sides  of  rotors).  - 
The  TD2  list  is  as  follows: 

TD2(1)  flxiid  buUc  temperature,  T^ 

TD2(2)  boundary  film  thermal  conductivily,  k^ 

TD2(3)  boundary  film  specific  heat,  C„  f 

TD2(4)  boundary  film  absolute  viscosity, 

TD2(5)  boundary  film  Idnematic  viscosity, 
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average  radius  of  element,  r, 


av 


TD2(6) 

TD2(7)  clearance  between  rotor  and  stator,  s 
TD2(8)  rotor  angular  velocity,  w 

TD2(9)  outer  radius  of  rotor,  a 

TD2(10)  rotor  or  stator  flag  (zero  for  rotor,  nonzero  for  stator) 

TD2(11)  Reynolds  number  (calculated  in  subroutine),  Re^ 

TD2(12)  cube  root  of  Prandtl  number  (calculated  in  subroutine),  Pr^/^ 

TD2(13)  heat  transfer  coefficient  (calculated  in  subroutine),  hj 
TD2(14)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 
TD2(15)  conductiviiy/average  radius  (calculated  in  subroutine), 

TD2(16)  0.1  power  of  clearance/average  radius  (calctilated  in  subroutine), 

TD2(17)  fluid  angular  velociiy/rotor  angular  velocity  (calculated  in  subroutine),  K 

TD2  list  for  subroutine  SN3,  type  2 (forced  convection),  subtype  3 (radial  seal  gap), 
list  is  as  follows: 


The  TD2 

TD2(1) 

TD2(2) 

TD2(3) 

TD2(4) 

TD2(5) 

TD2(6) 

TD2(7) 

TD2(8) 

TD2(9) 

TD2(10) 

TD2(11) 

TD2(12) 

TD2(13) 

TD2(14) 

TD2(15) 


fluid  bulk  temperature, 
boundary  film  thermal  conductivity, 
boundary  film  specific  heat,  C„  f 
boundary  film  absolute  viscosity,  fx^ 
boundary  film  kinematic  viscosity, 
average  radius  of  element,  r 

A V 

clearance  between  rotor  and  stator,  s 
rotor  angular  velocity,  w 
outer  radius  of  rotor,  a 
not  used  to  obtain  compatability  with  VT2 
not  used  to  obtain  compatability  with  VT2 
not  used  to  obtain  compatability  with  VT2 
not  used  to  obtain  compatability  with  VT2 
not  used  to  obtain  compatability  with  VT2 
Reynolds  number  (calculated  in  subroutine).  Re 


ft) 
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TD2(16)  cube  root  of  Prandtl  number  (calculated  in  subroutine),  Prl'^® 

TD2(17)  critical  Reynolds  number  (calculated  in  subroutine),  Re„ 

V 

TD2(18)  heat  transfer  coefficient  (calculated  in  subroutine), 

TD2(19)  conductance  from  center  of  seal  to  surface  (calculated  in  subroutine),  hA 

TD2(20)  heat  generation  factor  (calculated  in  subroutine) 

TD2  list  for  subroutine  SN4,  type  2 (forced  convection),  subtype  4 (concentric  cylin- 
ders). - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature, 

TD2(2)  boundary  film  thermal  conductivity, 

TD2(3)  boundary  film  specific  heat,  Cp  j 

TD2(4)  boundary  film  absolute  viscosity, 

TD2(5)  boundary  film  kinematic  viscosity, 

TD2(6)  outer  radius  of  annulus  between  cylinders,  r^ 

TD2(7)  inner  radius  of  annulus  between  cylinders,  r^^ 

TD2(8)  angular  velocity  of  inner  rotating  cylinder,  w 

TD2(9)  axial  flow  velocity,  Vg^ 

TD2(10)  Reynolds  number  (calculated  in  subroutine),  Re^ 

TD2(11)  cube  root  of  Prandtl  number  (calculated  in  subroutine),  ,Pr|4^ 

TD2(12)  heat  transfer  coefficient  (calculated  in  subroutine),  h^ 

TD2(13)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 
TD2(14)  linear  velocity  of  inner  cylinder  (calculated  in  subroutine), 

O 

TD2(15)  square  of  total  fluid  velocity  (calculated  in  subroutine),  Vtot 

TD2(16)  total  fluid  velocity  (calculated  in  subroutine), 

TD2(17)  annular  clearance  (calculated  in  subroutine),  s 

TD2  list  for  subroutine  SN5,  type  2 (forced  convection),  subtype  5 (flat  plate).  - The 
TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature,  T^ 

TD2(2)  boundary  film  thermal  conductivity,  1?^ 

TD2(3)  boundary  film  specific  heat,  Cp  | 

TD2(4)  boundary  film  absolute  viscosity, 
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TD2(5)  boundary  film  Mnematic  viscosity, 

TD2(6)  length  from  start  of  flow  to  center  of  element,  X 
TD2(7)  buUc  fluid  velocity, 

TD2(8)  Reynolds  number  (calculated  in  subroutine),  Re_ 

A 

TD2(9)  Prandtl  number  (calculated  in  subroutine),  Pr^ 

TD2(10)  heat  transfer  coefficient  (calculated  in  subroutine),  h 

TD2(11)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 

TD2  list  for  subroutine  FCl,  type  3 (free  convection),  subtype  1 (horizontal  cylin- 
der). - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature, 

TD2(2)  boundary  film  thermal  conductivity,  kj 

TD2(3)  boundary  film  specific  heat,  Cp  £ 

TD2(4)  boundary  film  absolute  viscosity, 

TD2(5)  boundary  film  kinematic  viscosity, 

TD2(6)  diameter  of  cylinder,  D 

TD2(7)  Prandtl  number  (calculated  in  subroutine),  Pr^ 

TD2(8)  Grashof  number  (calculated  in  subroutine),  Grj^ 

TD2(9)  heat  transfer  coefficient  (calculated  in  subroutine),  h^ 

TD2(10)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 

TD2(11)  Prandtl  number  x Gr^hof  number  (calculated  in  subroutine),  Pr^Gr^j 

TD2(12)  fluid  to  surface  temperature  difference  (calculated  in  subroutine),  AT 

TD2(13)  average  (or  film)  temperature  (calculated  in  subroutine),  T„„ 

TD2(14)  conductivily/ cylinder  outside  diameter  (calculated  in  subroutine),  k^/D 

TD2  list  for  subroutine  FC2,  type  3 (free  convection),  subtype  2 (vertical  cylinder 
or  plane).  - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature, 

TD2(2)  boundary  film  thermal  conductivity, 

TD2(3)  boundary  film  specific  heat,  C„  f 

TD2(4)  boundary  film  absolute  viscosity, 

TD2(5)  boundary  film  kinematic  viscosity, 


38 


TD2(6)  total  height  of  surface,  L 

TD2(7)  Prandtl  number  (calculated  in  subroutine),  Pr^ 

TD2(8)  Grashof  number  (calculated  in  subroutine),  Grj^ 

TD2(9)  heat  transfer  coefficient  (calculated  in  subroutine),  h^ 

TD2(10)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 

TD2(11)  Pranda  number  x Grashof  number  (calculated  in  subroutine),  Pr£Grjj 

TD2(12)  fluid  to  surface  temperature  difference  (calculated  in  subroutine),  AT 

TD2(13)  average  temperature  (calculated  in  subroutine), 

TD2(14)  conductivity/surface  height  (calculated  in  subroutine),  k^/L 

TD2  list  for  subroutine  FC3,  type  3 (free  convection),  subtype  3 (liquid  film  cooling, 
gravily  flow).  - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature,  T^j 

mass  flow  of  liquid  per  unit  length  normal  to  flow,  W/L 


TD2(2) 

TD2(3) 

TD2(4) 

TD2(5) 

TD2(6) 


fluid  specific  heat,  C. 


P 


flow  length  (e.  g. , one-half  circumference  of  horizontal  cylinder),  Dj^ 
heat  transfer  coefficient  (calculated  in  subroutine),  h 
conductance  from  surface  to  liquid  (calculated  in  subroutine),  hA 


TD2  list  for  subroutine  RAl,  lype  4 (radiation).  - The  TD2  list  is  as  follows: 


TD2(1) 

TD2(2) 

TD2(3) 

TD2(4) 

TD2(5) 

TD2(6) 

TD2(7) 


environmental  temperature,  Tg 

view  factor  from  environment  to  element  surface,  f 

6S 

'se 


view  factor  from  element  surface  to  environment,  f. 


emissivity  of  environment, 

emissivity  of  element  surface,  Cg 

radiation  coefficient  (calculated  in  subroutine),  h 

’’conductance”  from  element  surface  to  environment  (calculated  in  sub- 
routine), hA 


TD2(8)  reflectivity  of  environment  (calculated  in  subroutine),  1 ~ 

TD2(9)  reflectivity  of  element  surface  (calculated  in  subroutine),  1 - Cg 

TD2(10)  difference  between  fourth  powers  of  teraperatures/temperature  difference 
(calculated  in  subroutine),  ^Tg  - - Tg^ 
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TD2  list  for  subroutine  SCI,  type  5 (specified  heat  transfer  coefficient).  - The  TD2 
list  is  as  follows: 

TD2(1)  fluid  bulk  (or  environmental)  temperature,  (or  T^) 

TD2(2)  specified  heat  transfer  coefficient,  h 

TD2(3)  conductance  between  surface  and  bulk  fluid  (calculated  in  main  program),  hA 

TD2  list  for  subroutine  VTl,  type  6 (varying  temperature  forced  convection),  sub- 
type  1 (duct  flow,  liquid).  - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperature,  T^ 

TD2(2)  boundary  film  thermal  conductivity,  k^ 

TD2(3)  boundary  film  specific  heat,  C„  » 

TD2(4)  boundary  film  absolute  viscosity,  ]Uj 

TD2(5)  fluid  mass  flow  per  square  foot  of  cross  section, 

Cl 

TD2(6)  duct  hydraulic  diameter,  D 

TD2(7)  length  from  start  of  flow  to  center  of  element,  X 

TD2(8)  annular  neighbor  conduction  number 

TD2(9)  flow  neighbor  conduction  number 

TD2(10)  .combining  flow  indicator  code  number 

TD2(11)  flow  initiation  indicator  code  number  (must  be  zero  for  combined  flow  ele- 
ment) 

TD2(12)  duct  cross  section,  A„ 

TD2(13)  Reynolds  number  (calculated  in  subroutine),  Re,„ 

w 

TD2(14)  Prandtl  number  (calculated  in  subroutine),  Pr^ 

TD2(15)  heat  transfer  coefficient  (calculated  in  subroutine),  h^ 

TD2(16)  conductance  across  boundary  film  (calculated  in  subroutine),  hA 

TD2(17)  hydraulic  diameter/flow  length  (calculated  in  subroutine),  D/X 

TD2(18)  conductivity/hydraulic  diameter  (calculated  in  subroutine),  k^/D 

TD2(19)  0.7  power  of  TD2(16)  (calculated  in  subroutine),  (D/X)®*"^ 

TD2  list  for  subroutine  VT2,  type  6 (varying  temperature  forced  convection),  sub- 
type  2 (radial  seal  gap).  - The  TD2  list  is  as  follows: 

TD2(1)  fluid  bulk  temperaiure,  T^ 

TD2(2)  boundary  film  thermal  conductivity,  k^ 
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TD2(3)  boundary  film  specific  heat,  C„  f 
TD2(4)  boundary  film  absolute  viscosity, 

TD2(5)  boundary  film  kinematic  viscosity, 

TD2(6)  average  radius  of  element,  r„„ 

TD2(7)  clearance  between  rotor  and  stator,  s 
TD2(8)  rotor  angular  velocity,  w 

TD2(9)  outer  radius  of  rotor,  a 

TD2(10)  combining  flow  indicator  code  number 

TD2(11)  flow  initiation  indicator  code  number  (must  be  zero  for  combined  flow  ele- 
ment) 

TD2(12)  annular  neighbor  conduction  number 

TD2(13)  flow  neighbor  conduction  number 

TD2(14)  fluid  mass  flow  rate,  W 

TD2(15)  Reynolds  number  (calculated  in  subroutine),  Re^ 

TD2(16)  cube  root  of  Prandtl  number  (calculated  in  subroutine),  Pr^'^^ 

TD2(17)  critical  Reynolds  number  (calculated  in  subroutine).  Re 
TD2(18)  heat  transfer  coefficient  (calculated  in  subroutine),  h^ 

TD2(19)  conductance  from  center  of  seal  gap  to  surface  (calculated  in  subroutine),  hA 

TD2(20)  heat  generation  factor  (calculated  in  subroutine) 


Flow  Charts  and  Program  Listing 

The  flow  charts  for  the  main  routine  (SEAL2)  and  subroutines  CQN  and  QT  are  pre^ 
sented  in  figures  8,  9,  and  10.  A listing  of  the  program  is  as  follows: 
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o o n o o 


$IBFTC  SbAL2 


iTfcADY  STAre  HEAT  TtiANSFER  ANALYSIS  OF  AXISYMMETRIC  SYSTEMS  TO 
INCLUDE  VARYING  FLUID  TEMPEHATURES  ALONG  BOUNDARIES  APPLIED  TO 
ADVANCED  AlK  BREATHING  ENGINE  SEAL  DESIGN 

DlilENSION  TUI(400,19)  ,T(400)  ,CE(400,4}  »Q(400)  , TriEXP(400  J »T  02<  20 ) 
DHENSIUN  H(200,9)  ,SJMHt200)  ,SUMT(2D0)  ,NBND(2D3  I ,T8ND(  95» 

DIMENSION  L0(  10),NI$E>)  »RD(5)  ,CD(10J  ,TDA(7J  ,MAT  LI  15  , U ) » NODE!  95  ) 
DIMENSION  AL’HAI  15,IU  f JNTFI400) 

COMMON /8uM/J3NT(  400)  f KAN  (2 00)  tNTF  ,NDR,NTR,QF595) , NQR 
CJMM0N/B.K2/T:F(95) ,0FN(95) tAFN(95) ,NBRI95 ) , NMI 5 ) , NATI 5 ) »NBT( 5 ) 
REAL  MATE 

10  I FORMAT!  IHl) 

102  FORMAnF4.0,lX»F7.4,2F5.3,lX,4F4,0,F3.0/+F7.D) 

103  FORMAT!  IHO,  10X,43H:ONDUCTION  (TDl)  CARO  ORDER  ERROR,  CARD  NO.,  13,2 
2X,  bH^JRONG  ) 

104  FORMAT{lHO,iOX,23HNABOR  ERROR  FOR  ELEMENT , 14 , 3X, 6H AND/ OR,  1 4) 

105  FORMAT!  1H0,45X,30H:0;NDUCT10N  ELEMENT  TABLE  ! T DU // ! 5X,  14,  2X,  7!  2X,  I 
22,  Iri,  , IPE  11.4)/10X,6!  2X,I2,lH,,lPEil.4)//n 

106  FORMA  T!  16F5.0) 

107  FORMAT!  IHl, SOX, 29HELEMEINT  STARTING  TEMPERATURES//) 

108  F0RMAT!10!2X,  I3,lX,F6.in 

109  F0RMATI25X, 74HQ0UNDARY  COEFFICIENT  MATRIX  -!H*A)8TU/F.SEC  AND  ! H*A 
2<=T-B)  JR  W*;-P  BTU/S=C//IX,11HBNDRY  COND.  ,2X , lOHFI  XEO  FLUX,6X,  17HF 
30RCED  CONVECTION, 1DX,15HFREE  CONVECTION,L4X,3HRADIATION, 12X, 19HVAR 
4. TEMP  .CDNV£CTI0N/1X,11HHlEM.  ELEM.  ,6X,  HW, I IX  ,3HH*A,3X  , 7HH*A*T-B,  B 
5X,3HH*A,3X,7HH*A«=T-3s  BX,3HH*A,8X,7HH*A*T-E  ,3X,3HH*A,8X,5HN  #C-4>//!  1 
6X,2( I4,1X),1X,9!IX,E12.5) )) 

110  FORMAT!1HO,30X,58HVAR.TEMP.CCNVECT!;ON  DIMENSIONLESS  COEFFICIENTS  ! 
2H*A/W*C-P )//!6!lX,2I^,lH,,lPE11.4) ) ) 

111  FORMAT! IH0,45X,36HFLUID  SHEAR  HEAT  GENERATION,  BTJ/SEC//C61 IX,  214, 
21H,  ,1P611.4J  ) ) 

112  FORMAT!  1H0,2X,  lOHDATA  TIME  =,F7.4,2X,7HMINUTES) 

113  F3RMATUHl,20X,6HTEMPcRATURFS  IF)  AND  HEAT  FLUXES  IBTJ/SEC)  FOR  E 
2ACH  ITERATION) 

114  FORMA r!3( 4X, I 3 , IH , , IPE 14. 7 ,2 X ,1PE14 .7 ) ) 

115  FORMAT! IH I, 30X,32H:QNVERSENCE  CRITERIA,  ITERAT ION= , I4//23X,  8HC0ND. 
2NJ.,6X,9HNEW  TEMP.  ,10X,9H0L0  TEMP.  , 9X,  UHDIFFERENCE,8X  , 9HM  AX  .D  IFF. 
3//) 

116  FORMAT! 1H0,2X,42HC0NV£RGENCE  CRITERION  NOT  MET,  IT ERAT IONS=, 16 j 

117  FORMAT! 1H0,2X,43HC0NVER3ENCE  CRITERION  ACHEIVED,  I TERAT IONS=, 16) 

118  FORMAT! 1H1,20X,56HELSMENT! AT  CENTER)  TEMPERATURES  (DEGREES  F),  ITE 
2RATI0NS=,  I6//) 

119  FORMAT! 6!  2X,I4, IH,, IPE 14. 7) ) 

120  FORMAT! IH I, 9X,i02HELEMENT  FORCED  CONVECTION,  FREE  CONVECT.,  RADIAT 
2I0N  AND  VAR. TEMP. CONVECT.  CONOUCTANCES!H*AS  8TU/HR.F//) 

121  FORMAT!  16X, 216,4=19.?) 

122  FORMATllHi,45X,38HVAR.TEMP.CONVECTION  BOUNDARY  TEMPS.  { F)// 1 6!  IX,  21 
24,  IH,  , IPE  li.4)  ) ) 

123  F0RMAT!lHl,42X,43HELEMcNT  THERMAL  CONDUCTIVITIES  BTU/ HR.FT »F// J 
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124  F3^MATUX,35HELEMENT  EMWS  CONDUCTION  HEAT  FLJXES  ,2X , 1 3, 4( 2X,  E14. 7J 
2,  2X,6riBrU/H^) 

125  FORMAT! 15X,45HfcLEMENT  ENWS  CONDUCTANCES  TO  NABQRSt BIJ/HR.F)//(  lOX, 
214,41  2X,E14.7J  ) ) 

126  FORMAT!  lHO,lOX,ia4HELEM£Nr  BOUNDARY  NO,  CONDUCTION  NO,  BNDRY  CONDJ 
2CTANCE(H<'A)  SUM! BTU/^R .F » AND  BNURY  HEAT  FLUX  SUM!  BTU/HR}//!  3!  3X,2 
314, 2X,E14.7,2X,E14.7}  ) ) 

127  FORMAT! 1HI,40X,43HEL=MENT  FREE  THERMAL  EXPANSIUN,ALPHA*!T-TO»//l 

128  FORMATI6E 13.6) 

C 

C 

CALL  TIME  1 ! START) 

C 

C READ  RUN  PARAMETERS 
60  03  1 J=l,  10 
LO! J)=0 

1 CD!J)=0. 

DO  2 J=l,  5 
Nli J)=0 

2 ROIJ)=0. 

00  3 J=l,  15 
DO  3 K=l,  11 
MATL! J ,K)=0. 

3 ALPHA! J,X)=0. 

NK  = 0 

CALL  CDACLD,NI , RD, CO, MATL , ALPHA) 

IF  INK.NE.O)  SO  TO  99 
C 

NDIM=400 
NBDIM=200 
NVDIM=S5 
NJPTS=CD!  1) 

N8P  TS=CO!  2) 

MITS=C0!3) 

NX  = 0 
C 

C ZERO  COMMON  STORAfit 
DO  5 JPT=1,NJPTS 
T!  JPT)=0.0 
4!JPT)=0.0 
JBNT!  JPT)=0 
J\1TF!JPT)=0 
THEXP! JPT)=D.O 
00  4 J=l,  4 

4 CE!  JPT,J)=0.0 
DO  5 J=l,  ID 

5 TOUJPT,J  )=0.0 
C 

DO  6 NBPT=1,N3PTS 
N3\D!NdPT)=0 
SUMH(NBPT)=0.0 
SUM TCNBPT 1=0,0 
DO  6 J=l,  9 

6 HlN8PT,Ji=U.0 
C 

DO  7 K=1,NVD1M 


n n 


0F(K)=0.0 
TCFCK>=0.0 
r,FN{K}=0.0 
AFM(K)=0.0 
NBR«  KS=0 
NOOEfK )=0 
TPND(KI=0«0 

no  8 K=l.  5 
NM(K)  = 0 
NflT(KI=0 
B NPT«K5=0 

REAO  ELEMENT  GFOMETRY  DATA,  CHECK  CARO  ORDER 
no  10  JPT=l,NJPTS 
RFAD(5,10?)  JTnUJPT,JI,J=l  ,13) 

C 

NPC=T01IJPT, 1) 

IF  (JPT-NPC)  P,lO,q 
O WRITF(6,103)  JPT 
NK=l 

TO  CONTINUE 

IF  (NKoNE.O)  GO  TO  99 
C 

C CHECK  FOR  CONDUCTANCE  NABOR  ERRORS 
NK=0 

DO  15  JPT=l,NJPTS 
DO  15  J=5,a 
N=TDU  JPT,J) 

IF  (Ml  14. 15,1 1 
11  IF  ( JPT-N)  12,  14,12 
1?  RJPT=JPT 
J N=J-4 

no  TO  I 13,213,313,413) ,JN 

13  IF  IRJPT-TDKN,?))  14,15,14 
213  IF  {RJPT-T0HN,8))  14,15,14 
313  IF  (P.IPT-TD1  (N,5))  14,15,14 
413  IF  (RJPT-TDHN.EJ)  14,15,14 

14  WRITEI6,104)  JPT.N 
NK=1 

15  CONTINUF 

IF  (NK.NF.O)  GO  TO  99 
C 

IF  (LD(  1)  .EO.O)  GO  TO  16 
WRITF(  6.101) 

WRTTFI 6, 105)  ( JPT, C J , TDl ( JPT, J ) , J=1 ,13) , JPT=1 .NJPTSI 
C 

C COMPUTE  ELEMENT  BOUNDARY  AREAS,  CONVERT  TDI  DATA  TO  FEET 

16  no  17  .IPT*l,NJPTS 
RO=TOl(  JPT,2)+T01(JPT,3)/’2. 

R I=TDUJPT,2  )-TDl(  JPT,3)/2. 

TCK  JPT,!4)  = .04363323*TD1(JPT,2)«'TD1  (JPT,  3} 

TD1{JPT,15)  = .04363323*TDUJPT,4)*R0 
TDK JPT, 16)=. 04363323* TDl (JPT, 4) *RI 
TTK JPT,?)=TD1 (JPT, 21/12. 

Tn(JPT,3)=TDl(  JPT,  31/12. 
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no  nn  n no  no  no 


17  TniUPT,41=TDUJPT, 41/12. 

C 

C RFAn  INITIAL  TEMPERATURE  GUESSESt  CURVE  FIT  CONDUCTIVITIES 
READ! 5, 1061  I T( JPT 1 , JPT=1 ,NJPT SI 
WRITE!  6,  1071 

WRITE! 6, lOfll  { JPT.T! JPTl , JPT=1 ,NJPTS1 
00  18  JPT=1.NJPTS 
TDK  JPT,191  = T!  JPTl 

18  CALL  FIT(TD1,JPT,N0IM,MATL1 

READ  BOUNDARY  CONDITION  DATA  AND  COMPUTE  COEFFICIENTS 
IF  (LDI51.NE.01  WRITE(6,1011 
NK=0 
NTF=0 
NCR=0 
NTR=0 

00  19  N8PT=1,NBPTS 

19  CALL  CONINRPT.NRDIM.H.NBND.TBNOfTDl ,T0A,T02,N0IM,T,L0,NK,NV0IM,N0D 
IF.JNTFl 

IF  INK.NE.Ol  GO  TO  99 

CCN  PRINTOUT 
IF  !LDI21.F0.01  GO  TO  20 
WRITE!  6, 1011 

WRITE! 6,1091  ! NBPTiNBND! NBPTl , (H I NBPT, Jl , J=1 ,9 1 , NBPT=1 , NBPTSl 

20  IF  !NTF.E0.01  GO  TO  21 
WPITE!6,101 I 

WRITE!  6, 1101  !J,N00E!J1,TCF!J1 ,J=l,NTFl 
WRITE!  6, 1111  t J,N0DE!J1,0F!J1 ,J=1,NTF1 

PERFORM  ITERATIVE  ANALYSIS 

21  CALL  TIME  I !TEXI 
TDAT=!TEX-ST  ART  1/3600. 

WRITE!6,1121  TDAT 
NCC=0 
NPRT=RD!31 

DO  29  NIT=1,NTTS 
NK=0 
NCR=0 
NTE=0 
N0R=1 
NTR=0 
NCC=NCC+1 
LD!41=0 

DO  22  NBPT=1,NBPTS 

22  KAN!N8PT1=0 

BOUNDARY  CONDITION  ITFRATION 
DO  23  NBPT=1,NBPTS 
JBPT=NBN0!NBPT1 

CALL  0T!NBPT,NBDIM,N0£H,JBPT,H,SUMT,SUHH,T01,TBN0,T,CD,NV0IM,NIT,N 
10CF,JNTF1 

23  DIJBPT1=SUMT!NBPT1 
OVER-RELAXATION 
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ononnn  rsn  on  r>  no  oo 


N0R=0 

no  JPT=1,NJPTS 

24  C.tlL  TATStTm. JPT,NDTH.MBND.NBDIM,QsT,H,RO»l-D»CE,NKJ 
IF  CNK.NF.O)  on  TO  99 
C 

IF  an(io).Fo.o)  GO  to  25 
WRITFt6,U3) 

WRTTE(6«ll<!i»  ( JPTtT(JPT),OCJPTI,JPJ=l,NJPTS) 

CHECK  FOR  CONVERGENCE,  CORRECTION  OF  TDl  TEMPERATURES 
?5  ERP=CD(4J 

IF  (NIT.EOoNITS)  GO  TO  30 
IF  {NCC.NE.NPRTI  GO  TO  26 
NCC=0 
LC(4I=1 

WRITEI6,115S  NIT 

26  00  27  JPT=l,NJPTS 

27  CALL  CONCHK(JPT,NOIM,TDl,ERR,LD,NK,n 
IF  (NK)  28,31,28 

RECALC-  K FROM  NEWEST  TFHP. 

28  on  29  JPT=l,NJPTS 
TCK  JPT,191=TtJPT) 

29  CALI  FIT(TD1,JPT,NDIM,HATLJ 

30  WRITEI  6,116)  NIT 
GO  TO  33 

31  WRITE! 6,117)  NIT 

TEMPERATURE  PRINTOUT 
IF  !LnC3)l  32,33,32 
3?  NITM1=NIT-1 

WRITE! 6,118)  NITMl 

WRITE! 6, 119)  !JPT,T01IJPT,19),JPT=1,NJPTS) 

33  WRITE! 6, 118)  NIT 
WRITE!  6, 119)  IJPT,TCJPTJ  , JPT=I  ,NJPTS1 
IF  !LD!8)oNF.O)  PUNCH  106,  CTC JPT) ,JPT=1 ,NJPTSI 

CONVERT  FROM  SEC. TO  HRS. 
on  34  NBPT=1,N8PTS 
SUMT!NBPTI=SLMTCNBPT)*3600. 

SUHH!N8PT)  = SUMH!NBPT)=«=3600. 

00  34  J=2,8,2 

34  H{NBPT,J)=H!N8PT,J)*3600. 

PRINT  OUT  BOLNOARY  C0NDUCTANCES(H*A1 
WRITFI6,  1201 

WRITF!  6,121)  !NBPT,N8ND!NBPT), (H!N8PT,J),J=2,8,2),NBPT=l,NBPTS) 
PRINT  OUT  VAR. TEMP. BOUNDARY  TEMPS. 

IF  !NTF.NF.O)  WRITEI6,122)  ( J,NQDE ! Jl ,TBNDC J) , J“l ,NTF) 

PRINT  OUT  ELEMENT  THERMAL  CONDUCTIVITIES 
00  35  JPT=1,NJPTS 

35  Tri!4PT,l8)=TDl! JPT,18)*3600. 

WRITE!  6,123) 
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WRITF(6,119 J ( JPT,TD1(JPT,18I f JPT=1.NJPTS) 

C 

C COMPUTE  AND  feRITE  HEAT  FLUXES 
DO  36  JPT=1*NJPTS 
no  36  K“l*4 

36  CEt  JPT,K)=CE(JPT,K»*3600. 

C 

WRITFf  6,!01l 
DO  48  JPT=1,NJPTS 
NE=TDU  JPT,5  ) 

IF  INF)  38,37,38 

37  0JE=0.0 
GO  TO  39 

38  OJE=CE{JPT,n*mNF)-TCJPTH 

39  NN=TDlf  JPT,6) 

IF  INN)  41,4C,41 

40  0JN=0.0 
GO  TO  42 

41  0JN=CE1JPT,2  l*(T(NN»-T(JPTn 

42  NW=T0UJPT,7) 

IF  (NWI  44,4  3,44 

43  0JW=0.0 
GO  TO  45 

44  OJW=CF{  JPT,3  )*{TINWS-T(JPTI  I 

45  NS=TDUJPT,8) 

IF  INS)  47,46,47 

46  0JS=0.0 
GO  TO  48 

47  0JS=CeiJPT,4  )*{T(NS)-Tf  JPT) ) 

48  WRITE! 6, 124)  JPT,QJE,OJN,OJW,QJS 
C 

WRITE!  6,101) 

WRITE! 6, 125)  ! JPT, ICE ! JPT, J) ,J-l,4) , JPT=1,NJPTS) 

C 

C PRINT  OUT  BOUNDARY  CONDUCTANCE  SUMS  AND  HEAT  FLUX  SUMS 
WRITE! 6, 101) 

WRITE! 6,126)  (NBPT,NBND!NBPT) , SUHH INBPT) ,SUMT!N8PT) ,NBPT=1,NBPTS) 
C 

C THERMAL  EXPANSION  CALCN.  AND  PRINTOUT 

IF  ILDIIOI.NE.O)  WRITE!6,101) 
no  49  JPT=I,NJPTS 

CALL  FIT?! TO 1,NDIM, JPT, ALPHA, THEXP) 

49  CALL  DEFORM! JPT, N0IH,T01,R0,LD, THEXP) 

WRITE!  6,127) 

WRITE! 6,119)  ! JPT, THEXP ! JPT) , JPT=1 ,NJPTS) 

IF  !LD!9).NE,0)  PUNCH  128,!THEXP{JPT) , JPT=1,NJPTS) 

C 

C CHFCK  FOR  AODTLeCASES 

IF  !Nl(l)-l)  99,99,50 

50  GO  TO  60 
C 

99  CALL  EXIT 
STOP 
END 
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$IBFTC  UJAM 


SUBRD UTI'J  E : DA  ( Li3 , NI  , RO  ,C0  , MAFL  , ALPH A ,NKl 

PROBLEM  PARAMETER  IMPUT,  CONDUCTIVITY  AND  EXPANSION  INPUT 

DiMENSiON  LD ( 10) , Nil  5) ,RD ( 5J ,CO ( 10) ,MATL( 15 , 11 ) , ALPHA!  15t 1 1 ) 

OIMEVSIO'l  FIL£111),WCQM{12) 

REAL  MATL 

101  FORMAT!  12  A6) 

102  FORMAT!  lHit29X,  12A6//) 

103  FORMAT!  1016) 

104  F0RMATllH0,l3X,3HLD=,10(iX,I2,lH,I3) ) 

105  FORMAT!lHO,l3X,3HNI=,5(3X,I2flri,I3)) 

106  FORMAT! 10F6.0) 

107  FORMAT! lH0,l3X,3HRD=95!3X,I2flri,lPei3.6)) 

108  FORMAT! IHO, 13X , 3HC0=, 5! 3X, 1 2 1 IH »iPE13. 6) /16X, 5 ! 3X, 1 2, IH, 1PE13. 6) ) i 

109  FORMAT! 1HO,2X,58HNO. CONDUCTION  OR  BOUNDARY  ELEMENTS  EXCEEDS  ALL3TE  i 

20  STORAGE ) 

110  FORMATISFIO.O)  | 

111  F0RMATI6E13.6J  i 

112  FURMAT!1H0,59X, IIHOATA  FOR  K,/ ( 17X ,6 !2X, 12, IPE 14. 7 ) ) ) 

113  FORMAT  !IH0,59X,15HDATA  FOR  ALPHA./ (17X,6!2X, 12, IPE14.7) I ) 

READ!  5,101)  WCOM 
WRITE! 6,102)  WCOM 

GENERAL  DATA 

READ!5,IU3)  ! LO  ( J ) , J=i  , 10) 

WRITE!6,1U4)  ! J ,LD1  J)  , J=1 , 10) 

READ!5,103)  !NI(i),I=l,5) 

WRITE! 6,105)  (I tNI ! I ) ,l -1 ,5} 

READ!5,106)  {RD!I),I=1,5) 

WRITEI6,107)  !I,RD(I)  ,1  = 1,5) 

REA0!5,106)  (CD ! J ) , J = 1 , 10) 

WRITE16,1U8)  !J,CO!J) ,J=1,10) 

IF  (40Q.-CD!!))  2,1,1 

1 IF  ! 200.-CD! 2) ) 2,3,3 

2 WRITE! 6,109) 

NK  = 1 

GO  TO  11 

CONDUCTIVITY  DATA 

3 03  6 L=l,  15 

READ! 5,110)  (FILE(NCQ) ,NCU=l,5) 

IF  (FILE!  1))  4,7,4 

4 MN=FlLE!2) 

NP6=FILE!  3)+o. 

REAu!5,lil)  IFILEINCQ) ,NCQ=6,NP6) 

OJ  5 NCy=l,\lP6  I 

5 MArL!MN,NCQ)=FIL£!NCQ)  \ 

I 
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6 WRITF( 6,1121  INCO,FILE(NCO) ,NC0=l,NP6» 

FXPANSimj  DATA 

7 on  10  1=1,15 

REAn(5,110)  (FILEINCO) ,NC0=l,5) 

TF  (FfLFf  11  ) 8,  11,8 
a MN=FTLF(2| 

NP6=Fn.FC  31+6. 

RFAn(5,l1 1)  «FTLE(NCQ),NC0=6,NP6) 
nC  0 MCQ=1,NP6 
9 ALPHA{MN,NC0)=F1LE(NC0) 

10  WRtTF(6,im  CNCO, FILEINCO)  ,NC0=1,NP6) 

11  RFTUPN 
FNO 


■.  FITM 

SUBROUTINE  FIT!  Till,  JPT,NOIM,MATL) 

FIT  CONDUCTIVITY  (K»  FROV  POLYNOMINAL  CURVE 

DIMFNSION  TnHNniM,19),C0S(5),CAlC(6),MATL(l5,ll) 

REAL  MATL 
C 

101  FORMAT! IHO, PCX, 41HTEMPFRATURE  EXCEEDS  CURVE  FIT  LIMIT  FOR  K1 
C 

TEMP=  TDK  JPT,  19) 

MAN  = TD1«JPI,9) 

DO  1 NC0=1,S 

1 COS(NCO)=  MATLIMAN,NCO) 

IFITFMP-COS!  1)  ) 3,3,2 
? MRITE!6,l0l) 
no  TO  9 

3 NOP  = COSd  ) 

N0P1=N0P+1 

no  4 NCQ=1,NCP1 
LC  = 5+NCO 

4 CAIC!NCO)=  MATL(MAN,LC) 

IF(C0S!3))  6,5,6 

5 Y=  CAl.C(l)*C0S{4) 

00  TO  8 

6 Y = CALCINOPl) 

TFHI  = TFMP*C0S(5) 

DO  3nPY=1,N0P 

J2  = NOPl-NPY 

7 Y=  CALCU2)+Y*TEM1 
Y = Y#C0S(4) 

8 TC1(JPT,18)=Y 
C 

9 RETURN 
FNO 
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$I,aFTC  CQNM 


SUbRUUrXNE  C«JN(N3Pr,NBDIiM,H,NBN0»TBNDfT0l,TDA,TU2,NDIMtT,LD,NKtM\/D 
lIM.NJUE.JiMTF  ) 

CJMPUre  HEAT  TRANSFER  CUEFF ICi ENTS 

I 

OI'^ENSiOM  H(N3DIM,9)  , NbNa  J NbDI  M}  , T.iNO( NVDi  M)  ,TDA(7  ) »TD2(23  ) 
DHE'JSXO'X  Ti)UN0lM,l9)  tTiNDINJ  »LDUO)  ,NODE(NVOIMI  * JNTFCNOIMJ 
CJ'^M3N/BlM/J3NT{A-00)  ,RAN(200)  ,NTF  »NOR,NTRtQF( 95),  NQR 
C3VtMJN/BLU2/TCF(95)  ,3FN<95)  ,AFN(95)  ,N3R(95  ),NM(5),  NAT  ( 5 J , N BT(  5 ) 

101  F0RMAT(3Io) 

102  F0RNATUM0,15X,6JH30UNDARY  INDICATOR  CARD  ORDER  ERROR,  BUJNDARY 
2ELEMENT  >10  . = , I A,  1 IH  CARO  READS, 14) 

103  F0R«ATU5,IX,F6.0) 

104  FORMAT!  HO,  10X,71HBQUNDARY  INDEX  (TYPE  I OR  7)  CARO  ORDER  ERROR, 
2CJNDUCTI0N  element  NJ.=, 14, IIH  CARO  READS, 14) 

105  F3RMAT(Ii,E13.b,I6) 

106  FORMAr(6F6.0,F12.0) 

107  FORMAHTFll.O) 

108  FORMAT! lH0,10X,71HBaUN0ARY  INDEX  !TYPE  2 TO  5)  CARD  ORDER  ERROR, 
2C3NDUCmN  ELEMENT  N3.=,I4,1H  CARD  READS, 14) 

109  F3RMAT!lH0,2X,8HEL=M=Nr=,F4.0,2X,5i!FYPE=,F2.3 ,2X,3HSJBTYPE  = ,F2.0,  2 
2X,5H\1EXT=,F2.0,2X,IH1  TEMS  READ  = ,F3. 0 ,3X, lOHAREA  C00E=,F2.0,  2X,  13M 
3SPECIAL  AREA  = ,E12.5,1X,7HSQ.FEET) 

110  FORMAT!  1H0,2X,17HUUCT  FLOW,  LUUID/2X,4HT-8=  ,F5.0,2X,4HK-F=,  Ell.4, 
22X,4HC-P  = ,bll.4,2X,3rfMU=,E11.4,2X,10HMASS  FLOrf  = , El  1.4, 2X, 7HD-HY0R= 
3,EI 1.4,2X,7HL-FLUW=,=ll.4/2X,3HRE=,Ell.4,2X,3HPR=,Ell,4,9<,8HH  COE 
4FF=,E14.7,2X,11HCD£FF*AREA=,E14.7) 

111  F3RMAT!IM0,2X,15HSIDES  OF  R0T0RS/2X,4HT-B=,F5.0,2X,4riK-F=, E11.4,2X 
2,  4HC-P=,E  ll.4,2X,3H[MU  = ,Ell.4,2X,3HNU=,£li;.4,2X,5HR-AY=,Ell.4,2X,4H 
3GAP=,Ell.4,2X,6H0ME3A=,F6.0/4HR-0=,Ell.4,2X,5HFLA6=,F2.0,9X,3HRE=, 
4Ell.4,2X,  8HPR4=<‘l/3  = ,£ll.4,2X,8HH  CQEFF=,£14.  7,2X,I1HC0£FF*AREA=,  El 
54.7) 

112  FORMAT! IH0,2X, I 5HRADIAL  SEAL  GAP/2X,4HT-B=,F5.0,2X,4HR-F=, Ell.4,2X 
2,  4HC-P=,E11.4,2X,  •3NMU=,E 1 1. 4,2 X,3HNU= , Ell  .4 ,2X  ,5HR-AY  = , Ell  .4,2X, 4H 
3GAP=,Ell.4,2X,6H3MEG4=,F6.0/2X,4HK-0=,Ell.4,l5X,3HRE=,eil.4,2X,8HP 
4R=i=#l/3=,tll.4,2X,5HRE-C  = ,Ell.4/2X,8HH  C0EFF=,E14.7  ,2X,llHC0EFF«fARB 
5A=,E14.7) 

113  F0RMAr!lri0,2X,20HC0N:ENTKIC  CYLI ND£RS/2X,4HT-B= ,F5 .0 ,2X,4HK-F=, Ell 
2.4,2X,4HC-P  = ,Ell.4,2X,3HMU  = ,Ell.4,2X,3HNJ= ,E1 1 .4,2X,4HR-0=, Ell .4,  2 
3X,4HR-I=,Ell.4,2X,6HDMEGA=,F6.0/2X,5HV-AX=,E11.4,15X,3HRE=,Ell.4,2 
4X,  8HPR«*1/3=,E11.4,2X,8-H  C0EFF  = ,E14.  7 ,9X,IHC0EFF*'AREA=,E  14.7) 

114  F3RMAT! IH0,2X, lOHFLAT  PLATE/2X,4HT-B=,F5.3,2X,4HK-F=,Ell.4,2X,4HC- 
2P  = ,eil.4,  2X,  3HMU=,£ll.4,2X,3HNU=,61l.4,2X,74L-FL0<!=,E11.4,2X,7HV-F 
3L0W=,Ell.4/2X,3HRE=,=ll.4,2X,3HPR=,Ell.4,9X,3HH  C0EFF=,E14.7,2X, 11 
4HC3EFF*AREA=,E14.  7) 

FUTURE  F3RCED  CON VEC. COErF. FORMATS  fll5~8) 

119  FORMAT! lri0,2X,39HH0RI  20NTAL  CYLINDER  OR  VERTICAL  SURFACE72X,4HT-B= 
2,F5.0,2X,4HX-F  = ,Ell.4,2X,4HC-P=,Ell.4,2X,3HMJ=,Ell.4,2X,3HNU=,'Ell. 
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3^,2X,  17HL-I-L0W  OR  YOR  = ,fcl  1 . 4 /2X ,3Hl^R=  t Ell , ^ , 2X,  3HGR=»  El  1.4,  9X»  8 

4HH  C0EFF-=,E14.  7,2X,lHGa=FF*AREA=,El4.  7) 

120  F3RMAT{1H0,2X,19^L£QUI0  l=Ii.M  CUULl  NG/2X,4HT-b=,F5.0,2X,4H/i/L=,  El  1. 
24,2X,4HC-P=,E11.4,2X,7HL-rL0W=,Ell.4,l0X,8HH  C0EFF=,E14,7,  2X, 11HC3 
3EFF*ARcA  = ,tl4.  7J 

FUTURE  FREE  GONVEC.COEFF.FURMATS  U21-5) 

126  F3RMAT( lriO,2X,9HRAOIATION/2X,4HT-G=,F5.0,2X,l3HFACraR-SE=,  El 1.4,  2< 
2,  10riFACT3H-*eS,hll.4,2X,8SEMi  S. -E  = ,El 1 .4,2X,3-1EMIS. -S=  , Ell. 4/2K , 8HH 
3 GtiEFF=,E  14.7,2X,llHL0EFF*AREA=,El4.n 

127  FjRMAr(lH0,2X,2lHSPEEIFl£U  COEFF  ICl  ElMT/2X,4Hr-8=,  F&.O  , 2X,  8HH  COEFF 
2=,E14.7,5X,llHC.0cFF#AR£A=,El4.7) 

128  F3RMAmHO,2X,26HVAk.TEMP.OUCT  FLOW,  LIQU  ID/ 2X , 4Hr -8= , F5.D  , 2X,  4HK- 
2F=,  bI1.4,2X,4HC-P  = ,£ll,^,2X,3HiVlU  = ,£il.4,2X,l3HMAS5  FLQW=,Ell.4,  2X, 
37H0-Hyt3R=,Ell,4,2X,7HL-FL0W  = ,El  l.4/2X,9HANN.N8R.=  ,F4.3,2X,9HFL0W  M 
4BR  = ,F4.0,  2X,7HFLAG-C  = ,F2.0,2X,7HFLA3-I=:,F2.3,2X,6rlX-SEC=,Ell.4/2X, 
53HRE=,Ell.4,2X, 3HPR=,6ll.4,6X,8HH  C0EFF=,E 14. 7 ,2X , 1 IHGUEFF *ARE A= , E 
614.7) 

129  FORMAT! IH0(2X,24HVAR. TEMP. RADIAL  SEAL  GAP/2X,4HT-8=, F5.0,2X,4HK-F= 
2,  Ell.4,2X,4riC-P  = ,Eli.4,2X,3HMU=,Ell.4,2X,3HNJ=,Ell.4,2’X,5HR-A/=,El 
3l.4,2X,4HGAP=,Ell.4,2X,6HaMEGA=,F6.0/2X,4HK-Q=,E11.4,2X,7HFLAG-C=, 
4F2.0, 2X,7HFLAG-I=,F2.0,2X,9HANN.N8K.=  ,F4.0,2X,9HFLU.NBR.=  , F4.D,2X, 
510HMASS  FLUW=,Ell.4/2X,3r)RE  = ,E11.4,2X,8HPR**l/3=,El  1.4, 2X,  5HRE-G=, 
6E11.4,  9X,  8HH  CUc  = F=,;  U.  7 ,2 X,1  IHCOCFF=f:AREA= , E14 .7/ 2X,  14HHr  sGEM.FAC 
7T3R=,E12.  61 

FUTURE  VAR. TEMP. GOEFF. FORMATS  (133-1) 

132  FaRMAT(lH0,2X,38KCuM3IN£D  FLOW  ELEMENT,  CUNDUCTION  N0.=, I4,2X, 24HF 
2L0W  FROM  GOND. ELEMENTS  ,13,4HAND  ,14) 

FUl UR E C3 EFF . SU8PK0GR. FORMA TS  (115-3 (FORCED) ,121-5 (FREE ) , I 30-1 
(VAR.tEMP.) 

READ  INDICATOR  CARD,  CHECK  ORDER 
READ! 5,101)  WBP,N8ND(NBP) ,INDB 
IF  (NBPT-NBP)  1,2,1 

1 WKITE(6,  102)  NBPT,N8P 
'1K=L 

SET  PARAMETERS 

2 J8PT=N3ND(N3P) 

JdNT(  JBPT)=M8PT 
TDK  JBPT,  17)=IN03 

SPECIFIED  TEMPERATURE 
IF  (INDB.NE.7)  GO  TO  4 
READ(5,103)  J8P,riJBP) 

IF  IJBP.NE.JBPT)  GO  IQ  3 
TDUJ8PT,  19)=T(JBP) 

GO  TO  99 

3 WRITE! 6, 104)  JBPT,JBP 
N<  = 1 

GO  TO  99 

4 GO  TO  (5,  7,  7,  7,7,  7), I NOB 
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C SPtCIFIEl)  HEAT  FLUX 

5,  ^EAD(  5,10  5)  J3P,4(NdPT,l)  ,£ADUQ 
IF  (JdP.Ey.jOPT)  GU  TO  6 
WRITEI  6,104)  japr,J3P 
NK=l 

6 IF  < lADD;j  .Ecj.O)  GO  TO  99 

BOUNOARY  AREAS 

7 AE=T01(JBPT,  14) 

AM=Fi)l(J3PT,  15) 

AS=T0l(JiiPT,  16) 

READ  DATA  FOR  TYPES  2 TO  6 
90  READ!  5,106)  I TDA  { J ) , J =1 , 7) 

NITM=T0A( 5) 

READ(5,107)  (TU2U)  ,J  = i,HI  TM) 

LHECK  CO’'JDJETION  NO. MATCH 
J8P=I0a{1) 

IF  (JBP-JBPT)  0,9,6 

8 wlRIT6(6,108)  JBPr,JBP 
NK=l 

9 IF  (NK.NE.O)  go  to  99 
ITYPE  = rOA(2) 

GO  TO  (99,10,29,46,48,55) , I TYPE 

FOKCEO  CONVECTION 

10  ISTYPE=TOAI  3) 

GO  TO  (11,13,15,17,19) ,ISTYPE 

DUCT  FLOW,  LIOUIO 

11  CALL  SNK  TDA,TD2,AE,AN,AS) 

H(MBPT,2)  =H(NBPT,2H-r02U6) 

H(\1BPT,3J  =H(\)BPTT3)4-T02(16)«=rD2(l) 

IF  (LO{5).E,J.O)  go  to  12 
WRITE(6,109)  (T0A(  JJ  ,J=l,7) 

WRITct  6,  110)  { TJ2(J)  , J=1  ,7)  ,(TD2(K)  ,K=13,16) 

12  IF  (TDAI4) ) 90,99,90 

SIDES  OF  rotors 

13  CALL  S.‘j2(  T0A,T02,AE,AN,AS) 

H(NbPT,2)  =H{'JBPT,2)«-T02(  14) 

H(\BPT,3)  =H(NBPT,  3)<-T02U4)*T02  (1) 

IF  ILO(5).EO.O)  GO  TO  14 
WRIT£(6,109)  ( TOA(J)  ,J=l  ,7) 

WRITe{6,lll)  (T02(JJ,J=l,14) 

14  IF  (T0A(4) ) 90,99,90 

RADIAL  SEAL  GAP 

15  CALL  SN3(  TDA,TD2,AE,AN,AS) 

H(MBP  r,  2)  =H(N3PT,  2)  1-702(19) 

H(MBPT,i)  =H(NBPT,3)i-T0  2(l9)#T02(l) 

IF  (L0(5> .EJ.O)  30  TD  16 
WRITt(6,109)  (TDA(J)  ,J=1,7J 

WRITE (6, 112)  (T02(J),J=l,9J ,{T02(K) ,K=15,19) 
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16  IF  «TaAI4})  ‘J0t9>^,90 


CONCElviTRIC  CYLINDERS 

17  call  SN4I TDA,T02fAE,AN,AS) 

H{N3PT,2)=H(NilPr,2)  + TD2U3) 

H(vldPrt3)=H(MaPT,3J  + TD2{l3J*ru2(U 
IF  ILDISJ.ED.O)  GG  TD  18 

iriRITEI  6,  109)  ( TDA  I J ) i J =1 , 7) 

WRITE(6,113)  ( TD2IJ) ,J=1»13) 

18  IF  trOAIAJ)  90,99,90 

FLAT  PLATE 

19  CALL  SN5I  TDA,Tli2,A£,AN,AS) 

HINBP  r,2)  =Hv'NBPT,2)  + TD2(ll) 

H{NBPT,3)  =HtNdPT,3H-TD2(  m#TD2(l) 

IF  (LD(5).£J.O)  GO  T3  20 
WRITE(6,109)  (TJAIJ)  ,J=1,7) 

WRITE(a,114)  { TD2  ( J ) , J =1 , 1 1) 

20  IF  ( T0AI4) ) 90,99,90 

F3R  FUTURE  SUBROUTINES  14  MORE)  ISTATEM.  NOS  2 1-2, 2 3-4, 23-6, 27-8 ) 

FRtE  CONVECTION 

29  ISTYPE=TDA(3) 

GU  TD  (30, 32, 34),  I STYPt 

HOttIZONTAL  CYLINDER 

30  CALL  FCK  TUA,T02,AE,AN,AS,  T,JBPT,NDIN) 

H(MBPr,4)=H(N8PT,4)+TD2( 10) 

H(\iBPT,5)=H(  NBPT,5)  + TJ2llO)*TD2  (1) 

IF  (LD(5).EU.0)  3D  TD  31 
WRiTE<6,l09)  ( TJA(  J)  , J=l  ,7) 

WRITE(6,119)  (TD21J)  ,J  = l,10) 

31  IF  (TDAI4))  90,99,90 

VERTICAL  PLA.mE  OR  CYLINDER 

32  CALL  FC2(  TUA,TD2,A6,AN,AS,T,  JBPT,NUIivl) 
ri(NBPT,4)=H(NBPT,4)  + TJ2«  10) 

H(  MBP T,5) =ri(NBPT, 5) FTU2(10) *TD2 (1) 

IF  (LD(5).bU.O)  v,U  ID  33 
WRITE(6,109)  (TDA(J)  ,J=1,7) 

WRlTt{6,ll9)  (TD2(J) ,J=1,10) 

33  IF  (TDA(4))  90,99,90 

LloiUlU  FILM  cooling,  GkAVITY  FLUw 

34  CALL  FC3(  rOA,TD2,At,AN,AS) 

H{NBPT,4)=H(NBPT,4)+T02(b) 

H(NBPT,5)=H(N3PT,!i)FTJ2(6)*r02(l) 

IF  (10(5), EU.O)  GO  TD  35 

ifliKITE(  6,109)  ( TDA(J),J  = 1,7) 

WRITE(6,120)  ( TU2( J) ,J=l ,6) 

35  IF  (T0A(4) ) 90, 99, 90 

FDR  FUTURE  SUBROUTINEb  (5  MORE)  (STATEM.  36-7,33-9,40-1,42-3,44-5) 


RADIAT^-:\‘ 
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oo  o o or:  n n 


46  CALL  «Al(TUA,TU2,AE,AN»AS»r,J3PTfN0lMJ 
H(MBPr,o)=H(MrtPT,6)-HD2(7) 

r,7)  =H(Mt3P  r,7)i-nj2C7)*rD2(n 
IF  aO{5).£ij.O)  3U  TO  47 
WKITE(  6,109)  ( TDA(  JJf  J=l,7} 

WRITE(6,126)  tT02(J) »J=l  ,73  I 

47  IF  {TDA{4)3  90,99,90  : 

SP6CIFIEU  COEFFICIENT  j 

48  NC(<=rOA{o)  i 

GU  TU  149,50,49,31,523 , NCR  1 

49  AF=AE  I 

GO  TO  53 

50  AF=AN 

GO  TO  53  1 

51  AF=AS  i 

GO  TO  53  : 

52  AF=TOAI73  I 

53  T02(  33=Ti)2l23#AF  J 

HtN8PT,23  =H(;N8PT,23*-r02I33  f 

H(M8PT,33=rir>iiiPT,33  + TJ2(3  3*rD2(U  | 

IF  (LOI53 .to. 03  GU  TO  54  I 

WRITE! 5,1093  ! TDA ! J 3 , J =l , 71 

WRITE(  6,1273  ( TD2(  J3 , J=l  ,33 

54  IF  !T1)A(43  3 90,99,90 

VARIA3LE  TEMPERATURE  FURCEU  CONVECTION 

55  NTF=NTF+l 

IS!  YPE=TUA(33 

GO  TO  156,573 , I STYPE 

VAR  .TEMP. DUCT  FLOW,  LIQUID 

56  CALL  SNII  TDA,TD2,AE,AN,AS3 
H!NBPr,83  =TD2!  163 

H!NBPT,93  =Tj2!  5 S'** TJ2! 3 3*T02  1 123 
IBND!NTF3=T02!  13 
TCHNTF3=H{\1BPT,31 /rJINBP  r,93 
AFM(NTF3  = TD2!  83 
GF\i(  NTF3  = T02(  93 
i\iQDfc(NTF3  =JSPT 
JXPT=NODctNTF  3 
JNTF!  JXPT3=.MTF 
IF  (L0I51 .EQ.03  GO  TO  60 
WRITE(  6,1093  nOA(J3,J=l,73 
wRITE(6,1263  ( TD2 ( J 3 , J=l , 163 
GO  TO  60 

VAR.TEMPoRAOIAL  SEAL  GAP  1 

57  CALL  SN3!  TDA,TD2,AE,AN,AS3  ; 

TBND(NTF3=T02(  13  | 

H!  \lBPr,B3.-T0  2!193  ! 

H(NBPT,93  =TD2(143*TD2(33  | 

TCF(NTF3=H(NBPT,B3 /HINBPr,93  i 

AFNINTF)=TD2{ 123  I 

GFN(NTF3  = TD2(  133  f 

N00£(NrF3=JBPT 
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JXPT=NODE<iMTF) 

JNFFt  JXPT)=nTF 

FLUIU  SHEAR  HEAT  GENE  RATI  ON 

3'1RP  = T02<  8)«‘Ti)2(a)?TJ!i  ( JbPT,2|^TUl  (JQPT,?J 

3F(NlF)  = ri)2{20)«‘.0000399Al6*TD2(A)>!'OMRPnDUJBPr,l4)/T02{7) 

IF  (LD(5),EU.O)  GO  TO  60 
WRIT£(6,109)  (TDAIJ) ,J=l,7) 

WRITE!  6,129)  ( TD2  ( J)  , J=l  ,20) 

GJ  TO  60 

FOR  FUTURE  SUBROUTINES  (2  MORE)  {STATEMENTS  58,59) 

FLJW  INITIATION  ELEMENT 
60  IF  (T02(  11 ) .EUo  0. ) 30  TO  51 
NTR=\JTR  + 1 
NBR(NTR)=TD2(  m 
GO  TO  62 

COMBINED  Flow  element 
^1  !F  I TO  2C 1 0)  »c  ij  • 0«  ) 30  TO  62 
ND.R=V0R+l 

REAQI  5,101)  NAT(NDR)  ,N8T(NDRJ 
WRITE(6,132)  JBPTjNATINUR) ,NBT£NUR) 

NMINDR  )=J8PT 
62  IF  (T0A(4))  90,99,90 

99  RETURN 
END 


oo  no  orso  on 


$i.BFTC  SMM 


SUtiRGUTlNE  SNiUrDA,rui:,Afc.,AN»AS) 

HtAT  rRA'JSPE-l  COEFFi:iENTS  FOR  LIQUIDS  IN  DJCTS 

DIMENSION!  TD2(20)  ,TDA(7) 

CUMPUTE  REYNOLDS  AND  PRANDTL  NUMBERS 
TD21 13J=1U2(  5)^-- 102(6) 

TD2(  14)=rD2(3)*D2('t) /TD2(2) 

LAMINAR  OR  TURBULENT  (;0EFF1CIENT 
TU2(  1 f)=TU2(  6)  /T;J2(7) 

T02(  13)=TD2(2)/TJ2(b) 

TD2(  19)  = TD2{  17)*«‘.7 
IF  (TD2(  l3)-2600.  » 1,1,2 

1 TD2(  15)  = l .24<‘TD2(  IBHi  ( T02  ( 13 ) *TD2  i 14 ) #TD2  ( 17 ) ) *#(  I a/3,  ) 

GU  TU  5 

2 IF  (TJ2(  13)-700U.)  4,3,3 

3 TU2(  15)=.023«=  T02(  ia)«*(  TQ2 ( 13)  8)  =i=  ( TD2  (14) #*.4)  #(  I 3#TD2(  19) ) 

GO  TO  S 

4 TD2(  16)  = .b^(  ( 7000. -T02(13)  1/4500.)  *l.24*(TD2(13)*TD2(  14)*T02(  17)  )# 
2*1  1./ J.)  + .5«=(  (TJ2U3)-2500,  )/4500.  )*.023*TD2(18)*(rD2<  13)*#.8)*(  TD 
32( 14)**.4)*(  l.+.3*T02(  19) ) 

LJEFFICIENT’S'AREA 

5 NCR=T0A(e») 

GO  T3  (6,  7,6,  8, 9), NG R 

6 AF=AE 

GO  T3  10 

7 AF=AN 

GO  TO  10 

8 AF=AS 

GO  TO  10 

9 AF=TUA(7) 

10  TD2(  16)=AF<=  TD2(  15) 

RET  JR N 
ENID 


SIBFTC  SNPM 


SUBRnUTINE  SN?( TOA,TD?.AF,AN»AS> 

r 

C HFAT  TRANSFER  COFFPICIENTS  FOR  FLUID  MOVING  RELATIVE  TO  RADIAL 
C SURFACE  SFPRRATE  BOUNDARY  I AYERS 

r 

DIMENSION  TD2(  ?0),TDA(7» 

C 

r RFYNOLDS  AND  PRANDTL  NUMBERS 

TC?(  1U=TD?(  f)*TD2(6)«'TD2(6)/TD2(5» 

TD2(  17»={Tn?(3>*T02{4)/TD2(2))**a./3«) 

C 

C LAMINAR  OR  TLRBULENT  COFFPICIENT 

TO?( 15»=TD2( Pt /Tn2(6) 

TnP(  1AI=(TO?(7)/TD2{6n**.I 
IF  (TD2(! 1I-15BOOO. J l,l,4 
C 

r LAMINAR 

I IF  (TD2(  10)  .FO.O.)  GO  TO  2 

TC?(  17)  = .601  fS-.6‘508*TD?(7)/T02(9) 

GC  TO  3 

P TrPi  17)=.4SE1B+,65C8*1D?(7) /T02I9) 

3 Tr?(  n)  = .574*TD2{  15I*TD2(  16)*(  TD2(  1 1 ) **.  5)  *TD2  { 12 ) /TD2(  17 ) 

GC  TO  7 

C 

C T UR  BUI  FNT 

4 IF  (TD2(lO).FO.O.)  GO  TO  5 

TCP! 17)=. 46EFR-. 35778* TD2I7) /TDPJ9) 

GO  TO  6 

5 Tr7« 17)=.5l44’t.35778*TD2C7)/T02(9) 

A Tn?{  n)=.01826*TD2(15)*TD?(16)*(Tn2(ll)**.8)*TD2I12)/TD2(17) 

r. 

C COFFFICIENT#ARFA 

7 NCR=TDA(6) 

GC  TO  (8, 9, 8,10.11). NCR 

8 AF=AF 

GO  TO  12 

9 AF=AN 

GC  TO  12 

10  AF=AS 

GO  TO  12 

11  AF=TDA(7) 

12  TC2f 14)=AF*TC2f 13) 

RFTURN 

FNO 
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•;iJRPniJTfMF  SN3(  TDA,TO?»AFf  AN,AS» 

C 

C HFAT  TRANSFFR  mFFFICIFNTS  FOR  ROTOR  ANO  STATOR  WITH  SHALL 

r r.LFARANCe  MFPfiPO  BOUNDARY  LAYFRS 

C 

niMFNSION  TD7( ?0) fTPA{7) 
f 

C RFYNOLOS  AND  ORANDTL  NUMBFRS 

TP?(  15)=T02( £)*T02(6)*Tn2(6}/TD2(5> 

TC2n6)={  Tn2{3J*Tn?{AI/TD2(2)S**n./3.) 

C 

C LAMINAR  OR  TLRBULFNT  COFFFICTFNT 

Tr?(  !7)=366.?4*( (TD2(9)/Tn2{7) )**(10./9. ) ) 

IF  (T02(  l?)-TD?(  17))  1,1,2 

1 TD2(  18)=?.*TC2(2)«=T0?n6)/TD?(7) 

Tr?( ?0)=1 . 

on  TO  3 

2 Tr?(  1R)=.02S7*(  T02(2)/Tn2(6))#{  (TO?  ( 6 ) /T02  (7  ) ) ** ( I ,/6.  ) )*T02(  16)<'( 

!T|??(  IS)**  .8) 

TC?(?0)=.00052e6*(Tn2( 17)**l.5)*( (T02(7) /TD?(6))**(5./3.) ) 

r 

C rrFFFir.IFNT*ARFA 

3 NCR=TDA(6) 

OG  TO  ( 4. 5, 4, 6, 7), NCR 

4 AF=AF 
on  TO  R 

«5  AF=AN 
no  TO  R 

6 AF=AS 
GO  TO  R 

7 AF=TCA(7) 

R TT2{ 19)=AF*Tr2(  IR) 

RETURN 

FND 
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SIBFTn  SN^iM 


SURPnUTIMF  SN4( TOA , TO? , AE . AN ,A S) 

HFAT  TRANSFEP  COEFFICIENTS  FOR  FLOW  BETWEEN  CONCENTRIC  CYLINDERS 
INNER  ROTATINC,,  NO  AXIAl  FI  OK  EFFECT  ON  BOUNDARY  LAYERS 

niMFNSrON  T05( ?0),T0A(7) 

TURBULENT  COEFFICIENT 

Tn?(  11  )=(  TD2(3»*T0?(A)/TO2(?n**(I./3.) 

TC?{  U)=Tn2(E)*.5#(TD?(6»+Tn?{7n 
Tn?(  15)=TD2(  34)*TD2{ lA ) +TD? ( R) #TD2 ( 9) 

TC2( 16)=S0RT (T02( 15)  ) 

TOPI  17)=TD2( f )-T02{ 7) 

Tn?{  10)^2 e*TC?( 17)*TD?(16)/Tn2 (5) 

TC?(  12  )-(  TI)?{.2)/rD2(  17)  )*«  ,015*CTn?(10)**.8)*T02(ll)*{  (TD2(6)/T02{ 
17))**.46)  + .RS2^  (TD2I  14 )*#  ( 7 , /3.  ) ) =i=  TD2  { 1 7 ) *T02  1 1 1 )/Tn?(  5 ) ) 


CCFFFICIFNT*ARFA 

NCR=T0A(6) 

GO  TO  ( 1,  7,  1 ,3«4),NCR 

1 af=af 

GO  TO  5 
7 AF=AN 
GC  TO  5 

3 AF=AS 
GO  TO  5 

4 AF=TnA(7) 

5 Tr7(  n)=AF«TC7(  1?) 

R FTURN 

END 
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STRFTr  SN5M 


SUPRnuTIMF  SN5f TRA . TD2, AE , AN,A SJ 

HFAT  TPANSFBR  CnEFF IC I ENTS  FOR  FLOW  OVER  FLAT  PLATES 

nrMFNSlOM  TRZ( ?0 J,TDA( 7) 

RFYNOLOS  ANO  PRAMOTL  NUMBERS 

TP?{  R)=TOP(  7)*Tn2(6)/TD?(5J 

Tn?(qi  = (Tn2(  T»<=Tn2{4)/Tn2(?n*#(ia/3.) 

LAMINAR  OR  TLR8ULENT  COEFFICIENT 
f F(Tn?(f!>-SCCr>OO.J  1,1,? 

1 Tr?(  10}  = .?2?*TD2(2)*nD2(8)*#.  5)*TD2(9»  /T02I6J 
on  TO  T 

? TP?I  lf))=.C?8Ei*Tn?(  2)*(TD2(8»*«.flI#Tt  2(9}/TD7(6) 

CrFFFICIENT*ARFA 
T MCR=T0Af6» 

on  TO  ( 4, 5, 4,6, 7», NCR 
4 AF=AF 
or  TO  fl 

6 AF=AW 

or  TO  8 
A AF=AS 
on  TO  ft 

7 AF=TCA(7) 

ft  T0?(  m=AF*TC2(  10) 
rfturm 
PNP 
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STRFTC  FCIM 


SURPPUTIMF  FCl { T^A»  rO?tAF  tAN,AS,T, JBPT,NDI M) 

HFAT  TPANSFFP  CnFFF[CIENTS  FOR  HOR I Z.CYL INOER  FRFF  CONVECTtON 

nfMENSTHN  TnA(  7 J ,TD2(  20)  t TCNOr  M) 

TC?(  12)=ARS(  T0?n  )-T(  JBPT)  ) 

TC?(  n)  = .5*(  T02(  l)+T(  JRPT)  )+459.7 
Tr?{  14)=:T02(2)/n2(6) 

PRANDTL  AND  CRASHOF  NUMBFRS 
TC?(  7)=Tn2(2  j'f'TOPCA  )/T02{?) 

TTPf  R)=TO?(  <5  )4=rn2(6)*Tn?(  6)*32«174*T02<  12 ) / ( 702  { R ) *Tn2  (5  )*T02(  13) ) 
Tr!2(  ll)=T0?(  7)*T02(R) 

I  AMINAR  OR  URRULANT  COFFFICIENT 
IF  (702(1  1 )-.lF  + 10)  1,1,2 

1 777(91  = . «;3*TC2(  l4)*Tn2(  11  )«*(!. /A,  ) 
no  70  3 

2 772(9)  = . 1?*7G?(  14  )*  7D  2(  1 1)**  ( 1 ./3.  ) 

CnpFFIC  IEN7*ARFA 

3 NrR=7DA(6) 

97!  TO  ( 4,  5,  4,6,  7), NCR 

4 AF=AF 
nr  70  8 

5 AF=AN 
nr  70  8 

6 AF=AS 
on  70  R 

7 AF=TnA{7) 

8 7C2( 10)=AF*7n?(9) 

RF7URN 

FAO 
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SIBFTC  FC?M 


SURROIITINF  FC?f  TDAtTD2TAE,AN*ASfT,  JBPTfNDlMl 
C 

C HFAT  TRANSFER  COEFFICIENTS  FOR  VERT,  SURFACE  FREE  CONVECTION 
C 

niMFNSION  TCAI 7I,TD?I?0),TfNDIM) 

C 

TC2(  12I=ABS(TO?m-TUBPTn 
Tr?f  n)  = .5*(  TIT21 1)  + T<JBPT)  H-45  9.7 
TC2( 14l=T02( 2»/T02(6) 

C 

C PPANDTI-  ANQ  FRASHQF  NUMBERS 

TD?{7l=Tn?{ 3 J*T02(4)/Tn?(2> 

Tr?(RJ=T02{6>#Tn2(6)*TD?I6J*32.l74«=TD2a2I/(TD2(5)  *TD2(5t#TD2(  13}) 
TCP!  ll)=TD2n)*T02l8) 

C 

C I AMINAR  OR  TLRBULANT  COEFFICIENT 

IF  IT02I1  U-.IP  + IO)  1,1.2 

1 TC?{9l  = .44*Tn2(  l4)*T02n  1 )**{l./4.  ) 
r.O  TO  3 

2 Tr2I«»l  = .l3*Tr2(  14)*T02Cll)#*(l,/3.  ) 

C 

C CrFFFlCIENT*APFA 

3 NfR=T')A(6) 

on  TO  I 4, 5,4,6, 7), NCR 
A AF=AF 
GO  TO  8 
6 AF=AN 
GO  TO  8 

6 AF=AS 
GO  TO  8 

7 AF=TDA{7) 

8 TC2( 10)=AF*Tr2Cq) 

R ETURN 

FNO 
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SIBfTC  FC3M 


SUBROUTINE  FC3(  TDA,TD2,AE,AN,AS> 

HFAT  TRANSFER  COEFFICIENTS  FROM  HORIZONTAL  CYLINDER  TO  LIQUID 
FILM  (GRAVITY  FLOW! 

DIMENSION  TO?(20),T0A(7) 

Tn?C  5J=TD2{?)*TD2(3J/TD2(A) 

NCR=T0A(6> 

GO  TO  ( 1, 2,  1,3, A), NCR 
1 AF=AF 
GC  TO  S 
7 AF=AN 
GO  TO  3 
3 AF=AS 
GO  TO  5 
A AF=TDA(7) 

3 Tn2(  6»=AF*T07(  31 
RETURN 
FND 


•TC  RAIM 

SUBROUTINE  R Al I TDA ,T02,AE ,AN,AS,T, JBPT.NDI M» 

RADIATIONITFERMAU-GRAY  BODY 

DIMENSION  TDA( 7) ,T02( 20) , TC NDl Ml 

TAF=TD2(1 I 
TAS=T(  J8PT) 

TD2(  R1  = 1,-TD2(A) 

T0?(9)  = l.-T02(3) 

TC2(  10)=TAE*TAF*TAt+TAE*TAE*TAS+TAE*TAS*TAS<-TAS*TAS*TAS 
TD2I6)=A,83F-l3*T0P(A)*T02(g)=!'T02{2)*T02(10)  /(l.-(TD2(2)*TD2(3l*TD 
12(R)*TD2( 9) I 1 
NCR=TDA(6) 

GO  TO  ( 1, 2, 1,3, A), NCR 

1 AF=AF 
GO  TO  5 

2 AF=AN 
GO  TO  3 

3 AF=AS 
GO  TO  3 

A AF=T0A(7) 

5 Tr2(7>=AF#TD2{6) 

RFTURN 

FNO 
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oo  on  on  on  on  o o non 


SiBFTC  UTM 


SUbRaumE  jni\lBPr,.Md31M,N0I  M,JBPT,H,SUMT,SUHH,TD1,TBND,T,  CD,MV0I'1 

1,  MIT, NODE  ,J'1TF) 

CDMPUre  dOU:ML)AKY  HEAT  FLUXES 

UIMEiMSCUN  jSUMTtHBDIM)  ,SUMHCNBUiM)  , T DU NDIM,  19) 

DHEMSIDN  TSMJ(.NVDIM)  , I (NOIM)  ,CD(10)  ,TS(130)  , JNTFC  NDIH) 

C3  4M3N/BLK1/J3NT(400)  ,K.AH(200)  ,NTF  , NDR  ,NTft,  QF  ( 95) , NQR 
C3MM3H/BLK2/TCF  (95)  ,SFN(  95)  ,AFN(95)  ,NBR(95  ) ,NM( 5 ) t NAT(  5 ),  N8T(  5 ) 

101  F.3RMAT(  IH0,2X,39HCUM3INED  FLUWS  ELEMENT.  CUMBINATIDN  NO..  I 2,  3K,  12H 
2C3\DUCT.>)U.  = . 13. 3X,iaH3N3Ry.NO.  = ,I3 .3X.31HPREVIOUS  ELEMENT  VAR.TE'1 
3P.\iJS.=,  I 3.2X.3HAND.I4) 

102  FjMVlAr(lH0,2X,  19HCUNI3UCT. ELEMENT  NO.  .14, 3X.20HVAR.TEMP.  ELEMENT  M3. 

2.  I4.3X.10HFLUW  333==,  12) 

SUMT(  MBPT)=0.0 
SUMH(NBPT)=0.0 
ITYPE  = TDi( JBP  T,  17) 

IF  (1TYPE.NE.7)  30  T3  I 
GO  TO  99 

SPECIFIE3  flux 

1 IF  (H(NBPT.l).EQ.O.)-  30  TO  2 
SUMT(NBPT)=H(NBPT.l) 

FORCED  CJNVECTIiJiM  ilMCL.  SPECIFI  ED  COEFF.  ) 

2 IF  {ri{NBPT,2).£a.O.)  GJ  TO  3 
SUMHINBPT)=H{NBPT,2) 

SUMT(NBPT)=SUMT(NBPT)  i--H  NBPT  ,3) -HINBPT  ,2)  *T(  JBPT ) 

FREE  CONVECTION 

3 IF  (H{.\lB^T,4).Ey.O. ) 30  TO  4 
SUMM(  NBPT  )=SUMH(NBPT)  l-H(NBPT,4) 

SUMT(NBPT)=SUMTCNBPT) M ( NBPT .5) -H( NBPT .4 ) #T t JBPT ) 

RADIATION 

4 IF  (HJNdPT.B)  .EU.O.)  GO  TO  5 
SU-1H(NaPT)=SUMH(N3PT)+-HNBPT,6-) 

SUMT(  NaPn=SUMT(NBPT)  (NBPT  ,7) -H  ( NBPT  .6)  *I(  JBPT) 

VARYING  TEMPERATURE 

5 IF  (H(NBPT.a) .EU.O.)  GO  TO  99 
NTF=NTF+1 

NPT=0 

LHN=0 

v^Fl=0. 

SUMHI  tNBPT)=SUMH(NBPT)  +H(NBPT.d) 

IF  (KANINBPTl.EQ.O)  3U  TO  6 

SUMT(NBPT)=SUMr(NBPT)4-H(NBPr,8)*(TBND(NTF)-T(  JBPT)  ) 


ooo  on  no  no 


C 


/! 


6 JMPT=AHN{NTF) 
JlHN=GPM(NTF) 

TS=0. 

IF  (JNPT.EQ.O)  G3  m 7 
MPT=JBNT(  JNPT) 

7 IF  (JLHN.eu.O)  GO  TG  3 
LHN=JiMTF(  JLH;^) 

8 IF  (.MM(NDR)-JBPT)  14,9tl'+ 


C0M8INEU  FLQWS 
9 JNFR=NAT(NOR» 

JNFb=NBT(ND!U 
IF  (JNFR.tQ.O)  GJ  TO  10 
iMFK=JbNTI  JNFR) 

JAT=JNTF(  JNFR) 

G'J  T3  li 

10  iNFR=0 

TB\D(NFR)=0. 

HINFR, 9)=0. 

U IF  UMFS.Eti.O)  GO  TO  12 
ivjFS=J3NTl  JNFS) 

JBT=JiMTF(JNFS) 

GO  TO  13 

12  I^FS=0 
TBND(NFS)=0. 

HCNFSf  9)  = 0. 

13  IF  UN  IT- D.EQ.OI  WRlTEIbtlOU  NORt  JBPT  ,NTF,JAT,  JBT 


STARTING  TENP.FOR  COMBINED  FLOWS  ELEMENT  TEMP. CALC. 
C0MBF=H(\lFR,9)+HINFSf  9) 

PNFR=H INF  R, 9»  * TBNDI NF  R J /COMBF 

PNFS=H(NFS,  9)*TBiMD(Nr  S)  /COMBF 

STEMP=PNFR+PNFS 

NDR=Ml)R-H 

GO  TO  18 


I 


I 


j 

I 

I 

i 


STARTING  TEMP. ORDINARY  FLOW  ELEMENT 

14  NTR=NTR+l 
NER=NBR(NTR) 

IF  (IN  IT- D.EoJ.O)  WRITE(6,102)  JBPT, NTRfNBRINTR} 
IF  (LHN.NE.O)  GO  TO  17 
GJ  TO  (15,16),NER 

15  STEMP=CO( 61 
GO  TO  18 

16  ST£MP=CDt  7) 

GO  TO  18 

17  STEMP  = T6MD(LHN» 


18  IF  (KAN(NBPT) .NE.OJ  GO  TO  99 


CALC. TEMP .CHANGE 
HI\lC=TCFiNTF)/CD{  9) 

IF  QF(NTF).EO.O.)  GO  TO  19 
QFl=.iF{NrF}/(H(NBPTi9)'S=Cl)i9J  » 
19  NCD=C0(9) 


I 
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IF  (MPT.^E.O)  GU  TO  22 


TEMP.CHAMGE-NO  ANN.NAtJOK 

DU  21  INC=l»,'iCJ 

IF  (liMG.iME.U  GO  TO  20 

1 St  IMG  J=S  TEMP+HI NC* ( T( JBP  TJ -STEMPJ  +QFI 

GD  TJ  21 

20  TS(  IMG  J=TS(I'JC-1J+HINC<*(T{JBPT)-TS(INC-1)  H-QFl 

21  COMTI.MUE 
TBND(NTF»=TS(  INC! 

GO  TO  25 

TEMP.GHA.'JGE-ANNULAR  NA30R 

22  HA'1G=H(NP  T»8)/<HtNPT,  9»*CD(9) ) 

DO  24  INC=i,MCU 

IF  tlNG.NE.l)  GO  TO  23 

TS(  ING  »=STEMP+HING’^CTt  JBPTJ-STEMPIi-HANG^tTtJNPT  J-STeMP}4-QF  1 
G3  T3  24 

23  TS(  I\|G  >=rSU\JG-l)+HING*tT(J8Pr)-TS<INC-U)+HANG*(r{  JNPTI-rS(  nG-lJ 
1 ) +U  FI 

24  GONTINUE 

TtJMOtiM  rF)=TS(  INC) 
rbNO(NPT)=T3NOtNTF) 

KA'JtNPT)=l 

25  SU'1T(N6PTJ=SUMT{NBPT)< -HNaPTtBl^irBNOtNTFI-Tt  JBPT)  ) 

99  KETOHN 

END 


on  no  nnnn  nno 


*TBFTC  TATSM 


SUBROUTINF  TATS ( TD 1 t JPT,NDI N,NBND, NBDI M,0»T»H, R0« LO^CE ,NK> 

nVFR-RELAXATIQN  AND  NEW  TFMPFRATURF  CALCULATFON 

rJTMFNSTtlN  Tni(NniM,l^)»CElNr>lM,4),LD(10)  ,Rf>(5) 

OTMFNSrON  NRNn{NBf)IM},0(MDIMJ,T(NDIH5  ,H{N80TMt9} 
CnyMnN/BLKl/JR;NT{39QJ,KANn90l  ,NTF  ,NDR,NTR,0F«95I  ,NOR 

101  FORMATf  IHO.  5X,5RHERROR  IN  BNDRY  AND  CONI). NO  CORRESP.  (TATS  CHECK  OF 
PrTFRATTON, I6,13H)CONO.EIFMENT. I4,25HGIVES  BNDRY  ND  OF  ELEMEWT»14) 


HSUM=0. 


FAST  CONDUCTANCP 
NF=  TD1(JPT,51 
TF  (NFl  2,  1,2 

1 CF(  JPT,  ll=0.C 
on  TO  B 

2 CF(JPT,  11  = 1./(TDU  JPT,4}/(?.<'TDIIJPT,14I*T01  f JPT,18)  H-TDlCNE,4)/{2 
l-*Tni{NE,  l<!i)*Tni(NE,l81  ) + T01(JPT,l01 ) 

NORTH  CONDUCIANCE 

3 NN=Tni( JPT,6I 
IF  (NNl  5, A, 5 

A OEr JOT, 21=0. C 
RO  TO  6 

5  CF(  JPT,?l  = l./(  ?.*TDHJPT,3)/(T0l(JPT,18H<(3.*TDl(JPT,l5}+T01(JPT,l 
16  ) I l+?.*TDl(NN,  31/(TD1(NN,18J»(3.*T01  (NN,161+TDI  (NN,l5m  ♦•TOK  JPT, 
21111 


WFST  CDNOUCTANCF 

6 NW=Tni( JPT,71 
TF  (NMl  8,7,B 

7 CE(JPT,3}=0,C 
GO  TO  9 

B CF( JPT,31=l./{TDl( JPT.41 /(2.*TDl(JPT,141*TDl(JPT,1811+TDl(NW,41/(2 
l.,«TDl(NH,  141*TD1(NW,18;  1+TDl  ( JPT,1211 
*C 

C SOUTH  CONCUCTANCF 
9 NS=  TDl(JPT,fl 
TF  (NSl  ll,K,ll 

10  r.F{  JPT,  A1=0.C 
GO. TO  12 

11  CF(JPT,41  = l./( 2.*TD1(JPT,31/{TDI(JPT,181#(3.*TD1(JPT,161+TD1(  JPT,1 
IB  in+?.#Tni(NS,31/(T01tNS,l81*(3.*TDl(NS,151+TDl{NS,161 1 1+TDU  JPT, 
21311 

C 

12  NTOsTDKJOT,  171 
TF(NTD.E0.71  GO  TO  99 
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"1  n 


C 


CPMPUTE  RFSICUALt  OVER-RELAK 

RFS=CE( JPT, 1 )*{T(NE)-T< JPT) )+CE(JPT,2J*(T<NN)-T( JPT) )+CEIJPT#3 ) *{T 
If  NW)-T(  JPT>  HnE(JPT»4)*(T(NSJ-T(JPTH+0(  JPT5 
CSIJM=CE(  JPT.  n+CF(  JPT»?)+r.E(  JPT,3J+CEf  JPT,4S 

WRES=RDf 1 )#RFS 


CnWPUTF  NFW  7FMPFRATURF 
IF  (O(JPT))  n,15,J3 

13  NfiPT=.iBNT{  JPT) 

J ePT=MBND(NRPT) 

IF  ( JBPT.EOoJPTI  GO  TO  14 
WRTTE16,1C1)  MIT.JPT.JBPT 
MK^l 

GO  TO  99 

14  HSUM=HfNBPT«2)+H(NBPT»4)+H{NBPT»6)-o-HCNRPT»8) 
19  TfJPT)=T{ JPT  M-WRES/(CSUM+HSUM» 

99  RETURN 
END 
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'loo 


filBFTr  FITA 


SUBROUT  INF  F IT?( TDl, NDI M , JPT.ALPHA, THFXPJ 

FIT  FXPANSICN  COFFPICiNt  FROM  POLYNOMINAL  CURVE 

D IMENSION  TO  If  NDIMt 19) tCOSf  5) »CALC (6)tALPHA{l5,ll) ,THEXP{N01H) 

101  FnRMAT(lH0,?CX.A5HTEMPERATURE  EXCEEDS  CURVE  FIT  LIMJT  FOR  ALPHA 

TFMP=  TD1(JPT»19) 

MAN  = TDl(JPT,9) 
nn  1 NC0=i,5 

I COS(NCO)=  ALPHAfMAN,NCO) 

IFfTFMP-COSf  1)  ) 3,3,2 
? WPITE(6,101  ) 

GO  TO  9 

3 NOP  = COSf 3 ) 

NOPl=NOP+l 

DO  A NCO=l,NCPl 
I.  C = S+NCO 

4 CAl.r,{Nr.O)=  ALPHA(MAN,LC) 

TFfCOSOn  6,5,6 

5 Y=  CAl.Cf  n*CCS(A) 

GO  TO  B 

f>  y = CALC(NOPl) 

TEMl  = TFMP*C0S(5) 
no  7 NPy=i,NOP 
J?  = NOPl-NPV 
7 y-  CALCf  J?)  4-Y*TEM1 
Y = Y*COSIA) 
fi  TFFXP(JPT1=Y 

9 RFTURN 
FNO 


iJBFTC  CONCHC 

SUBROUTIN!:  CnNCHK(  JPT,NO][  M,  lOl  ,ERR,LD,NK,T) 

CHFCK  FOR  CCNVERGFNCF  HF  OVER-RELAXATION  CALC. 

niMFNSION  TD1INDTM«19),LD{10),T<NDIM) 

101  FORMAT!  24X,r'«,4l5X»El4.7H 

DTFF=T(  JPT)-ir)l(JPT.ig) 

IF  ( ARSrniFFI.LF.ERRI  GO  TO  1 
NK  = l 

I IF  un(4)  .EQ.O)  GO  TO  g 

WRITPt  6,101)  JPT,TIJPT),TOU  JPT,19)  ,OIFF,ERR 

9 RETURN 
END 


: DFFRMM 

SURROUTINE  DEFORMIJPT,NDJM,TOl ,RO,LDoTHEXP) 

COMPUTE  FREE  THERMAL  EXPANSION  ALPHA^OELTA  TEMP 

DIMENSION  TDHNDIM,19),THFXP«NDIM)  ,R0(5)  tLOIlO) 

C 

101  FORMAT! IHO, ICX, 16HEIFMFNT  COND .N0=, I4,3X ,6HALPHA=, EIT. 6,3X, 5HTEMP 
2, FIP.5, 3X,14FALPHA*(T1-T0I=,E13.6) 

C 

T IN=RO!  21 

DFLTFM-TDUJPT,  191-TIN 
A=THFXP! JPT) 

ATT^THEXP!  JPT)*OiELTFM 
TFFXP! JPT)=ACT 
IF  !t.O!  10).F0.0)  GO  TO  99 
WPITF!6,1011  JPT,A,T01(JPT,19) ,THEXP(JPT1 
C 

99  RETURN 
FNp 


H Indicator  card  In  correct  place,  NK4 1 
( Boundary  condition  type  • 7?  ^ 

iVw 

( Read  in  specified  temperature  ) 

r — 


If  Index  card  conduction  number 
matches  Indicabr  card,  NKKI 


Boundary  condition  type  • 1?  ) 
♦ Yes  ^ 
r Read  in  specified  heat  flux  J 

r ^ 


No 


if  index  card  conduction  number 
matches  Indicator  card,  NKK) 

-(  Additional  boundary  condition?  ) 

t Y es 


\ 


if  Index  card  conduction  number 
matches  Indicator  card,  NK4 


No 


y NK-O?  ) 


GO  TO  type  and  subtype 
indicated  by  Index  card 


1 ^ 

/ Read  in  appropriate  data,  calculate  ^ 
coefficient  and  conductance  y 

Additional  bour^ry  condftion?  \_XSL 



Return 

I 


End 


Figure  9.  - Flow  chart  for  subroutine  CON. 


C B^ln  ) 

-If! (Boundary  condition  type  ■ 7?^ 

( Boundary  condition  type  • 

t Yes 

Place  specified  heat  flux  in  \ 
element  total  heat  flux  y 

^ -^Type*  2 (type  5 Included  herelTyi 

i Yw 


No 


c 


c 


Add  forced  convection  conductance 
and  calculated  heat  flux  to  totals 

I 


c 


•(TypeOTV 
* Yes 


No 


No 


Add  free  convection  conductance 
and  calculatad  heat  flux  to  totals 

I 


) 


c 


-<Type-4?> 
t Yes 


Add  radiation  "conductance"  and 
calculatad  heat  flux  to  totals 

I 


"<  Type  * 67  > 
t Yes 


No 


Calculate  temperatures  as  flow  prxeeds, 
calculate  varying  temperature  conduction 
and  heat  flux,  and  add  to  totals 

T 


Figure  10.  * Flow  chart  for  subroutine  QT. 
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APPENDIX  B 


CHANGING  OF  BOUNDARY  CONDITION  COEFFICIENTS 

The  program  is  designed  to  make  the  addition  or  substitution  of  equations  for  heat 
transfer  coefficients  relatively  easy.  The  coefficients,  the  products  of  coefficient  times 
boundary  area  and  the  products  of  coefficient  times  boundary  area  times  bulk  fluid  (or 
environmental)  temperature  are  calculated  in  subroutines  SNl,  SN2,  SN3,  SN4,  SN5, 
FCl,  FC2,  FC3,  andRAl. 

The  varying  temperature  coefficients,  at  present,  use  subroutines  SNl  and  SN3, 
Other  calculations  for  the  var3ring  temperature  boundary  conditions  are  performed  in 
subroutines  CQN  and  QT. 


Substitution  of  a Different  Coefficient 

To  substitute  a new  expression  for  one  of  those  presently  used,  the  appropriate  sub- 
routine is  rewritten  using  the  present  words  in  the  TD2  list  for  the  ouiput  (coefficient, 
etc. ).  This  assumes  that  the  same  properties  or  at  least  the  same  number  of  properties 
are  required,  if  not,  the  number  of  items  to  be  read  in  must  be  changed  in  subroutine 
CQN.  Also  the  TD2  words  used  for  output  must  be  changed  in  the  coefficient  subroutine 
as  well  as  in  subroutine  CQN.  The  appropriate  formats  of  subroutine  CQN  must  also  be 
changed  to  reflect  the  TD2  changes. 

The  TD2  list  of  a varying  temperature  condition  must  be  compatible  with  the  TD2 
list  of  the  coefficient  sul^rogram  used.  Thus,  if  subroutine  SNl  is  changed  to  require 
more  input  data,  subroutine  VTl  (see  table  H)  must  also  be  changed.  The  ouiput,  which 
is  common  to  both,  must  use  the  same  new  TD2  words. 

TD2  word  changes  for  a varying  temperature  subroutine  must  be  made  in  subroutine 
QT  as  well  as  in  subroutine  CQN.  Wherever  a TD2  word  (e.  g. , TD2(15))  appears  in  the 
varying  temperature  sections  of  subroutines  CQN  and  QT,  the  new  word  must  be  substi- 
tuted. 

Also  the  two  indicator  flag  words  (TD2(10)  and  TD2(11))  must  be  the  same  for  all  VT 
(varying  temperature)  conditions.  The  calculations  involving  the  flags  require  this.  The 
sections  in  subroutines  CQN  and  QT  handling  the  temperature  change  along  the  flow  and 
the  effect  of  flow  combination  use  the  flags  to  control  the  flow  in  the  subroutines.  If  one 
or  both  of  the  flag  words  are  changed  for  one  VT  condition,  it  (they)  must  be  changed  for 
all  conditions  and  the  new  word(s)  must  be  used  in  subroutines  CQN  and  QT. 


A word  of  warning  should  be  added.  As  implied  previously,  the  TD2  list  is  used  for 
both  input  to  and  output  from  the  coefficient  subroutines.  This  table  is  dimensioned  for 
20  items.  K more  are  needed,  the  dimensions  in  SEAL2,  CQN,  and  the  coefficient  sub- 
routines must  be  increased. 


Addition  of  New  Coefficients 

S an  additional  boundary  condition  is  desired,  a new  subroutine  must  be  written.  A 
varying  temperature  condition  involves  the  precautions  mentioned  imder  substitution. 
Also  the  TD2  list  capacity  must  be  remembered. 

Also,  for  an  added  condition,  a section  must  be  aJded  to  subroutine  CQN.  This  sec- 
tion will  be  analogous  to  the  sublype  sections  already  present.  The  products  of  coeffi- 
cient times  area  and  of  coefficient  times  area  times  bulk  fluid  temperature  must  be 
stored  in  the  correct  places  in  the  conductance  matrix.  An  output  format  for  the  TD2  list 
must  be  composed.  Unused  statement  and  format  numbers  are  provided  for  this  purpose. 
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APPENDIX  C 


COMPUTER  PROGRAM  APPLICATION  TO  MAINSHAFT  SEAL 

Seal  Description 

This  appendix  is  presented  as  an  application  of  the  computer  program  to  a specific 
seal  design.  Figure  11  shows  a schematic  of  a mainshaft  seal  being  developed  for  gas- 


turbine  engines.  This  is  a face-type  seal  with  a self-acting  gas  bearing  which  acts  to  pre- 
vent rubbing  contact  when  deformation  of  the  sealing  faces  occurs. 

In  figure  12(a)  a modified  version  of  the  nosepiece  assembly  is  presented  and  the 
boundary  conditions  are  shown.  This  modification  is  for  the  purpose  of  concentrating  on 
^e  mechanics  of  the  program  i^ppllcation. 

Figure  12(b)  dhows  the  element  schematic  including  conduction  numbers  and  dimen- 
sions. A portion  of  the  seal  plate  is  included  since  it  influences  the  temperature  of  the 
airflow  through  the  seal  gap  and  therefore  has  an  effect  on  the  nosepiece  temperature. 

Also  a portion  of  the  piston  ring  and  its  holder,  which  form  a conduction  path  to  the  nose- 
piece carrier,  are  included. 

The  numbering  sequence  starts  with  tlie  nosepiece  assembly  since  this  is  the  region  of 
interest  for  this  proUem.  The  desired  printout  is  therefore  available  at  the  beginning  of 
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535"  F.  15-psia  oil  mist 


5SCFM 


525"  F oil 


r300  psia 


2SCFM 

1300"  F,  315-psIa  air 


525"  Foil 


-3  SCFM 

1300"  F,  315-psia  air 


525"  Foil 


Air  flow.  10  SCFM 


Shaft  speed,  1570  rad/sec 


(a)  iviodification  of  and  boundary  conditions  for  nosepiece  assembly  of  seal  depicted 
in  figure  11. 


0. 0005  seal  gap 
(axial  scale 
increased) 


0. 36  Average  clearance  1-070065  ^ 

Fs?  asl  3.815  0.090 


3.630  0.08  ^ 50  51  ® 84  3.635  . 090 

3.550  .08  \ 1 109  no  ^6  "hK 


i^av 

Ar 

3.630 

0.08 

3.550 
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.06 
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.07 

3.355 
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3.255 

3.195 

.07 
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.07 
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.100 1 .110  I .125  1 .100 1 .100  |O80|  ’’av  ^ 
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nsoOElElQQ 

ly-.iJKlfyJMKlgj 

iipnaiop 
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57  I 58  59 


diam  (36  holes) 


2.965  .D  1 I 91  92 


(b)  Dimensions  and  conductance  element  numbering  for  nosepiece  assembly  depicted  in  figure  121a).  (All 
dimensions  in  inches.) 


Figure  12.  - Example  problem. 


(c)  BoundatY  element  numbering  and  boundary  heat  transfer  conditions  for  nosepiece 
assembly  depicted  in  figure  12(a). 

Figure  12:  -Concluded. 


each  section  of  output,  and  the  remaining  elements  can  be  ignored.  The  piece  by  piece 
numbering  is  not  necessary;  any  convenient  order  could  be  used. 

Figure  12(c)  shows  the  boundary  numbers  and  the  subroutines  used  to  calculate  the 
heat  transfer  coefficients.  Here  again,  the  sequence  is  a matter  of  convenience  and  the 
nosepiece  assembly  is  numbered  first.  Numbers  1 to  11  are  assigned  to  the  region  where 
concentric  cylinder  flow  (SN4)  is  assumed.  Conduction  element  56  was  ignored  since  only 
a relatively  tiny  part  is  a boundary  of  the  piece.  Numbers  12  to  41  were  assigned  to  the 
liquid  film  cooled  (FC3)  boundaries.  The  varying  temperature  duct  flow  (VTl)  is  num- 
bered next.  Since  conduction  element  12  already  has  a boundary  number  (7),  the  sequence 
continues  with  42  assigned  to  conduction  element  11.  The  method  used  is  an  approxima- 
tion to  avoid  the  complexities  involved  if  conduction  elements  18  and  14  are  included  as 
should  be  done.  For  the  varying  temperature  seal  gap  (VT2)  flow,  numbers  48  to  50  were 
assigned  to  the  nosepiece  elements  not  already  given  boundary  numbers. 

For  the  seal  plate,  the  east  face  of  conduction  element  92  and  the  north  face  of  110 
were  assigned  coefficients.  The  south  face  of  92  was  assigned  a heat  flux.  These  values 
were  obtained  from  a thermal  analysis  of  the  seal  shown  in  figure  11.  Boundary  numbers 
53  to  60  were  assigned  to  the  seal  plate  elements  exposed  to  seal  gap  flow.  The  remain- 
ing boundary  numbers,  61  to  72,  were  assigned  to  elements  given  specified  temperatures 
obtained  from  the  previous  analysis  mentioned. 

The  title  and  parameter  cards  (Items  1 to  5 under  Computer  Input  in  appendix  A)  were 
filled  out  as  indicated  in  the  first  section  of  the  printout.  Also  in  this  section,  Items  6 
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and  7,  the  thermal  conductiviiy  and  expansion  data,  are  indicated. 

Next  are  the  conduction  element  cards  (input  Item  8).  These  are  shown  in  the  second 
section  of  printout  (conduction  element  table).  Words  1 to  8 of  each  card  are  obtained 
from  the  information  in  figure  12(b).  In  word  9,  three  materials  were  used.  The  nose- 
piece  was  material  number  1.  The  piston  ring  and  its  holder  were  material  number  3. 

The  remaining  parts  were  material  number  2.  The  last  four  words  are  contact  resis- 
tances. 

It  should  be  noted  that  each  contact  resistance  must  appear  twice  since  the  program 
ignores  neighbor  contact  resistance  in  computing  heat  fluxes.  Thus  for  elements  42 
and  46,  the  contact  resistance  appears  in  word  11  (north  contact  resistance)  of  element  42 
and  in  word  13  (south  contact  resistance)  of  element  46.  Contact  resistances  between 
parts  were  calculated  using  a ’’conductance  coefficient”  (h  = 0.2)  for  conductance  across 
the  interface.  The  resistance  between  elements  90  and  60  was  the  difference  between  the 
resistance  of  the  air  gap  and  the  resistance  of  an  equal  volume  of  material  number  three 
(element  90  uses  the  same  mean  radius  and  radial  width  as  element  89).  The  resistance 
between  mismatched  elements  (elements  52  and  54  were  changed  in  axial  length  to  approxi- 
mate the  actual  dimensions  in  the  region)  was  calculated  as  illustrated  in  figure  13.  It  was 
assumed  that  the  larger  i*^  element  (e.g.,  52)  has  a conduction  path  length  of  d’  rather 
than  Ar/2  as  in  figure  5.  The  area  was  based  on  rather  than  Ai!..  The  contact 

resistance  was  the  difference  between  d*/2'nr^  and  ^r./4jTr^  Afj. 

The  initial  temperature  estimates  (input  Item  9)  follow  the  conduction  cards.  These 
values  were  obtained  from  a previous  analysis  in  order  to  reduce  the  computer  time  re- 
quired. However,  any  reasonable  estimates  can  be  used  including  the  use  of  one  temper- 
ature for  all  elements. 
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Figure  13.  - Outline  of  calculation  of  contact  resistance  between 
elements  of  different  axial  dimensions,  d'  • 

Ay-  (Afj  + At2)/2. 


The  boundary  heat  transfer  cards  (input  Item  9)  are  assembled  element  by  element. 
The  boundary  numbers  determine  the  order  of  the  sets.  A set  consists  of  the  indicator 
card  for  the  element  followed  by  the  index  card,  plus  any  others  required,  for  each  ’’side” 
of  the  element  that  is  a boundary.  The  indicator  cards  do  not  appear  in  the  printout  but 
the  order  of  the  other  cards  for  each  element  is  indicated  in  the  section  of  printout  follow- 
ing the  initial  temperatures.  This  section,  as  well  as  the  conduction  element  table,  are 
not  standard  output  items  but  are  included  to  indicate  the  cards  required.  Some  calculated 
values  (Reynolds  or  Prandtl  numbers  and  the  following  items  for  each  element  side)  are 
included  in  this  printout. 

In  preparing  the  varying  temperature  boundary  cards,  the  region  at  which  the  flows 
joined  required  the  use  of  approximations  because  the  program  permits  only  one  varying 
temperature  condition  per  element.  Boundary  element  47  (fig.  12(c))  was  assumed  to  be 
affected  only  by  the  duct  flow.  For  boundary  elements  49  and  50,  special  areas  (code 
number  5)  were  used  with  the  sums  of  the  appropriate  faces  as  the  area  values.  Ele- 
ment 56  was  made  the  combined  flow  element  with  47  and  55  (conduction  numbers  19 
and  98)  as  the  upstream  elements. 

The  film  cooled  (FC3)  boundary  was  another  area  where  approximations  were  in- 
volved. It  was  assumed  that  flows  originated  at  the  northwest  corners  of  boundary  ele- 
ments 16  (two  0. 018  Ibm/sec),  24  (two  0. 018  Ibm/sec),  and  35  (two  0. 012  Ibm/sec)  (see 
fig.  12(c)).  The  flows  were  assumed  to  be  either  toward  or  parallel  to  the  axis  except  for 
elements  20  and  31  to  33.  The  arrows  outlining  the  region  indicate  this.  Elements  20  and 
31  to  33  had  flow  around  the  circumference  and  were  the  only  elements  where  the  equation 
properly  applied.  For  the  other  elements,  the  flow  length  was  taken  as  the  sum  of  the 
element  sides  over  which  the  flow  occurred  and  the  length  perpendicular  to  flow  was  the 
average  circumference  for  the  side. 

After  all  cards  were  prepared  and  assembled,  a preliminary  run  was  made  to  check 
for  errors.  The  LD  card  (input  Item  2)  options  (or  words)  1,  2,  and  5 were  used.  Limits 
of  1 minute  and  100  iterations  were  set.  The  results  of  the  final  run  are  presented  in  the 
sections  of  printout  starting  with  the  element  center  temperatures.  These  temperatures 
and  the  varying  temperature  boundary  temperatures  are  also  plotted  in  figure  14.  Im- 
proved results  could  be  obtained  by  using  fluid  properties  based  on  the  new  film  tempera- 
tures calculated  .from  the  results.  This  applies  especially  to  the  varying  temperature 
flows  where  the  properties  were  based  on  the  initial  flow  temperatures  (1300°  F). 
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Computer  Output  for  Sample  Problem 


SAMPLE 

PRCIOLFM*  HAINSHAFT 

SEAL  NDSEPIECF 

10=* 

1.  1 ?f  1 

3f  1 4t  -0 

8,  1 6t  -0  7.  -0  8f  -0 

9 

, -0  10, 

-0 

NT= 

It  1 2.  -0 

3,  -0  4.  -0 

5,  -0 

ftn« 

1*  l.SOQOOOE  CO 

2«  7.0QOOOOP  01 

3t  l.OOOOOOE  02 

4.-0. 

0,-0* 

co» 

U l*inOOODE  02 
6*  U300000E  C3 

2f  7*200000E  0! 
7t  1.300000F  03 

3»  l.OOOOQOE  03 

8t-0. 

4*  5«OOOOOOE-02 
9*  2«OOOOOOE  01 

5,-0* 

lOt-0* 

1 l«5000000E  03 
7 K500000CF-09 

2 l.OOnOOOOF  00 

DATA  FOR  ALPHA* 
3 l.OOOOQOOF  00  4 

l.OOOOOOOE  00 

5 

i.ooaaoQOE 

00 

6 

1*3500000E-06 

t UROOOOOOE  03 
,7  2.5AO0000E-0O 

2 2.0000000E  00 

DATA  FOR  ALPHA* 
3 l.OOOOOOOE  00  4 

t.OOOOOODE  00 

5 

UOQQOQOOE 

00 

6 

2.9447000E-06 

1 I«6000000E  03 
7 6.6071420E-10 

2 a.oonooooH  oo 

8 3.5714290E-13 

DATA  FOR  ALPHA* 
3 2.0000000E  00  4 

laOOQOOQOE  00 

5 

l.OOOQOOOE 

00 

6 

7* 0200000E-06 

CCNnUCTION  FLEKENT  TABLE  (mt) 


1 

1,  l.COOOE  00 

2*  3.0600E  00 

3,  6.0000F-02 

4,  S.QOOOF-02 

5,  2.0000E 

00 

6,  7.000QE 

00 

7, 

0. 

a,  0* 

9«  l.OOOQF  00 

10,-0. 

11,-0. 

12,-0. 

l3,-0. 

2 

l,  2.C00GE  00 

2*  3.0600E  00 

3,  6.0000E-02 

4,  5.QOOOE-02 

5,  3.00Q0E 

00 

6,  8.0000E 

00 

7, 

l.OOOOE 

00 

8,-0. 

9,  l.OOOOE  00 

10,-0. 

11,-0. 

12,-0* 

13,-0. 

3 

1,  3.0Q00E  00 

2,  3.0600E  00 

3,  6.0000E-02 

4,  7.5000F-02 

5,  4.OQ00E 

00 

6,  9.0000E 

00 

7, 

2.0000E 

00 

8,-0* 

9*  l.OOOOE  00 

10,-0. 

11,-0. 

12,-0. 

13,-0. 

4 

1,  4.COOCE  00 

?•  3.0600E  00 

3,  6.onooF-o? 

4,  7.5000E-02 

5,  5.0000E 

00 

6,  t.OOOOE 

01 

7, 

3.0000E 

00 

8,-0* 

9,  l.OOOOE  00 

10,-0. 

11,-0* 

12,-0. 

13,-0. 

5 

1,  S.OOOOE  00 

2*  3.060GF  00 

3,  6.0n00F-02 

4,  7.5000E-02 

5,  6.0000E 

00 

6,  I.IOOOE 

01 

7, 

4.0000E 

00 

8,-0. 

9*  l.OOOOE  00 

10,-0« 

11,-0. 

12,-0. 

13,-0* 

6 

1*  6.COOOF  00 

2*  3.0600E  00 

3,  6.Q000E-02 

4,  7.5000E-02 

5,  0. 

6,  1.2000E 

01 

7, 

6.0000E 

00 

8.-0* 

9»  l.OOOCE  00 

10,-0. 

ll,-0* 

12,-0. 

13,-0. 

7 

1,  7.C00CE  00 

2,  3.12S0E  00 

3,  7.0000F-02 

4,  5.0000F-02 

5,  8.0000E 

00 

6,  1.3000E 

01 

7, 

0. 

8,  l.OCOOF  00 

9*  l.OOOOE  00 

10,-0. 

11,-0. 

12,-0. 

13,-0. 

e 

1,  6*COOQE  00 

2,  3.1250E  00 

3,  7.0000F-02 

4,  5.0000E-02 

5,  l.OOOOE 

00 

6,  1.4000E 

01 

7, 

T.OOOOE 

00 

8,  2*0Ca0E  00 

9,  l.OOOOE  00 

10,-0. 

1 1 ff— 0* 

12,-0* 

13,-0. 

9 

1,  9.00Q0E  00 

?•  3.1250E  00 

3,  7.0000E-02 

4,  7.S000E-O2 

5,  l.OOOOE 

01 

6,  1.5000E 

01 

7. 

S.OOOOE 

00 

8,  3.0C0QE  00 

9*  l.OOOOE  00 

10,-0* 

11,-0. 

12,-0* 

13,-0. 

10 

1*  l.COQQE  01 

2,  3.1250E  00 

3,  7.0000E-02 

4,  7.6000&-02 

S,  I.IOOOE 

01 

6,  1.600GE 

01 

7, 

9.0000E 

00 

8*  4.0C00E  00 

9*  l.OOOOE  00 

10,-0. 

ll.-O. 

12,-0. 

13,-0. 

It 

1,  l.lOQOE  01 

2«  3.1250E  00 

3,  7.0000E-02 

4,  7.50Q0F-02 

5,  1.2000E 

01 

6,  1.7000E 

01 

7, 

l.OOOOE 

01 

8,  S.OCOQE  00 

9*  l.OOOOE  00 

io,-o. 

11,-0. 

12,-0. 

13,-0« 

12 

1,  1*2000E  01 

2*  3.1250E  00 

3,  7.0000E-02 

4,  7.5000E-02 

5,  0. 

6,  t.aoooE 

01 

7, 

I.IOOOE 

01 

6,  6.0C0GF  00 

9*  l.OOOOE  00 

10,-0. 

u,-o. 

12,-0. 

13,-0* 

13 

1,  t«30QQE  01 

2*  3.1950E  00 

3,  7.00G0E-02 

4,  5.0000E-02 

5,  1.4Q00E 

01 

6,  0. 

7, 

0. 

6,  7.0C0QE  00 

9,  l.OOOOE  00 

10,-0. 

11,-0. 

12,-0. 

13,-0. 

14 

1,  l.AOOOE  01 

2,  3.1950E  00 

3,  7.0000E-02 

4,  5.0000E-02 

5,  1.5000E 

01 

6,  1.900QE 

01 

7, 

1.3D00E 

01 

3,  8.CC0QE  00 

9,  l.OOOOE  00 

10,-0* 

11,-0. 

12,-0. 

13,-0* 

15 

1,  1.500GE  01 

?•  3.1950E  00 

3,  7.a0G0E-02 

4,  7.5000E-02 

5,  1.6000E 

01 

6,  2.0Q00E 

01 

7, 

1.4000E 

01 

8,  9.0CaGF  00 

9,  l.OOOOE  00 

10,-0. 

11,-0. 

12,-0. 

13,-0. 

If 

1*  I.600GF  01 

2«  3.19S0E  00 

3,  7.0000F-02 

4,  7.5000E-02 

5,  1.7000E 

01 

6,  2.1000E 

01 

7, 

l.SOOOE 

01 

R«  l.OCOGF  01 

9*  l.OOOOE  00 

10,-0. 

11,-0. 

12,-0. 

13,-0. 

81 


17 

1*  1 *70008  Ot 

?t  1*19508  00 

1#  7.00008-02 

4t  7t5000E-02 

5t  l.BOOOF 

01 

6t  2.20008 

01 

7. 

1*60006 

01 

8.  UlCOQF  01 

9t  1*00008  00 

lOt-Q. 

U*-0. 

i2»-o. 

13t-0« 

tft 

l«  1*80008  01 

?t  3.19508  on 

3*  7.00008-02 

4.  7.50008-02 

Si  5.20006 

01 

6f  2.30QQE 

01 

7. 

1.7000E 

01 

Ot  t*2C008  01 

9*  IcOOOQB  00 

lOt  5*12008  02 

Ut-0« 

12t-0. 

13t-0. 

l<l 

U 1*30008  Ot 

2t  3*25508  no 

3t  5*00008-02 

4*  5.00008-02 

5i  2.00008 

01 

6t  2*50008 

01 

7, 

0* 

fl«  1*40008  01 

3»  1*00008  00 

lOt  0. 

llt-0. 

l2t-0. 

13t-0* 

7C 

1.  7.C0008  01 

2t  3*25508  00 

3*  5.00008-02 

4*  7.SQ008-02 

5,  2.10008 

01 

6f  2*60006 

ot 

7t 

1*90008 

01 

8«  1*50008  01 

9t  1*00008  00 

lOt-O. 

llt-Ot 

t2t-Q. 

13t-0« 

P\ 

1*  ?*tonoe  01 

2t  3*75508  00 

3t  5*00008-02 

4t  7.50008-02 

5t  2.20008 

01 

6t  2.70008 

01 

7t 

2*00008 

01 

8*  t.60008  01 

9«  t»000C8  00 

10t-0* 

Ut-0. 

12f— 0. 

13t-0. 

77 

U 7*20008  01 

2*  3*25508  00 

3t  5,00008-02 

4,  7.50008-0? 

St  2.30008 

01 

6t  2*80006 

01 

7, 

2.10006 

01 

Bf  U7C00P  01 

9t  1*00008  00 

io,-o„ 

12f-0. 

13f-0. 

?3 

U 2*10008  01 

7*  3.25S0r  00 

3t  5*00008-02 

4t  7.50008-02 

5t  5.30008 

01 

6t  2.90008 

01 

7, 

2.20008 

01 

8t  1 *80008  01 

9*  1*00008  00 

lOf  7*04008  07 

llt-0. 

l2t-0. 

13f-0« 

U 2*40008  01 

2*  3.30508  00 

3*  5*00008-0? 

4*  5.00008-02 

5f  2*50008 

01 

6f  3*00008 

01 

7. 

0. 

A«  0* 

9*  1*00008  00 

lOt  0* 

ll*-0« 

12t-0* 

13fl-0. 

25 

1*  2*50008  01 

?t  3*30508  00 

3t  5*00008-02 

4f  5 .00008-02 

St  2*60008 

01 

6t  3.10006 

01 

7, 

2.40006 

01 

8.  1.3C008  01 

9*  1*00008  00 

lOt-0. 

ll*-0. 

12t-0* 

13f-0. 

?6 

]*  7*60008  01 

2t  3*30508  00 

3*  5*00008-02 

4t  7*50008-02 

5t  2*70008 

01 

6t  3.20QQE 

01 

7, 

2.50006 

01 

8*  2*00008  01 

9*  1*00008  00 

io»-o. 

llt-0. 

12t-0* 

l3f-0. 

27 

t*  2*70008  01 

2t  3*30508  00 

3t  5.00008-02 

4t  7.50008-02 

5f  2*00008 

01 

6t  3.30008 

01 

7. 

2*60008 

01 

8*  2*10008  01 

9*  1*00008  00 

lQ«-0* 

tl*-0« 

12t-0* 

13t-0. 
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I*  2.60008  01 

2t  3*30508  00 

3*  5*00008-02 

4«  7.60008-02 

5t  2*90008 

01 

6f  3.40008 

01 

7, 

2.70008 

01 

B*  2*70008  01 

9*  1*00008  00 

lO.-O* 

ll«-0. 

12t-0* 

13t-0. 

7S 

It  2*30008  01 

2t  3*30508  00 

3»  5*00008-02 

4*  7.50008-02 

5t  5*50008 

01 

6t  3.50088 

01 

7, 

2.SaOOE 

01 

flt  2.3CQ08  01 

9*  1*00008  00 

lOt  6.93008  02 

llt-0. 

l2t-0* 

l3t-0« 

30 

It  3*00008  01 

2t  3*35508  00 

3*  5.00008-02 

4t  5.00008^02 

5f  3*10008 

01 

6i  0. 

7, 

0. 

8t  2*40008  01 

9t  1*00008  00 

10*  0* 

llt-0. 

12t-0. 

13t-0. 

31 

It  3*10008  01 

2t  3*35508  00 

3t  5*00008-02 

4t  5.00008-02 

5t  3*20008 

01 

Gt  3.60006 

01 

7, 

3.0D00E 

01 

8t  2*30008  01 

9*  t*fl0Q08  00 

lOt-O. 

11. -0. 

12t-0* 

L3t-Q* 

37 

It  3*20008  01 

2*  3*35508  00 

3*  5*00008-02 

4t  7.50008-02 

St  3.30008 

01 

6i  3.70008 

01 

7, 

3.1000E 

01 

8t  2*60008  01 

9t  1*00008  00 

10*-0. 

llt-0. 

12t-Q* 

13f-0. 

33 

It  3*30008  01 

7*  3*35508  00 

3*  5.00008-02 

4t  7.50008-02 

5»  3*40008 

01 

6t  3.80008 

01 

7t 

3.2000E 

01 

Bt  2*70008  01 

9t  1*00008  00 

l0*-0. 

llt-0. 

12t-0* 

13t-Q« 

34 

It  3*40008  01 

2t  3*35508  00 

3*  5.00008-02 

4t  7.5000&-02 

St  3*50008 

01 

6|  3.9Q0QE 

01 

7t  3*30006 

01 

Bt  7*80008  01 

9t  1.00008  00 

10»-0. 

llt-0. 

12t-0. 

13t-0. 

35 

It  3*30008  01 

2*  3*35508  CO 

3t  5.00008-02 

4t  7.50008-02 

Si  6*30006 

01 

6t  4.00008 

01 

7, 

3*40006 

01 

Bt  2*30008  01 

9t  1*00008  00 

10«  6.83008  02 

llt-0. 

I2t-Q« 

13t-0* 

3A 

It  3*60008  01 

2*  3*41508  00 

3t  7.00008-02 

4f  S.0Q008-02 

St  3*70006 

01 

6t  4.1QQ0E 

01 

7, 

0* 

8*  3.1C00R  01 

9*  ItOOOOE  00 

lOt  0. 

ttf-0. 

I2t-0t 

13t-0« 

37 

It  3*70008  01 

2*  3*41508  00 

3t  7.Q0Q08-Q2 

4t  7.50008-02 

St  3*80006 

01 

6«  4.20008 

01 

7, 

3*60008 

01 

Bt  3*20008  01 

9t  1*00008  00 

to«-o. 

lli-Q« 

12t-0* 

13f-0. 

3P 

It  3«e0Q08  Ot 

2t  3*41508  00 

3«  7.00008-02 

4t  7.50008-02 

5t  3*90008 

01 

6t  4.30008 

01 

7, 

3.70008 

01 

flt  3*30008  01 

9«  1*00008  00 

lOt-0. 

llt-0. 

12t-0. 

13t-0. 

33 

It  3*30008  01 

?»  3*41508  00 

3t  7.00008-02 

4t  7.50008-02 

5f  4.00008 

01 

6t  4.4QQ08 

01 

7t 

3.00008 

01 

Bt  3*40008  01 

9t  1*00008  00 

lO.-O* 

Ut-0. 

12t-0. 

13f-0« 

40 

It  4.C0008  01 

2.  3*41508  GO 

3*  7.00008-02 

4t  7.5000&-02 

5t  7.10008 

01 

6f  4.50006 

01 

7, 

3.90006 

ot 

flt  3*50008  01 

9t  1.00008  00 

10.  4.79008  02 

llt-0. 

12t-Q. 

13t-0« 

41 

It  4*10008  01 

2*  3*48008  00 

3.  6.00008-02 

4t  5.0000F-02 

St  4.20008 

01 

6t  0. 

7, 

0. 

Bt  3*60008  Ot 

9t  t.OQOOE  00 

I’O*  0. 

llt-0* 

12t-CI* 

13t-0« 

82 


n, 


01  ?t  3«4B00F  00  3t  6«aQQQ£-02  4t  7«5000E«02  5«  4.3000  S 01  6»  4.60Q0E  01  7f  4«t000E  01 

3«7CnOP  01  9*  l.OOflOE  00  lOt^O.  Uf  4.3S00E  02  l?t*0«  13t'*0. 


i«  4.3000E  01 
3.BCOOP  01 


« 4«400aE  01 
3.9C0QP  01 


• 9.Efl00P  01 
4.rraoB  oi 


• /i*fOOCE  01 
4»200QP  01 


.«  4.1000E  01 
4«3000F  01 


.«  '1«£000F  01 
4.4rQQE  01 


.«  4«900rE  01 
I 4«6CQCr  01 


:•  5«C0(1QF  01 
4.7C00F  01 


« 9.10QOF  01 
4«FC0QF  01 


1«  S«?OQO>:  01 
0. 


t 9.3000F  01 
S.2000S  01 


• ••<0006  01 

Q. 


• 5«^n00F  01 
6«lCnOE  01 


:•  9.6000F  01 
9«9C0n6  01 


:«  5,7000F  01 
’ 0* 


• 9 *60006  01 
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02 

7, 

0. 

Rf  1.0500E  02 

9f  2fOOOOE  00 

lOf-0. 

llf-0. 

l2f-0. 

13,-0. 

108 

If  IfCeOQE  07 

2f  3.4800E  00 

3f  6fOQOOE-0? 

4f  8.0Q00E-02 

5f  0. 

6,  I.IOOQE 

02 

7, 

1.0700E 

02 

Bf  1.C600F  02 

9f  PfOOOOE  00 

lOt-Of 

llt-0. 

l2f-0. 

13,-0. 

too 

If  UC90QF  02 

2f  3f55Q0E  00 

3f  8fOOOOE-02 

4f  8.0000E-02 

' 5f  l.lOQOE 

02 

6,  0^ 

7, 

0. 

Rf  i.GTOOF  02 

9*  2.0QOOE  00 

lOfO. 

llf-0. 

l2f-0. 

13f-Q. 

IIQ 

If  UlOOOF  02 

2f  3.550QF  00 

3*  8f000OE-02 

4t  6.0000E-02 

5f  0. 

6,  0. 

7, 

1.0900E 

02 

R*  UC80QE  02 

9f  PfOQOOE  00 

lOf-Of 

tlf-0. 

12f-0. 

l3f-0. 

ELftHI^NT  STARTING  TEMPERATURES 


1 

1097.0 

2 

mo.o 

3 

1123*0 

4 

1163.0 

5 

1205.0 

6 

1251.0 

7 

1Q42.0 

8 

1157.0 

9 

1089.0 

10 

1127.0 

11 

1172.0 

12 

1223.0 

13 

1016.0 

14 

1130.0 

15 

1052.0 

16 

1100.0 

17 

1141.0 

IB 

1174*0 

19 

1040*0 

20 

1053.0 

21 

1090.0 

22 

1129*0 

23 

1158.0 

24 

943.0 

25 

947.0 

26 

1054.0 

27 

1085.0 

28 

1120.0 

29 

1146.0 

30 

941.0 

31 

946.0 

32 

lf53.0 

33 

1085.0 

34 

IU3.0 

35 

1138.0 

36 

1058.0 

37 

1065.0 

3R 

1086.0 

39 

1108.0 

40 

1132*0 

41 

1062.0 

42 

IC73.0 

43 

1C86.0 

44 

ItOl.O 

45 

1120.0 

46 

1005.0 

47 

1007.0 

48 

1009.0 

49 

955.0 

50 

987.0 

51 

989.0 

52 

tlRl.O 

53 

1179.0 

54 

1180.0 

55 

1177.0 

56 

1177.0 

57 

1179.0 

56 

1175.0 

59 

1169.0 

60 

1165.0 

61 

1163.0 

62 

1 162.0 

63 

1174.0 

64 

1175.0 

65 

1176.0 

66 

1174.0 

67 

1169.0 

68 

1165.0 

69 

1163*0 

70 

1163.0 

71 

1172.0 

72 

1173.0 

73 

1164.0 

74 

1163.0 

75 

1163.0 

76 

1170.0 

77 

1171.0 

78 

1164*0 

79 

1163.0 

80 

1162.0 

81 

1169.0 

02 

1169*0 

83 

1167.0 

84 

1167.0 

85 

1166.0 

86 

1166.0 

87 

1165.0 

88 

1165.0 

89 

1107.0 

90 

1060.0 

91 

871.0 

92 

881.0 

93 

869.0 

94 

877.0 

95 

866.0 

96 

872.0 

97 

864.0 

98 

868.0 

99 

861*0 

100 

865.0 

101 

860.0 

102 

£64.0 

103 

858.0 

104 

860.0 

105 

856.0 

106 

858.0 

107 

855.0 

lOR 

856.0 

109 

653.0 

110 

854*0 
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TYPP*^.  SUBTYPFsA.  NEXT*1*  ITEMS  REAOs  q. 


AREA  CQOEsA.  SPECIAL  AREA»-0* 


SQ*E£ET 


CPNCFNTPtn  CVLtNCFftS 

ToHsnOO.  K-Ps  Q«t0iaF**04  C-Ps  n.267<)F  00  HU«  0«26B3F-0^  NU~  0«5693E-04  R-0«  0.2525E  00  R-fa  0«2417E  00  OMEGA*  IS70« 

PF*  0.1602E  06  P^*nn^  0.8903E  00  H CDEFFa  0.97063S6F  00 


V-AXa  0.3134F  00 
FI  FHFNTa  !•  TYPF*6.  SUBTYPF®2.  NFXT*0, 


ITFHS  REAOaiA*  AREA  C0CE*3«  SPECIAL  AREA*>*0. 


C0EFF4AREA*  0.6416322E-02 
SQ.FEET 


VAR.TFMP .RACIAL  SEAI  GAP 

T-R810F2.  K-F*  0«P6E4F>0‘i  C->P*  0.2647E  00  MU*  0.2E62E-Q4  NU*  0.49q0FM)4  R-AV*  0.2560E  00  GAP*  0.4333E-Q4  OMEGA*  1570. 
R-n*  0.299PF  00  aAG-C*0.  FLAG~I*2.  AMN.NBR.*  94.  FLQ.NRR**  0.  HASS  FLOW*  0.2382E*02 

RF*  0.20A6F  07  PR«t*l/3*  0.889CF  00  Rg-C*  0.6754F  07  H COEFF*  0.3961579E  00  COEFF^AREA*  0.3173645E-02 

HT.CFN .FACTOR*  O.IOOOQF  01 


FIFHFKT*  ?.  TYPE*?.  SllBTYPF*4.  NBXT*0.  ITEMS  RFAH*  9*  AREA  C00e*4.  SPECIAL  ARFA*-0. 

CnNCFHTRlC  CVLINCERS 

r-RsnOO.  K-F*  A«t0PtE->04  C-P*  0.2680F  00  HU*  0«2690F*04  NU*  0.5632E-04  R-0*  0.2625E  OO  R-I* 

V-AX*  0.313AE  00  RF*  0.1492F  05  PR*>lt|/3a  O.R904F  00  H COFFF*  0.9672406F  00 

FI  FMFNT*  3.  TYPF*2.  SUBTYPE*4.  NEXT*0.  lTFHSREAn=9.  AREA  CODE*  SPECIAL  AREA=-0. 

CONCENTRIC  CYl INFERS 

T-R*1300.  K-F*  0.1024F-04  C-P*  0.2682F  00  MU*  0.P596E-0A  NU*  0.5664E-0A  R-0*  0.2525E  00  R-I® 

V-AX*  C.3134F  00  RE*  0.1483E  05  PR**l/3*  0.8905E  00  H COEFF*  0.9643760E  00 

FIFHFNT*  A,  TYPF*2.  SUBTYPE**.  NFXT*0.  ITEMS  RFAO*  9.  AREA  C0DE=4.  SPECIAL  AREA«-0. 

rrNCFNTRIC  CYLINCERS 

T-B*I3J0.  K-P*  0.I033E-04  C-P*  0.26B7E  00  HU*  0.2716 E-04  NU*  0.5774E-04  R-0*  0.2S25E  00  R-l* 

V-AX*  C. 31346  no  RF*  0.1455E  06  PR*«l/3*  0.8907E  00  H COEFF*  0.9549769E  00 

FI  FMFNT*  S.  TYPE*P.  SUBTYPE**.  NEXT*0.  ITFMS  REAtJ*  9.  AREA  C00E=4.  SPECIAL  AREA*-0. 

CONCENTRIC  CYI  INFERS 

r>n*1300.  K-F*  Q.I047E-04  C-P*  0.2692F  00  HU*  0.7736F-04  NU*  O.S890E-04  R-O*  0.2S25F  00  R-I* 

V-AX*  C.3I34P  no  RF*  0.L427E  06  PR4*t/3*  0.8910E  00  H COEFF*  0.9452609F  00 

FIFMFM*  6.  TYPE*?.  SUBTVPE*4.  NEXT=l.  ITEMS  READ*  9.  AREA  COOF*l.  SPECIAL  AREA=-0. 

CONCENTRIC  CYLINCFRS 

T-B*nOO.  K-F*  0.10S1E-04  C-P*  0.2698F  00  MU*  0.2759E-04  NU*  0.6018E-04  R-D*  0.295QE  00  R-l* 

V-AX*  0.  RF*  0.1727E  06  PR*n/3*  0.B912E  00  H COEFF*  0.9318566E  00 

FIFHFNT*  6.  TVPF*?.  SUBTVPF*A.  NEXT=0.  ITFMS  READ*  9.  AREA  COOE*4.  SPECIAL  AREA*-0. 

CONCENTRIC  CYLINDERS 

7-R*t3C0.  K-F*  O.lOSlE-04  C-P*  0.2698E  00  MU*  0.2759E-04  NU*  0.6018E-04  R-Q*  0.2625E  00  R-t* 

V-AX*  0.3134F  00  RF*  0.1396E  06  PR^^^l/B*  0.8912E  00  H COEFF*  0.9348986E  00 

FLFHFNT*  12.  TYPF*7.  SUBTYPE=4.  NFXT*l.  ITEMS  REAO*  9.  AREA  CODE*!.  SPECIAL  AREA*-0. 

COKCFNTRIC  CYLINDERS 

T-R*1300.  K-F*  0.104SF-04  C-P*  0.269AE  00  HU*  0.2745E-04  NU*  0.5940E-04  R-0*  0.2608E  OO  R-l* 

V-AX*  0.  OF*  0.2543E  06  PR*n/3*  0.8911E  00  H COEFF*  0^.9354691E  00 

ELEMENT*  12.  TVPE*6.  SUBTYPE*U  NEX5*0.  ITEMS  RFAD*|2.  AREA  CODE*S.  SPECIAL  AREA*  0.23562E* 


SO.FEFT 


0.24t7E  00 
CQEFF9AREA* 

SQ.FEET 


0.2417E  00 
C0EFF9AREA* 

SQ.FEET 


0.2417E  00 
CQEFF*AREA* 

SQ.FEET 


0«24<7E  00 
C0EFF4AREA* 

SQ.FEET 


0.2417E  00 
CQEFF»AREA« 

SQ.FEET 


0.241TE  00 
COBFF*ARFA» 

SQ.FEET 

0.2417E  00 
CQEFF«AREA* 

>02  SQ.FEET 


OMEGA*  1570. 
O.63938B0E-02 


OMEGA*  1570. 
0.9562416E-02 


OMEGA*  1570. 
0.946921 8E-02 


OMEGA*  1570«, 
0.9372877E-02 


OMEGA*  1570. 
0.7465160E-02 


OMEGA*  1570. 
0.9270129E-02 


OMEGA*  1570. 
0.8928836E-02 


VAR.TEHP.OXT  FLOMt  LUUI3 

T-B*12S5.  K-F*  0.1042E-04  C-P*  0.2693E  00  HU*  3.2733i:-34  MASS  FL3M*  0.5685E  01  O-HYOR*  0.3333E-02  L-flOX*  3.31256-92 

ANN.N8R.*  0.  FL3H  NBR*  U.  FLAG-C*0.  FLAG-!*!.  X-SEC*  0.3142E-03 

RE*  0.6920E  Oi  PR*  0.7074E  00  H CUEFF*  9.3122549E-01  COEFF^AREA*  0.73573S0E-04 


EIFHFNT*  52.  TYPF*2.  SUBTYPF*4.  NEXT*l.  ITEMS  READ*  9.  AREA  CODE*l.  SPECIAL  ARFA*-0. 

CnNCENTRtC  CYLINDERS 

T-R*13(10.  K-F*  0.1036E-Q4  C-P*  0.2689E  00  MU*  0.2725E-04  NU*  0.5824E-04  R-D*  0.2662E  00 
V-AX*  0.4726F  00  RE*  0.3366E  06  PR««l/3*  0.8908E  00  H COEFF*  0.9456514E  QO 

PLFMFNT*  52.  TYPF*?.  SUBTYPE*A.  NFXT*0.  ITEMS  READ*  9.  AREA  CQDE*>4.  SPECIAL  AREA»-0. 


SQ.FEET 


R-l*  0.2417E  00  OMEGA*  1570* 
CQEFF4AREA*  0.9228304E-02 

SQ.FEET 


CONCENTRIC  CYI INDERS 

T-R*13C0«  K-F*  0.1036F-04  C-P*  0.2689E  00  MU*  0.272SE-Q4  NU*  0.5824E-04  R-Q*  0.2633E  00  R-S*  0.2417E  00  OMEGA*  1570. 
V-AX*  C.4776F  00  RE*  0.2949E  06  PR«*l/3*  0.890BE  00  H COFFF*  0.945077QF  00  CQEFF«AREA*  O.U07619E-01 


FLFMFNT*  54.  TYPF*2.  SUBTYPE*4.  NEXT*!.  ITEMS  READ*  9.  AREA  CQDE*1.  SPECIAL  AREA*-0«  SQ.FEET 

CONCENTRIC  CYL INRFRS 

T-B«t3C0.  K-P*  0.1036E-04  C-P*  0.7689E  00  HU*  0.2725E-04  NU*  0.5824E-04  R-0*  0.2712E  00  R-I*  0.2417E  00  OMEGA*  1570. 
V-AX*  0.4776F  00  PF«  0.4Q90E  06  PR*«l/3*  O.8908E  00  H COEFF*  0.9476610E  00  C0EFF4ARFA*  0.6729633E-02 


FLFMENT*  54.  TYPE*?.  SUBTYPE*4.  NEXT*0.  ITEMS  READ*  9.  AREA  CQDE*5.  SPECIAL  AREA*  0«t76t7E-02  SQ.FEET 


CnNCFNTRIC  CYLINDERS 

r-B*t300.  K-F*  0.1036E-04  C-P*  0.2689E  00  HU*  0.2725E-Q4  NU*  0.5824E-04  R-Q*  0.2692E  00  R-l*  0.2417E  00  OMEGA*  1570. 
V-AX*  Q.4776E  00  RE*  0.3787E  06  PR*«t?3*  0.890QE  00  H COEFF*  0.9467Q12E  00  COEFF«AREA*  0.1667804E-02 

FIFHFNT*  57.  TYPF*?.  SUBTVPF*4.  NEXT«0.  ITEMS  READ*  9.  AREA  C0DE*4.  SPECtAL  AREA*-0.  SQ.FEET 


concentric  cylincfrs 

T-fl»l3C0.  K-F*  0.1036E-04  C-P*  0.76B9E  00  0.2724E-04  NU*  0.5818E-04 

V-AX*  0.4776E  00  RF*  0.4524E  06  PR44I/3*  O.8908E  00  H COEFF* 


R-0*  0.2742E  QO 
0.9497S71E  00 


FLFMFNT*  58.  TYPP*?.  SUBTYPF*4.  NEXT*0.  ITEMS  READ*  9.  AREA  C00E*4.  SPECtAL  ARFA«-0. 


-I*  0.2417E  00 
C0EFF4ARFR- 


SQ.FEEl 


OMEGA*  ISr. 
0.13f.i408E-0l 


concesitric  cylinders 

T-8*1300.  K-F*  0.1035E-04  C-P*  0.268BE  00  MU*  0.2722F-04  NU*  0.58076-04  R-0*  0.2742E  00  R-l*  0.2283E  00  OMEGA*  1570. 
V-ax*  0.932IF  00  RF*  0.6228F  06  PR«41/3*  O.8908E  00  H COEFF*  0.9274974E  00  CGEFF4AREA*  0.14645996-01 
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ELFHFNTs  30*  TVPEs?.  SUBTYPE^?*  NEXT«1«  ITEMS  READ-  4.  AREA  C0DE«2.  SPECIAL  AREAs-0« 


SQ.EEET 


LICUTC  FILM  CQ0LIM6 

T*R«  S?S.  U/L«  O.lQOQE-01  C-P«  0.503QE  00 


FLEH'  NT«  SO.  TYPE«6.  SUBTYPE^E.  NEXT*0. 


L'FLOHs  0.8849E  00  H COEFF»  0.5684258E-Q2  CQEFF«AREA«  0*4l9l58tE-04 

ITEMS  REAOslA.  AREA  CQ0E»3«  SPECIAL  AREAs.Q,  SO.FEET 


VAR. TEMP. RADIAL  PEAL  GAP 

T*Bs  9SS*  K-Pa  0«9048E~05  C-P»  0.2611E  00  PU»  0.2423E-04  NJs  0«1971E«03  R>AV»  0.2796E  00  GAP«  0.4333E-04  OMEGA"  1570. 
R*0’  0.299PE  00  aAG-C"0.  FLAG-t"?.  ANN.NBR.et04.  FLO.NBR.e  24*  HASS  FLQWe  0.5954F-02 

RE*  d.78UE  06  PR^^l/B*  C.RB76E  00  RE-C*  0.6754E  07  H COEFF*  0.37069P6E  00  C0EFF*ARFA*  0.2713275E*02 

HT .GEN .FACTOR*  O.IOOOOE  Ot 


ELEMENT*  36.  TYPE*2.  SUBTVPE*3.  NEXT*0.  ITEMS  READ*  4. 


AREA  C00E*3.  SPECIAL  AREA*-0. 


LTQUTC  FILM  COOLING 

T-R*  525.  N/L*  0.1QQOP>01  C-P*  0.5030E  00 


ELEMENT*  41.  TYPE*3.  SUBTYPE*3.  NFXT*t. 


L-FLOH*  0.2339E  00  H COEFF*  0.21S0492E-01 

ITEMS  READ*  4.  AREA  C00E*2.  SPECIAL  AREA*-*0« 


SO.FEET 

COEFF^AREA*  0.2243075E-03 
SO.FEET 


LlOUtO  FILM  COOLING 

T-R*  525.  H/L*.C.tOOQE-01  C-P*  0.5030E  00 
FLFHFNT*  41.  TYPE*3.  SUBTYPF=3.  NEXT*0. 
LIQUIC  FILM  COOLING 

T-B*  525.  H/L*  O.tOOOE-Ot  C-P*  0.503QE  00 
ELEMENT*  46.  TVPE*3.  SUBTVPE*3.  NEXT*0. 
LICUIC  FILM  COOLING 

T-R*  525.  U/L*  0.2000E-01  C-P*  0.5030F  00 
ELEMENT*  49-  TYPF*3.  SUBTYPE*3.  HEXT=l. 
LlOUtO  FILM  COOLING 

T-B*  525.  U/L*  C«15Q0E-0t  C-P*  0.503QE  00 
ELEMENT*  49.  TYPE*3.  SUBTyPF*3.  NEXT*0. 
LIOUIS  FILM  COOLING 

T-n*  525*  H/L*  G.200QE-Ot  C-P*  0.5030E  00 
FL6HEKT*  50.  TVPE«3.  SUBTVPE*3.  NEXT*0. 
IIGUIO  FILM  COOLING 

T-B*  525.  U/L«  O.tSOOE-Ot  C-P»  0.5030E  00 
FLFHFNT*  51.  TVPF»3.  SUBTYPE«3.  NFXT-I. 
LtOUTG  FILM  COOLING 

T-B*  525.  H/L*  0.5000B-02  C-P*  0.5030B  00 
ELEHFNT*  51.  TVPE»3.  S0BTVPF*3.  NEXT*0. 
IIOUTG  FILM  COOLING 

T-8*  525.  H/L*  Q«15a0E-0l  C-P*  0.S030E  00 
FLFHFNT*  48.  TYPE*3.  SU6TYPE*3.  NEXT»0. 
LIQlltr  FILM  COOLING 

T-fis  525.  H/L*  0.5000E-02  C-P*  0.503QE  00 
FLFHFNT*  45.  TYPF*3.  SUBTVPE*3.  NEXT*0. 
LIQUIC  FILM  CQOLIMG 

T-B*  525.  H/L*  C.2000E-01  C-P*  O.S030E  00 
ELEHFNT*  Bl.  TYPF=3.  S0BTYPE*3.  NEXT*0. 
LIQUIC  FtLH  COOL  ING 

T-B*  525.  W/L*  C.1500E-01  C-P*  0. 5030E  00 
FLFHFNT*  83.  TVPF*3.  SUBTVPS*3.  NEXT*0. 
LtOUlC  FILM  COOLING 

T-R*  525.  U/L*  0.15Q0E-O1  C-P*  0. 5030E  00 
ELEMENT*  35.  TVPF«3.  SURTVPE*3.  NEXT*0. 
lIOIJtG  FILM  COOLING 

T-R*  525.  H/L*  O.ISOQE-Ol  C-P*  0.5030E  00 
FIFHENT*  P7.  TYPE*’..  SUBTVPF*3.  NBXT*l. 
LlOllir  FILM  COOLING 

T-B*  525.  H/L*  0.I5R0E-01  C-P*  0.S030E  00 
FLFHFNT*  87.  TYPF*3.  SUBTYPE*3.  NEXT«0. 
ttOUir  FILM  COOLING 

T-R*  525.  H/L*  O.15C0E-O1  C-P*  0.5030E  00 
FLFHFNT*  R8.  TVPF*3.  SUBTYPR*3.  NEXT»l. 
LIQUIC  FILM  COOLING 

T-R*  525.  H/L*  0.250QE-0I  C-P*  O.S030F  QO 
FLFHFNT*  AR*  TVPF«3.  5UBTYPE«3.  NEXT*0. 


L-FLOH*  0.9I89E  00  H COEFF*  0.5473936E-0? 

ITEMS  RFAOs  4.  AREA  CQDE*3.  SPECt/d  AREA*-0. 


C0EFF4AREA*  0.4191 739E-04 
SO.FEET 


L-FLOH*  0.2339E 
ITEMS  READ*  4. 


00  H COEFF*  0 .21504922-01 

AREA  CQ0E*3.  SPECIAL  AREA*-0. 


GQEFF4AREA*  0.1959231E-03 
SO.FEET 


L-FLOH*  0.2450E 
ITEHS  READ*  4. 


00  H COEFF*  0.4t06t22E-01 

AREA  CQ0E*2.  SPECIAL  AREA*-0. 


C0EFF4AREA*  0.5088240E-03 
SO.FEET 


L-FLGH*  0.96Q8E 
ITEMS  READ*  4. 


00  H COEFF*  0.7652831E-02 

AREA  COOE*3.  SPECIAL  AREA*-0. 


CQEFF*AREA*  0.9431286E-04 
SO.FEET 


L-FLOH*  0.2450E 
ITEMS  RFAn*  4. 


OP  H COEFF*  0.4106122E-01 

AREA  C0CE*2.  SPECIAL  AREA»-0« 


CQEFF4AREA*  0.5202905E-03 
SO.FEET 


L-PLOM*  0.9608E 
ITEMS  READ*  4. 


.00  H COEFF*  0.7852R3tE-02 

AREA  CaCE«l.  SPECIAL  AREA«-0. 


COEFF«AREA»  0.9431286E-04 
SO.FEET 


L-FLOU*  0.245QE 
ITEMS  READ*  4. 


00  H COEFF*  0.1026531F-01 

AREA  CaOE*2.  SPECIAL  AREA*-0. 


C0EFF6AREA*  0.1300726E-03 
SO.FEFT 


I-FIOU*  0.9608E 
I TPMS  READ*  4. 


00  H COEFF*  0.7652831E-02 

AREA  CQDE*1.  SPECIAL  AREA*-0« 


C0EFF4AREA*  0.943I286E-04 
SO.FEET 


L-FLOH*  0.2450F 
ITFHS  RFAD*  4. 


00  H COEFF*  0.1026531E-01 

AREA  CQDE*2.  SPECIAL  AREA*-0. 


C0EFF4AREA*  0.I272060E-03 
SO.FEET 


L-FLOH*  0.9189E 
ITFHS  READ*  4. 


00  H COEFF*  0«1094787E-0t 

AREA  C0DE*3.  SPECIAL  AREA*-0. 


C0EFF4AREA*  0.1257522E-03 
SO.FEET 


L-FLOH*  0.2361E 
ITEMS  READ*  4. 


00  H COEFF*  0.3t95680E-01 

AREA  CQ0E*3.  SPECIAL  AREA*-Q. 


COEFFPAREA*  0.3960034E-03 
SO.FEET 


L-FLOK*  0.2361E 
ITEMS  READ*  4. 


00  H COEFF*  Q.3I95680E-01 

AREA  CaOE*3.  SPECIAL  ARFA*-0. 


CaEFFPAREA*  0.4561 709E-03 
SO.FEET 


L-FLOH*  0.2361E 
ITEHS  READ*  4. 


00  H COEFF*  0.319S680E-01 

AREA  C00E*2.  SPECIAL  ARFA*-0. 


CQEFF«AREA*  0.4674653E-03 
SO.FEFT 


L-FLQH*  Q.lOlOE 
ITEMS  READ*  4. 


01  H COEFF*  0.7466601E-02 

AREA  C00E*3.  SPECIAL  AREA*-0. 


CQEFF*AREA>  0.8802897E-Q4 
SO.FEET 


L-FLOH*  0.2631E 
ITEMS  REAO*  4. 


00  H COEFF*  0.2867731E-01 

AREA  C00E«1.  SPECIAL  AREA«-0. 


COEFFPAREA*  0.4296282E-03 
SO.FEET 


L-FLOH*  0.2669E 
UPMS  RFAD*  4. 


00  H COEFF*  0.471 1502E-01 

AREA  C00E*2.  SPECIAL  AREA*-0. 


COEFF«AREA*  0.705SS23E-03 
SO.FEFT 
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l.TOUir  FILM  CnntlMG 
T-Ba  535,  W/l  a 0.1500F- 

FI.FMFN'T®  ‘16.  rVPFs3. 

Ltourc  Mlm  com  IMG 

T-Ra  5?S.  H/La  0.3S0QE- 
FLFMPMa  «4.  TYPFa^. 

1 rQurr  film  cool  ing 

T-Ba  «;P5,  W/ta  0.2500B- 
FLFMFNTa  fl?.  TVPFal. 

I rourr  film  cooling 
T-Ra  525.  W/la  0.2500B- 

FLFHFNTa  77.  TVPFal. 

L CIIIC  FILM  COOLING 
T-Ra  525,  W/La  C.2500E- 

FlFHFNTa  77,  TVPFa% 

L lOtlir  FILM  COOLING 
T-B  5 25.  W/La  C.P500F- 

Fl  FMFNTa  65.  TYPFa?. 

L IODIC  FILM  COOLING 
T-Ra  525.  H/La  C.IZOnE- 

Fl.  FMFNTa  66.  TYPFa^, 

I IODIC  FILM  CnOI  IMG 
T-Ba  525.  W/Ls  O.llOOF- 

FLFMFNTa  67,  TVPFa% 

L IODIC  FILM  COOLING 
T-Ra  «525.  H/La  0.1200F- 

Fl FMFNTa  73.  TVPEs3, 

I lODir  FILM  COOLING 
T-fla  62S.  W/L»  O.lOnOE- 

ELFHFNT  7fl.  TYPFa3, 

L IODIC  Ffl  H COOL  ING 
T-Ra  5 75.  W/La  0.1500F- 

FL FMFNTa  78.  TYPEa3« 

L IODIC  FILM  COOLING 
T-fla  525.  H/La  O.IOOOE- 

FL FMFNTa  70.  TVP6a3. 

I lODir  FILM  COOLING 
T-Ra  525.  W/I.a  Q.1500F- 

FL FMFNTa  80.  TYPEa3. 

I IODIC  FII  H COOLING 
T-Ra  895,  H/La  C.1500F- 

FLEHENTa  80,  TVPEa3, 

I IODIC  FILM  COOLING 
T-Ra  5 25,  H/La  C.15CQF- 

Fl  FMFNTa  75.  TYPFa3. 

t IQUtr  Fit  M COOL  ING 
T-fla  525.  H/La  C.ISOOE- 

FLFMFNTa  70.  TYPF=3. 

L IODIC  PItM  COOLING 
T-Ra  525.  H/La  O.ISOOE- 

fi.  FMFNTa  62.  TVPFal. 

I lODtr  FILM  cnoi  IMG 
T-fla  5 2*;.  W/La  0.15n0P- 

FLFMFNTe  6.*»,  TVPFal, 

I IODIC  FILM  con  ING 
T-Ra  525.  H/La  O.IOOOF- 

FI  FMFNTa  61.  TVPEa?, 

I IODIC  FII  M cnoi  m 

T-Ra  595,  H/La  C.SOOOE- 
Fl  FMFNTa  11.  TVPFaF, 


01  C-Pa  0.5030F  00 
SUBTYPF=3,  NEXT=0. 

01  C-Pa  0.5030E  00 
SUBTVPFaS.  NFXTaO, 

01  C-P=  0.5030E  00 
RtJBTYPEa3.  NEXTaO. 

01  C-Pa  0.5030E  00 
SUBTVPFaS,  NFXTaO. 

01  C-Pa  0.5030E  00 
SUBTYPFa3.  NEXTaO, 

01  C-Pa  0.S030E  00 
SUBTYPEal,  NFXTaO. 

01  C-Pa  0.503QE  00 
SUBTYPE=3.  NEXTaO. 

01  C-Pa  0.5030F  00 
SUBTVPFal,  NFXTaO. 

01  C-Ps  0.5030F  00 
SUBTYPEa3.  NEXTaO. 

01  C-P=  0. 5030E  00 

SUBTVPFaS,  NEXTal. 

01  C-Pa  0.5030F  00 
SUBTYPE=3.  NEXTaO. 

01  C-P=  0.5030E  00 
SUBTVPE=3.  NFXTaO. 

01  C-Pa  0.5030F  00 
SUBTYPE=3.  NEXTal, 

01  C-Pa  D.503QE  00 
SUBTVPE=3.  NFXTaO. 

01  C-Pa  0.5030F  00 
SUBTYPEa3.  NEXTaO. 

01  c-pa  0.5030E  no 

SUBTVPFal,  NEXTaO. 

01  C-pa  0.5030E  00 
SUBTYPFaS.  NEXTal, 

•01  C-P-*  0.5030F  00 

SUBTVPEa3.  NEXTaO. 

•01  C-pa  0.5030F  00 
SUPTYPFal.  NEXTaO. 

•02  C-Wa  0,S030E  00 
SUBTVPFal.  NEXTaO. 


L-FLOH-  O.lOlOE 
ITEMS  REApa  4. 

L-FLOHa  0.2669E 
ITEMS  READa  4. 

L-FL0H=  0.7669F 
ITEMS  BEAPa  4. 

L-FLOHa  0.9669E 
ITEMS  READa  4. 

L-FLQM=  0.2669E 
ITFMS  RFAOa  4. 

L-FLOHa  0.2669F 
ITEMS  RFAOa  4. 

L-FLOHa  0.BB49E 
ITEMS  READa  4. 

L-FLDWa  0.8849E 
ITEMS  RFAOa  4. 

L-FLOha  O.B849F 
ITEMS  READa  4. 

L-FLOHa  0.2298F 
ITFMS  RFAOa  4. 

L-FLOHa  0.90S4E 
ITEMS  READa  4. 

L-FLDH=  0.2298E 
ITEMS  READa  4. 

L-FLOM=  0.9084E 
ITEMS  RFAOa  4. 

L-FLOHa  0.2325E 
ITEMS  READa  4. 

L-FLCHa  0.9084E 
ITEMS  READa  4. 

t-FLOH=  0.2325E 
ITEMS  READ*  4. 

L-FLOUa  0.2325F 
ITEMS  READa  4. 

L-FLOHa  0.2325E 
ITEMS  READa  4, 

L-FLOHa  0.8613F 
ITEMS  READa  4. 

L-FLONa  Q.8613E 
ITEMS  REA0al2. 


01  H 

AREA  CODEal. 

00  H 

AREA  COOEal. 

00  H 

AREA  COOEal. 

00  H 

AREA  CODEal. 


CQEFFa  0,7466601E-02  CQEFF^AREAs  0*ei74ll9E-04 
SPECIAL  AREAa-0.  SQ.FEET 

COEFFa  0.47U602E-01  COEFF^AREA*  0.6B92005E-03 
SPECIAL  AREAa-0.  SQ.FEET 

CQEFFa  0 .47115026-01  CQEFF*AREAa  O. 67254B6E-03 
SPECIAL  AREAa-0. 


SQ.FEET 

COEFFa  0.47U502E-01  CQEFF*AREA*  0.583B417E-03 
SPECIAL  ARFAs-0. 


SO.FEET 

00  H COEFFa  0.47115D2E-01  COEFF^AREA*  0.42924 70E-03 

AREA  COOEal.  SPECIAL  AREAa-0.  SQ.FEET 

COFFFa  0.4711S02F-01  COEFF«AREAa  0.4525S01E-03 
SPECIAL  AREAa-0. 


00  H 

AREA  COOFa?. 

00  H 

AREA  CODEa?. 

00  H 

AREA  CQDEa2. 


SQ.FEET 

COEFFa  0,6821110E-0?  COEFF^AREA*  0.1005979E-03 
SPECIAL  AREAa-0.  SQ.FEET 

COEFFa  0.6252684E-02  CQEFF«AREAa  0.1Q14363E-03 
SPECIAL  AREAa-0. 


00 

AREA 

00 

AREA 

00 

AREA 


SQ.FEFT 

H COEFFa  0.6821110E-02  C06FF*AREA»  0.1257474E-03 
C0DEa3.  SPECIAL  AREAa-O.  SQ.FEET 

H COEFFa  0.2188860E-01  CQEFF*ARFAa  0.1454094E-03 
CQDEa2.  SPECIAL  AREAa-0.  SO.FEET 


H COEFFa  0.83n5812E-02  CQEFFMREAa  0.1257561E-03 
CQ0Ea3.  SPECIAL  AREAs-0. 


SO.FEET 

00  H COEFFa  0.21B8660E-01  COEFF^AREA*  0.1317997E-03 

AREA  COOEa2.  SPECIAL  AREAa-0.  SQ.FEET 

00  H COEFFa  O.R3O5812E-02  COEFF*AREA>  0.1257561E-03 

AREA  CODEal.  SPECIAL  AREAa-0.  SQ.FEET 

QO  H COEFFa  0.324S161E-01  COEFF*AREAa  Q.1Q54037E-03 

AREA  C0DEa2«  SPECIAL  AREAa-0. 


SQ.FEET 

00  H COEFFa  0.830SG12E-02  COEFF*AREAa  0.1006049E-03 

AREA  CODEal,  SPECIAL  AREAa-0.  SO.FEET 


00 

AREA 

00 

AREA 

00 

AREA 

00 

AREA 

00 

AREA  ! 


H COEFFa  0.3245161E-01  COEFFCAREAa  0.2155812E-03 
CODEal.  SPECIAL  AREAa-Q. 


H 

CODEal. 


SO.FEET 

COEFFa  0.324S161F-01  COEFF^AREAa  0.2375287E-03 
SPF.CIAL  AREAa-0.  SO.FEET 


C00Ea4. 

H 

CC0Ea4. 


COEFFa  Q.324SI&IE-0I  COEFF«AREAa  0.1674742E-03 
SPECIAL  AREAa-0.  SO.FEET 


COEFFa*  0.5840G09E-02  COEFFPAREAa  0.6706822E-04 
SPECIAL  AREAa-0. 


COEFFa  0 
SPECIAL 


SQ.FEFT 

.292n005E-02  CQEFF4AREA*  0.4191 764E-04 
AREAa  Q.16ttSE-02  SO.FEET 
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VAR.TEHP.JUCT  FLUN»  LUUii) 

T-8«12S5«  K-Fs  0«103d£>U4  S-Ps  0*2688E  00  HUs  0«2721E-34  HASS  FLOri»  0.S685E  01  O-HYORs  0.3333E-02  L-=LOtfs  0.7B3SE-02 

ANH«NB>il*«  a.  FL3U  N0R«  12*  FLAO-CsO.  FLAu-IsL.  X-5ECs  0.3142E-03 

REs  0.6965E  03  PR»  0.7069E  00  H COEFF«  0.2280963E-Ot  CQEFF«AREAs  0 .3675772E-04 

aEMEMT*  17.  TY?E=6.  SUarYPE=l.  NEXT=0.  UEH3  REAU=12.  AREA  C3DE=5-  SPECIAL  AREA=  (M6115E-02  SO.FEET 

VAK.TEMP.OXT  FLOW*  LUUIO 

r*-fi8t240.  K-Fs  0.1026E-04  :-P«  0«2684E  00  MU^  0.2703E-34  MASS  FLOrfe  0.S685E  01  0-HY0R«  0.3333E-02  L^-LOH^  0.1133E-01 

ANN.NBR.s  0.  FlOM  HBRs  U*  FLAO'CsQ.  FLAG-UL.  X-SEC-  0.3142E-03 

REs  0.7006E  03  0. 70b4£  00  H COEFFs  0. L982752E-01  CQEFF^AREAs  0.3195205E-04 

ELEHE9T«  16.  TYPE-b.  SUBTYPEst.  NEXTcQ*  ITEMS  REA0sl2.  AREA  COOEsS.  SPECIAL  AREAs  0.23562E-02  SO.FEET 

VAR.TEMP.OXT  FLQHy  LIOUID 

T-6sl2lO.  K-Fs  0.I019E-04  C-P»  U.2679E  00  HU^  3.268SE-04  HASS  FLOW»  0.S68SE  01  D<>HYORs  0.3333E-02  L^PIQH^  0.1643E-91 

ANN.NBR.s  0.  FLJM  N3R»  17.  -LA3-CsO.  FLAG-X»1.  X-SEC^  0.3142E-03 

REs  0.70S7E  03  PR»  0.7059E  00  H COEFFs  0.1765946E-01  COEFF«AREA=  0*4t60923B>04 

aEHE'JTs  15.  TYPE-6.  SUBTYPEsl.  NEXT^O*  ITEMS  REA0=L2.  AREA  COOEcS.  SPECIAL  AREA-  0.L5087E-02  SQ.FEET 

VAR.TEMP.OXT  FLQHt  LIQUIO 

T»OstiaO.  K-Fs  0.1Q03E-Q4  C«Ps  0»2673E  00  HUs  3.2661E-04  MASS  FLOW-  0.S685E  01  O-HYOR-  0.3333E-02  L^^PLOMs  0*2l33E-3l 

ANN«N8R.-  0.  FLOH  M3R-  16.  FLAG-CsQ.  FLAG>|st.  X-5EC-  0.3142E-02 

REs  0.7121E  03  ?\-  0.7053E  00  H COEFF=  0.1S14310E-01  COEFF*AREA»  0.2435057E-04 

aEHEMTs  20.  TYPE=6.  SOBTVPE^l.  NEXT=0.  ITEMS  READ=12.  AREA  C3DE=5.  SPECIAL  AR£A=  0.15087E-02  SQ.F2ET 

VAR.TEMP.OUCr  FLQUi  LIOUIO 

T-Bsll65.  K-Fs  0.1009E-04  C-P&  0.2673E  00  HU»  3.2661E-04  MASS  FLOUs  0.5685E  01  0-HYOR»  Q.3333E-02  L-PLOH»  0.2497E-01 

ANM. NBR.s  0.  FL3W  NBRs  15.  FLAG-CbQ.  FLAG-I»1.  X->SEC»  0.3142&-03 

RE«  0.7121E  03  PR-  0.7053E  00  H COEFFa  0. 1524155E-01  CQEFF«AREAs  0.2299492E*04 

aEME^Ts  19.  TYP£=6.  SUBTYPE^l.  NEXT=0.  ITEMS  REA0=L2.  AREA  CODECS.  SPECIAL  AREA=  0.15708E-02  SO.FEET 

VAK.TEHP.OXT  FLOW*  LlOUID 

r-Bsll50.  K-Fs  0.10Q6E-04  Z-P-  0.2671E  00  HU-  3.2655E-04  HASS  FLOM^  O.SoSSE  01  0-HYQRs  0.3333E-O2  L^FLOM*  0.2343E-01 

ANN. NBR.s  0.  FL3H  NBRs  20.  FLAG-C»0.  FLAG-isl.  X-SEC^  0.3142E-03 

REs  0.7137E  03  PR-  0. 7051E  00  H CQ£FF»  0.1456088E-01  CQEFF^’AREAs  0.2287223E-04 

ELFHFNT*  7.  TYPE=6.  SUBTYPE=2.  NEXT^O.  ITEMS  REA0*14.  AREA  CODECS.  SPECIAL  AREA=-0.  SQ.FEET 

VAR.TEMP.RAGIAL  SFAL  CAP 

T-fla  975.  K-Fa  C.9739F-OS  C-P«  C.2628E  00  HU»  0.24B8E-04  W®  0.4696E-04  R-AV*  0.260AE  OC  GAP*  0.4333E-04  OMEGA*  1570. 

R-n*  0.P992E  00  aAG-C*0.  PU6-t*2.  ANN.NBR.*  96.  FLO.NBR.*  1.  HASS  FLOW*  0.2382F-02 

RF*  0.?2ft7E  07  PRPPl/3*  0*8883E  00  RE-C*  0.67S4B  07  H COEFF*  0.3824877E  00  C06FF*AREA*  0.36S0757E-02 

HT.GEM .FACTOR*  O.IOOOQE  01 

ELEMENT*  tlo  TVPP*6.  SUBTYPE*?.  NFXT*6.  ITEMS  READ*14.  AREA  C00E*5.  SPECIAL  AREA*  0.1680SE-01  SQ.FEET 

VAR.TEHP.RAOIAL  SEAL  GAP 

T-R*  9<5«  K-F*  0.9431E-05  C-P*  C.2634E  00  HU*  0.2511E-04  NU*  0.4919E-04  R«AV*  0.2676E  OC  GAP*  0.9152E-03  OMEGA*  1570. 

R-n*  0.2992E  00  aAG«C*0.  FLAG-1*2.  ANN*NBR»*  98.  FLO.NBR.*  7.  HASS  FLOW*  0.2382E-02 

RE*  0.22F4E  07  PR*«t/3*  0.8885E  GO  RE-C*  0.2278E  06  H COEFF*  0.2927813E  00  CDEFF«AREA*  0.492Q307E-0? 

HT  .GEN  .FACTOR*  Q.19315E  01 

EIFHFNT*  24.  rVPF*6.  SUBTYPE*2.  NEXT*0.  ITEMS  READ*14.  AREA  CODE*S.  SPECIAL  AREA*  0.14366E-01  SQ.FEET 

VAR.TEHP.RAOIAL  SEAL  GAP 

T-B*1005.  K-F*  0.917QE-05  C-P*  C.2618E  00  HU*  0.2451E-04  NU*  0.2928E-04  R-AV*  0.2744E  00  GAP*  0.1078E-02  OMEGA*  1570. 

R-n*  n.299?E  00  FLAG-C*0.  FLAG-t*2.  ANN.N8R.*102.  FLO.NBR.* 100.  HASS  FLQH*  0.S954E-02 

RE*  0.4Q37E  07  PR««t/3*  0.6B79E  00  RE-C*  0.19QOE  06  H COEFF*  0.4274941E  00  COEFF«AREA*  0.6141509E-02 

HT.CEN .FACTOR*  0.185I2F  01 

ELFHENT*  9?.  TYPF**,  SUBTVPE*C. 

SPFCIFIFO  COEFFICIENT 
T-R*1300.  H COEFF*  C.1380662E-02 

FLEHFNr*llO.  TVPE=5.  SU8TYPE=0. 

SPFCfFTEO  COFFEICIENT 
T-B*  535.  H COEFF*  C.37331CDE-04 

FLFHENT*I10.  TYPE*6.  SUBTYPE=2. 

VAR.TEHP.RAOIAL  SFAL  GAP 

T-B*  9R0.  K-F*  C.B707E-05  C-P*  0.2590E  00  HU*  0.2345E-04  NU*  0.8278E-03  R-AV*  0.2958E  00  GAP*  0.6375S-02  OHEGA*  1570. 

R-0*  0.2992E  00  FLAG*C*0.  FLAG-I*2.  ANN»NBR«*  0.  FL0.N8R»*108.  HASS  FLOH*  0.5954E-02 

RF*  0.I6S9E  06  PR««l/3*  0.8B69E  00  RE-C*  0.I947E  05  H COEFF*  0.2106143E-01  COEFF«AREA*  0.2609896E-03 

HT.GPN .FACTOR*  0.16334E  01 

EIEHFNT*  94.  TVPF*6.  SUBTYPE*?.  NEXT*0«  ITEMS  READ=14.  AREA  CODE* 1.  SPECIAL  AREA*-0«  SO.FEET 

VAR.TFKP.RAOIAL  SFAL  GAP 

T-B*10E2.  K-F*  0.9147E-05  C-P*  0.2617E  00  HU*  0.2446E-04  NU*  0.4423E-Q4  R-AV*  0.2550E  00  GAP*  0.4333E-04  OHEGA*  1570. 

R-n*  0.2992E  00  aAn-C*0«  FLAG-T*2.  ANN.NBR.*  1.  FLO.NBR.*  0*  HASS  FLOW*  0.2382E-0? 

RF*  0.230EF  07  PR*«l/3*  0.8878F  00  RE-C*  0.6754E  07  H COEFF*  Q.3748462E  00  COEFFPAREA*  0.3Q02915E-02 

HT.GFN .FACTOR*  O.IOQCOE  01 

ELEMENT*  96.  TVPF=6.  SUBTYPE*?.  NEXT*0.  ITEHS  RFA0*14.  AREA  CODE*l.  SPECIAL  AREA=-0.  SO.FEET 

VAR.TEHP.RADIAI  SFAL  GAP 

T-B*  975.  K-F*  0.fl9?9S-OS  C-P*  0.26G4E  00  HU*  0.2396E-Q4  NU*  0.4261F-04  R-AV*  0.2604E  00  GAP*  0.4333E-04  OHEGA*  1570. 

R-n*  0.2992E  00  aAG-C«0.  FLAG-t*2.  ANN.NBR.*  7.  FLO.NBR.*  94.  HASS  FLOW*  0.2382E-Q2 

RE*  0.249BP  07  PRPPt/3*  O.BFTAF  00  RE-C*  0.6754E  07  H COEFF*  0.3657236E  00  COEFF*AREA«  0.3490747E-02 

NT .GEN .FACTOR*  O.IOCCCE  01 

FLEHENT*  96.  TVPE*6*  SUBTVPE*2.  NEXT*0.  ITEMS  REA0*14.  AREA  CODE*!.  SPECIAL  AREA*-0.  SO.FEET 


NEXT*0.  ITEMS  READ*  2.  AREA  CQOE*l.  SPECIAL  AREA*-0. 


SO.FEFT 


COEPF^AREA*  0.23220S6E-04 

NEXT*1.  ITEHS  READ*  ?•  AREA  C00E»2.  SPECIAL  AREA*-0. 


COEFFPAREA*  0.4678121E-06 

NEXT*0.  ITEMS  READ*14.  AREA  COOE*1.  SPECIAL  AREA*-0. 


SQ.FEET 


89 


? 


VAM«TfM».ftArUL  <FAL  CAP 

T-As  A44*  H-r»  0*>Ml47r>0A  C*F*  (U2599F  00  P\A»  0*2%T7FHM  f«l«  0.4249F-04  A-AV*  0r2*AU  OC  6AA«  0.4}2X*04  OOfOA-  19TO. 
A-n«  0.2AA2C  no  RAG-C*0*  FlA0-t«2.  AMN.AOI.*  19.  «l  O.AAK««  f«.  MASS  FUM*  0.2902F-02 

KF«  n«2AF9F  07  AA«*l/9«  O.AF72F  00  0C-<.«  0.A794F  07  H COfFF*  0.9629094f  00  COFFFAAACA*  0* 1999909C-02 

HT.rFN.FArrnA-  o.ioocof  oi 

HFAFNT«IOO.  TVFF«A.  SUATVA€«2«  NCIT«0.  ITFAS  AFAO-14.  AAfA  COOC«I.  SFCCIAL  AAFA--0.  SO.FCfT 

VAt.TFMP.AAOIAl  SFAL  OAF 

T*A«10«0.  K*F«  0.9090F-09  C-F-  0.2AI4F  00  Ati«  O.2499f-OA  »AI«  0.4992F-04  A-AV«  0.27I9F  00  OAF-  0.42CK-02  OAECA*  1970. 

A-n«  n.7047F  on  FIAO-C-U  FLAO-t-O.  AMI.AOA.-  0*  FlO.Nill.-  90.  MASS  FLOM*  0.9994E-02 

FF«  0.7939F  OT  FAF«IF9-  C*007TF  00  AF-C-  O.AinF  09  i'  COCFF-  0.2191904F  00  COFFFFAAFA-  0. U70t40F-02 

NT.CFM.FAfrnA-  0.1FF4AF  01 

CnFOIMFO  Finw  ELF«FAT«  COAOiCTim  MO.  ■ 100  FLOM  FFCF  CCNO.FLf MCMTS  9AAN0  19 

FIFAFAT-107.  TYFF-*.  SUATTFF-F.  MFlT-0.  ITFN9  FCAO-14.  AFEACOOF-1.  SFfCIAL  AAFA--0.  SO.FCFT 

VAF.TFFF.AAtlAt  <FAI  OAF 

T-A-I0C9.  K-F-  0.A991F‘09  C-F-  0.2AC7F  00  FC-  0.2409F-04  MU«  0.99A3f-04  A>AV«  0.2794F  00  OAF*  0.4999F-04  OI«OA*  1970. 

F*n«  0.7997F  00  FIAr.<*0.  FLAC-I*2.  ANN.NAA.*  24.  FLC.M0R**100.  MASS  FlOtt*  0.9994F-02 

AF*  0.2I4IF  07  FA«F|/9*  0.it79f  00  MF-C*  0.A794F  07  H COfFF*  0.9A79044C  00  COEFFFtACAa  0.2A92794C-CO 

MT.FFM.FACmA*  O.IOOCOF  Cl 

FtFMFMT*|04.  TVFF«6.  SUBTVFF-2.  MFKT-0.  I'F»S  AFAO-14.  AAfA  COOC-l.  SFfCIAL  AAfA«-0.  SO.FfFT 

VAA.TFMF.AAOIAl  5FAL  GAF 

r-O*  F99.  K-F*  0.4A92F-09  C-F*  0. 2999F  00  FU-  O.29T0F-O4  MU*  0.14971-09  A-AV*  0.2T94F  00  OAF-  0.4999C-04  0«CA-  1970. 

A-n«  0.2992F  00  FlAO-C-0.  FlAO-t-2*  AMM.NAA.-  90.  FLP.M0A.-102«  MASS  ROM-  0.9994F-02 

AF-  0.F197F  0«  FAFF1/9-  0.AA72F  00  Af-€-  0.4794f  07  H COCFF-  0.9A29071F  00  COfFFFAAFA-  ( .2A999Alf-Qt 

MT.fFM.FACrOA-  O.IOOOOf  01 

FLFMFNT-106.  TYFF-A.  SUOTVFf-2.  MFlT-0.  ITfMS  AFAO-14.  AAfA  COOf-l.  SFfCtAi  AAfA»-0.  SQ.FffT 

VAF.TFMF.AAOIAL  SfU  GAF 

T-A«  949.  K-F-  0.A794F-09  C-F-  0.2994F  00  FU-  0.29AAF-04  MU-  0.0472f-09  A-AV-  0.2I4AF  00  OAF-  Q.42C0f-O2  OMFOA»  1970. 

A-O-  n.799FF  00  FlAO-C-0.  FtAO-l-2*  AmM.MAA.*  0.  Fi0.N0A.-104.  NASS  ROM-  0.9994F-02 

AF-  0.I901F  0*  FAFF1F9-  O.Ff’^IF  00  Af-C«  0.4109F  09  N COfFF-  0.22794472-01  COfFF#AAfA-  0*2979492f-O 

MT  .r.Ml.FACrOA-  0.t^4?0f  01 

flFMFNT-IOA.  TVFF-4.  SUOTVFF-2.  NfXT-0.  ITFFS  AFAO-14.  AAfA  COOC-1.  SFfCIAL  AAfA— 0.  SC.FtfT 

VAA.TF)«F.AA0|AL  SFAl  GAF 

r-B-  919.  X-F-  r.A744F-09  C-F-  C.2999F  00  Mil-  0.2994F-04  MU-  0.0940F-09  A-AV-  0.2900f  00  OAF-  0.4200f-02  ONfOA-  1970. 

A-n-  0.M97F  00  RA0-C*0.  F|«0-l-2*  AMM.MAA.-  0.  F10.NBA.*  104.  NASS  ROM*  0.9994F-02 

AF-  0.1979F  04  FAF«l/9-  0. f A70F  00  AF-C-  0.41B9F  09  H COfFF*  0.29109102-01  COfFFFAAFA-  0.21124702-09 

HT.GfN.FACrOF-  0.14AA22  01 


AOUNOAAV  COfFFICffNT  AATAIX  -INFAI ATU/F.SK  AMO  IHFAFT-BI  OA  MK-F  OfU/SK 


' AMOAV 

COMC. 

FUFO  FLUX 

FOACfO  CQNVKTirM 

F022  CnNVKTION 

AA0IA7I0N 

VAA. T2NF.COMV2C7 ION 

FIFN. 

M 

MFA 

HFAFT-B 

HFA 

HFAFT-0 

MFA  HFAF7-2 

NFA 

MK-F 

1 FI  F«  . 

0. 

0.44149F-02 

0.094122 

01 

0. 

n. 

0. 

0. 

0.91794F-02 

0.490412-09 

2 

0. 

0.49999F-02 

0.091202 

01 

0. 

0. 

0. 

0. 

0. 

0. 

9 

0. 

0.99424F-02 

0.124912 

02 

0. 

0. 

0. 

0. 

0. 

0. 

4 

4 

0. 

0.944922-02 

0.129102 

02 

0. 

0. 

0. 

0. 

0. 

0. 

9 

9 

0. 

0.99729F-02 

0.121092 

07 

0. 

0. 

0. 

0. 

0. 

0. 

4 

4 

0. 

0.I4799F-01 

0.217942 

02 

0. 

0. 

0. 

0. 

0. 

0. 

7 

12 

0. 

0.09200F-02 

0.114072 

02 

0. 

0. 

0. 

0. 

0.799742-04 

0*199002  01 

A 

92 

0. 

0.209042-01 

0.249942 

02 

0. 

0. 

0. 

0. 

0. 

0* 

A 

94 

0. 

0.I9974F-02 

0.10917f 

02 

0. 

0. 

0. 

0. 

0. 

0. 

1 m 

97 

0. 

0.194942-01 

0.177242 

0? 

0. 

0. 

0. 

0. 

0. 

0* 

! n 

•A 

0. 

0.14444F-01 

0.190402 

02 

0. 

0. 

0. 

0. 

0. 

0. 

?o 

0. 

0. 

0. 

0.4I914CHH 

0.220042-01 

0. 

0. 

0.271992-02 

0*199442-02 

44 

0* 

0. 

0. 

0.224912-09 

0.117H2  00 

0. 

0. 

0. 

0. 

14 

41 

n. 

0. 

0. 

0.297042-09 

0.12407f  00 

0. 

0. 

0. 

0. 

19 

44 

0. 

0. 

0. 

0.900022-09 

0.247192  00 

0. 

0. 

0. 

0* 

1 4 

49 

0. 

0. 

0. 

0.O14402-09 

0.922472  00 

0. 

0. 

0. 

0. 

17 

•0 

0. 

0. 

0. 

0.949192-04 

0.499142-01 

0. 

0. 

0. 

0. 

IB 

91 

0. 

0. 

0. 

0.224992-09 

0.I1700F  00 

0. 

0. 

0. 

0. 

19 

4A 

0. 

0. 

0. 

0.127212-09 

0.447092-01 

0. 

0. 

0. 

0. 

20 

49 

0. 

0. 

0. 

0.129792-09 

0.440202-01 

0. 

0. 

0. 

0. 

fl 

0. 

0. 

0. 

0.994002-09 

0.207902  00 

0. 

0. 

0. 

0. 

22 

F9 

0. 

0. 

0. 

0.494172-09 

0.29949F  00 

0. 

0. 

0. 

0* 

29 

f9 

0. 

0. 

0. 

0.447472-09 

0.249422  00 

0. 

0. 

0. 

0* 

24 

F7 

0. 

0. 

0. 

0.91 .442-09 

0.271772  00 

0. 

0. 

0. 

0. 

29 

fA 

0. 

0. 

0. 

0.707992-09 

0.419492  00 

0. 

0. 

0* 

0. 

24 

F4 

0. 

0. 

0. 

0.409202-09 

0.941092  00 

0. 

0. 

0. 

0. 

27 

F4 

0. 

e. 

0. 

0.472992-09 

0.999092  00 

0. 

0. 

0. 

0. 

20 

F2 

0. 

0. 

0. 

0.909042-09 

0.904922  00 

0. 

0. 

0. 

0. 

29 

77 

0. 

0. 

0. 

0.429292-09 

0.229992  00 

0. 

0. 

0. 

0* 

90 

72 

0. 

0. 

0. 

0.492902-09 

0.297402  00 

0. 

0. 

0. 

0* 

91 

f9 

0. 

0. 

0. 

0. 100402-09 

0.920 14F-01 

0. 

0. 

0. 

t. 

92 

44 

0. 

0. 

0. 

0.101442-09 

0.99294F-01 

0. 

0. 

0. 

0. 

99 

47 

0. 

0. 

0. 

0.129792-09 

0.440172-01 

0. 

0. 

0. 

0. 

94 

79 

0. 

0. 

0. 

0.149412-09 

0.749402-01 

0. 

0. 

0. 

0. 

99 

70 

0. 

0. 

0. 

0.297942-09 

0.199222  00 

0. 

0. 

0. 

0. 

94 

79 

0. 

0. 

0. 

0.129742-09 

0.440222-01 

0. 

0. 

0. 

0. 

97 

FO 

0. 

0. 

0. 

0.294012-09 

0.199402  00 

0. 

0. 

0. 

0. 

90 

79 

0. 

0. 

0. 

0.219902-09 

0.119102  00 

0. 

0. 

0. 

0. 

99 

70 

0. 

0. 

0. 

0.297992-09 

0.124102  00 

0. 

0. 

0. 

0- 

40 

02 

0. 

0. 

0. 

0.294942-09 

0.199492  00 

0. 

0. 

c. 

0. 

41 

01 

0. 

0. 

0. 

0.419102-04 

0.210072-01 

0. 

0. 

0. 

0. 

90 


42 

U 

0. 

U. 

0. 

0. 

0. 

0. 

0. 

0.367506-0% 

3*%33UE-33 

43 

17 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.319526-0% 

3.%7940E-03 

44 

16 

0. 

0* 

0. 

0. 

0. 

0. 

0. 

0.416096-0% 

3.%78%96-03 

45 

15 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.2%351E-0% 

0.47743E-03 

46 

20 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.229956-04 

0.47740E-03 

47 

19 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.228726-0% 

3.47713E-33 

4d 

7 

0. 

0. 

0. 

a. 

0. 

0. 

0. 

0.365086-02 

3.625996-33 

49 

li 

0. 

0. 

0. 

0. 

0. 

0. 

0* 

0. %9203E-02 

3.627%%E-33 

SO 

24 

0. 

0. 

0. 

0. 

0* 

0. 

0. 

Q.6t%lSE-02 

3.155916-32 

51 

92 

-0.  10299E 

00  0.23221E-04 

0. 

30ie7E-0L 

0. 

0. 

0* 

0. 

0. 

0. 

52 

no 

0. 

0.46761E-06 

0., 

2502BE-03 

0. 

0. 

0. 

0. 

0.260996-03 

3.15%2%E-32 

S3 

94 

0« 

0. 

0. 

3. 

0. 

0. 

Q. 

0.300296-32 

3.623376-33 

54 

96 

U« 

0. 

0. 

0# 

0. 

0# 

0. 

0.3%907E-32 

0.623256-03 

55 

98 

0. 

0* 

0. 

0. 

t». 

0. 

0. 

0.353566-02 

0.619086-33 

56 

100 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.16732E-02 

3.155616-32 

H7 

102 

0« 

0. 

0* 

3. 

0# 

0# 

0. 

0.265276-32 

3.1S5236-32 

sa 

104 

0# 

0. 

0. 

0. 

0# 

0. 

0. 

0.2653%6-02 

0. 154766-02 

59 

106 

0. 

0* 

0. 

0* 

0. 

0. 

0. 

0.2373%E-03 

3.154576-32 

60 

lOd 

0. 

0. 

0. 

0. 

0# 

0. 

0. 

0.211276-03 

0. 154336-32 

61 

91 

0. 

0. 

0. 

0. 

0# 

0. 

0. 

0. 

3. 

62 

93 

0. 

0. 

0. 

0. 

0# 

0. 

0. 

0. 

3. 

63 

95 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3. 

64 

97 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

65 

99 

0. 

0* 

0. 

0. 

0. 

0. 

0. 

0* 

3* 

66 

101 

0, 

0. 

0. 

3. 

0. 

0. 

0. 

0. 

3. 

67 

103 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0* 

3. 

68 

105 

0. 

0* 

0. 

0. 

0. 

0. 

0. 

0. 

3. 

69 

107 

0« 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3. 

70 

109 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3. 

71 

69 

0. 

0. 

0. 

3. 

0. 

0. 

0. 

0. 

3. 

72 

90 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3. 

VAK.TEHP.CUNVECTtON  OfHENS lONLESS 

COEFFICIENTS  IH«A/U«C-PI 

1 

1# 

5.032  7E  00 

2 12#  1.5299E- 

-01 

3 30# 

1*74536  00 

4 

It. 

7.65616-02 

S 47. 

6.6650E-02  6 16#  B 

•69606-32 

7 

IS# 

5.100  7E-02 

8 20#  4.6167E-32 

9 19# 

4.7937E-32 

10 

T, 

5.63206 

00  11  13# 

7.84185  00  U 2%#  3 

•93936  33 

13 

110# 

1.6921E-01 

14  94#  4.81726 

00 

15  96* 

5.62806  00 

16 

98. 

5.71106 

00  17  100# 

1.0733E  00  18  102#  1 

•70B9E  00 

19 

104# 

1.7145E  00 

20  106#  1.5355E-01 

21  108# 

1 .36856-01 

1 1.  3.0329F-C2 

7 15«  0. 

13  tin.  4«A937F-0<V 

1<)  104.  ‘S.0920E-C2 


FLUID  SHBAft  HPAT  GSNSRATIQN*  BTU/SEC 


? 12.  0. 

8 20«  0. 

14  94*  2.8952E-02 

20  IC6«  8.t46lE-04 


3 30#  3.1501F-02 

9 19#  0. 

15  96#  3.524IE-02 

2t  108#  7.1239E-04 


4  U#  0. 
to  7#  3.6591E*02 
16  98#  3.7368E-02 


S  17#  0. 

11  13#  3.6094E-03 

17  100#  5.6112E-04 


6  16#  0. 

12  24#  2.26T4E-H>3 

tfi  102#  2.9926E-02 


DATA  TfMFe  O.tlCe  MINUTES 


CONOUCT.FLFHENT 

NO. 

1 

VAR.TEHP.ELFFFNT 

NO. 

1 

FLQ» 

CODE* 

2 

CONDUrT.ELFMFNT 

NO. 

12 

VAP.TFHP.ELEHENT 

NO. 

2 

FLOW 

CODE* 

1 

cnNDurT. element 

NO. 

30 

var.tfhp.elfffnt 

NO. 

3 

FLOW 

CODE* 

2 

CnNDUCT  .El  FMENT 

Wl. 

It 

VAR.TEHP.ELEMENT 

NO. 

4 

FLOW 

CODE* 

1 

CnNRUCT.aEHFNT 

NO. 

17 

VAR.TEHP.ELFMENT 

NO. 

5 

FLOW 

CODP- 

1 

CnWWICT.FLEHFNT 

NO. 

16 

VAR.TEHP.EIEFEKT 

NO. 

6 

FlOH 

COOE* 

1 

CONDUrT. EL FMENT 

NO. 

15 

VAR.TEMP.ELE  ME  NT 

NO. 

7 

FLOH 

CODE* 

1 

r.QNmCT.FLFHENT 

KH. 

20 

VAR.TFHP. ELEMENT 

NO. 

8 

FLOW 

CODE* 

1 

r.nNmiCT,FLFHFNT 

no. 

19 

VAR.TFMP.ELFMFNT 

NO. 

9 

FLOH 

CODE* 

1 

CnNCIICT.rtEHENT 

NO. 

7 

VAR.TEHP.ELEMENT 

NO. 

10 

FLOH 

CODE* 

2 

CONWICT. FITMENT 

N<l. 

13 

VAR.TFHP.eiEHENT 

NO. 

11 

FICH 

CODE* 

2 

CnNOUCT.aFHENT 

Ml, 

24 

VAR.TEMP.ELE KENT 

NO. 

12 

FLOH 

CODE* 

2 

conduct.flfhfnt 

M). 

110 

VAR.TEHP.ELEMENT 

NO. 

13 

FLOH 

CODE* 

2 

CONDUCT. element 

no. 

94 

VAR.TEHP.ELEMENT 

NO. 

14 

FLOH 

CODE* 

2 

CONRUfT. EL FMENT 

NO. 

96 

VAR.TEHP.ELEMENT 

NO. 

IS 

FLOH 

CODE* 

2 

CONrxiCT.EI  FMFNT 

NO. 

98 

VAR.TFHP.ELEHEWT 

NO. 

16 

FLOW 

CODE* 

2 

COMBINED  FLOWS  EIFMFNT, 

COMBINATION  NO*  1 

CONDUCT 

•NO.slQO  BNORV. 

conduct.flement 

NO. 

102 

VAR.TEHP.ELEMENT 

NO. 

17 

FLOH 

CODE* 

2 

CONOUCT.FLEHFNT 

NO. 

104 

VAR.TEHP.ELEMENT 

NO. 

18 

FLOH 

CODE* 

2 

CONRUrT.FL FMFNT 

NO. 

106 

VAR.TEMP.ELEHENT 

NO. 

19 

FLOH 

CODE* 

2 

CONOUCT.FL FMENT 

NO. 

loe 

VAR.TEHP.ELEMENT 

NO. 

20 

FlOH 

CODE* 

2 

.«  17  PREVIOUS  aENENT  VAR .TEMP.NQS**  16  AND 


91 


>UNV£K3ENCt:  CKiTERIA#  ITERATION^  100 


CONO.NO. 

NEM  7EHP. 

QLO  T6HP. 

DIFFERENCE 

HAX.OIFF. 

I 

0.1207188E 

04 

0*12071696 

04 

-0*90026666-03 

0*50000006-01 

2 

0.1262064E 

04 

3*12620666 

34 

-D.1525879B-02 

0*5000000r-01 

3 

0. 12791 93E 

04 

0*12791956 

34 

-0*20446786-02 

0*50000006-01 

4 

0.1235989E 

04 

0*12859916 

34 

-‘)*2l51489E-02 

0*50030006-01 

5 

0.1290989E 

04 

0*12909906 

34 

-3*16784676-02 

0*50000006-01 

6 

0*1296350E 

04 

3*12980506 

34 

-3*36621096-03 

0*  50000006-01 

7 

Q.1047630E 

04 

0*10476356 

34 

-3*51574716-02 

0*50000006-01 

8 

0.112Q079E 

04 

3*11203366 

34 

-3*91857916-02 

0* 50000006-01 

9 

0.1173756E 

04 

0*11737686 

34 

-3*12695316-01 

0*50000006-01 

10 

Q*12Q9530E 

04 

0*12395446 

04 

-3*13626106-01 

0*50030006-01 

11 

0*123949  IE 

04 

0*12395026 

04 

-3*10986336-01 

0*50000006-01 

12 

0*l263tl7E 

04 

0*12831206 

34 

-3*32501226-02 

0*50000006-01 

13 

0*96412846 

03 

0*98413736 

03 

-3*89111336-02 

0*50000006-01 

14 

0*10431336 

04 

3*13431516 

04 

-0*18142706-01 

0. 50000006-01 

15 

<.^*109S047E 

04 

3*13950726 

34 

-3*24566656-01 

0*  50000006-01 

15 

0*11367066 

04 

0*11387336 

34 

-3*265960‘6-0l 

0*50000006-01 

17 

0.1175654E 

04 

3.11756776 

04 

-3*23635866-01 

0.50000006-C: 

la 

0«12ll240E 

04 

0*12112576 

04 

-3*16738896-01 

0*50000006-01 

19 

0*1013473E 

04 

3*13135046 

04 

-0.3154755E-01 

0*50000006-01 

20 

0*1044790E 

04 

3*13448276 

34 

-0.36972056-01 

0*50000006-01 

21 

0.1064893E 

04 

3*13849326 

34 

-3.3944397E-01 

0*50000006-01 

22 

0«1124159E 

04 

0*11241956 

34 

-3*35476686-01 

0*50000006-01 

23 

0*1163354E 

04 

0*11633616 

04 

-3.2624512E-01 

0.50000006-01 

24 

0.9142733E 

03 

0*91429526 

03 

-0*21888736-01 

0*50000006-01 

25 

0.9&30659E 

03 

0*96310246 

03 

-3.3651428E-01 

0*50000006-01 

26 

0«1002695E 

04 

0*13027426 

34 

-0*47233586-01 

0*50000006-01 

27 

0.1043344E 

04 

3*13433956 

34 

-0*50659186-01 

0*5000000r-01 

28 

0.1084042E 

04 

0*10840866 

04 

-3*45532236-01 

0*S0000C'J£-01 

29 

0*  11271 34E 

04 

0*11271686 

34 

-3*33538826-01 

0*50000006-01 

30 

0.9091663E 

03 

0*90919206 

33 

-3. 25756846-01 

0.50000006-01 

31 

0.9330364E 

03 

0*93308276 

03 

-3*46333316-01 

0*50000006-01 

32 

0*9659154£ 

03 

0.96597516 

33 

-0.5961609E-01 

0*50000006-01 

33 

0*10041186 

04 

0*13341616 

34 

-3.63323976-01 

0*50000006-01 

34 

0*10451866 

04 

0*13452426 

34 

-3.5645752E-01 

0*50000006-01 

35 

0*10923766 

04 

0*10924166 

34 

-3*40603646-01 

0*50000006-01 

36 

0.8953174E 

03 

0.6963848E 

03 

-0.67359926-01 

0*50000006-01 

37 

0.92492376 

03 

0*92503176 

33 

-0*78033456-01 

0* 50000006-01 

38 

0*  95645646 

03 

0*95653736 

03 

-Q.80947886-01 

0*50000006-01 

39 

0*99843946 

03 

3*99851066 

33 

-3*71411136-01 

0*50000006-01 

40 

0.10517776 

04 

0.13518256 

34 

-3. 48553476-01 

0*50000006-01 

41 

0* 86763356 

03 

0*85771486 

33 

-0*81291206-01 

0* 50000006-01 

42 

0*66356906 

03 

0*88369096 

33 

-3.1019058E  00 

0*50000006-01 

43 

CI.9070508E 

03 

0*93715636 

33 

-3.1055069E  00 

0*50000006-01 

44 

0*941 13996 

03 

0*94123386 

33 

-0*93311046-01 

0*50000006-01 

45 

0*10115616 

04 

3*13116366 

34 

-3.54641726-01 

0*  50000006-01 

46 

0*61492816 

03 

3.81508966 

33 

-3.16149146  00 

0*50000006-01 

47 

0.8176213S 

03 

0*81778126 

33 

-3.15994266  00 

0.50000006-01 

46 

0*81889056 

03 

0*81904736 

33 

-3.15674596  00 

0*50000006-01 

49 

0*81276236 

03 

3*61292186 

33 

-3.15949256  00 

0*50000006-01 

50 

0*81512256 

03 

3*61528046 

33 

-3.15793616  00 

0*50000006-01 

51 

0*81597316 

03 

3*81612806 

33 

-0.15486916  00 

0*50000006-01 

52 

0*12398376 

04 

0*12398456 

34 

-0.79193126-02 

0*50000006-01 

53 

0*12100876 

04 

3*12100986 

34 

-3.11367806-01 

0*50000006-01 

54 

0*12108266 

04 

0*12108376 

34 

-0.11077686-01 

0*50000006-01 

55 

0*11651086 

04 

3.11851226 

34 

-0.13717656-01 

0*50000006-01 

56 

0*11899486 

04 

3.11899616 

34 

-3.13259896-CL 

O.SQQ00006-Q1 

57 

0*12129456 

04 

0.12129586 

34 

-3*12725836-01 

0*50000006-01 

58 

O.L212910E 

04 

0.12129276 

34 

-0.16906746-01 

0* 50000006-01 

59 

0*11630286 

34 

3.U63059E 

34 

-0.30273446-01 

0*  50000006-01 

60 

0.113L062E 

04 

0.11311066 

34 

-0.43960576-01 

0*50000006-01 

61 

0*11154386 

04 

3.11155376 

34 

-0*48675546-01 

0.50000006-01 

62 

0*11058406 

04 

0.110S339E 

34 

-0*49179086-01 

0.50000006-01 

63 

0*11590766 

04 

0.U590926 

34 

-0*15396126-01 

0.50000006-01 

64 

0*11669846 

04 

0.11669986 

34 

-0 .14633186-01 

0.50000006-01 

65 

0*12026276 

04 

0.12026416 

04 

-0.13748176-01 

0. 50000006-01 

66 

0*12044436 

04 

0*12344616 

34 

-0.16066416-01 

0*50000006-01 

67 

0.1163022E 

04 

0*11630536 

04 

-3.30303966-01 

0*50000006-01 

68 

0*11267466 

04 

3*11287906 

34 

-3.43914796-01 

0*50000006-01 

69 

0*11149136 

04 

0*11149616 

34 

-0.48004156-01 

0.50000006-01 

70 

0*11058426 

04 

0*11058906 

34 

-0.4837036E-01 

0*50000006-01 

71 

0*11232326 

04 

3.11232496 

04 

-3. 16906746-01 

0* 50000006-01 

72 

0.11235676 

04 

0.11235836 

34 

-3.15975956-01 

0.Pf'O00006-0l 

73 

0*11216886 

04 

3.11217336 

34 

-3.45181276-01 

0*U  ^30006-01 

74 

0*11132446 

34 

3.11132926 

34 

-0*47439586-01 

0*50000006-01 

75 

0*11051526 

04 

0.11351996 

34 

-0*4?5t5876-01 

0* 50000006-01 

76 

0*10675546 

04 

0.10875716 

34 

-3.17578136-01 

0*50000006-01 

77 

0*10860316 

04 

0.13660486 

34 

-3.16662606-01 

0.50000006-01 

78 

0*11163456 

04 

3.11163906 

34 

-3.44952396-01 

O.SOOOOOOr-01 

79 

0*11118526 

04 

3.11118986 

34 

-0.46539316-01 

0*50000006-01 

60 

0*11042566 

04 

0.11343026 

34 

-3.46463016-01 

0*50000006-01 

61 

0*10553706 

04 

0.13553876 

34 

-3.17227176-01 

0.50000006-01 

82 

0*10539926 

04 

0.10539996 

34 

-3*16706376-01 

0.50000006-01 

63 

0*10260476 

04 

0*13260646 

34 

-3.16922006-01 

0.50000006-01 

64 

0*10247456 

04 

3.13247636 

34 

-0.16494756-01 

0.  50000006-01 

85 

0*10056776 

04 

0.13056936 

34 

-0.16578676-01 

0.50000006-01 

86 

0*10044076 

04 

0.13044236 

04 

-3.16181956-01 

0.50000006-01 

87 

0*99531526 

03 

0*97/533136 

33 

-3*16159066-01 

0.50000006-01 

88 

0*99393586 

03 

0.9>l  395166 

03 

-3.15777596-01 

0.5QOOOOOE-01 

89 

0*11070006 

04 

0.U070006 

34 

0. 

0.50000006-01 

90 

0*10600006 

04 

0*10600006 

34 

3. 

0.50000006-01 

91 

0*87100006 

03 

0.87108006 

33 

0. 

0.50000006-01 

92 

0*87262286 

03 

3.67262286 

33 

-0.76293956-05 

0.50000006-01 

93 

Oa 66900006 

03 

0*85900006 

33 

0. 

0.50000006-01 

94 

0*87916396 

03 

0.87918396 

33 

3. 

0.50000006-01 

95 

0*86600006 

03 

0.86600006 

33 

0* 

O.SOOOOOOE-Ol 

92 


96 

a»8760228E 

09 

0.8760228E 

03 

-3.7629395E-05 

0.50QOO00S-01 

97 

0.8690000F 

03 

3.8640000E 

03 

0. 

O.SOOOOOOE-01 

98 

0.87121508 

03 

0.87121SOE 

03 

•0.1525879E-04 

Q.5Q0OOOQE-O1 

99 

0.66IOOOOE 

03 

0.8510000E 

33 

0. 

0.5QOQOOOE-01 

LOO 

0.8661229E 

03 

0.8661230E 

03 

-3.2288818E-04 

O.SQOOOQOE-01 

LOl 

0.860U930E 

03 

0.8600000E 

33 

0. 

0. 500QQOQE-01 

102 

0.86730228 

03 

0.B673022E 

33 

-0.1525879E-04 

0.5000000E-01 

109 

0.8580000E 

03 

0.85B0000E 

03 

0. 

O.SOOOOOOE-01 

109 

0. 869802 3E 

03 

0.8648024E 

03 

-0.7629395E-0S 

0.5000000E-01 

tOf 

0.8560000E 

03 

0.8360000E 

33 

0. 

O.SOOOOOO:-Ol 

106 

0.8599992E 

03 

a.B599932E 

33 

0. 

0.500000QE-01 

107 

0.8550800E 

03 

0.855000DE 

03 

0. 

0.5000COOE-01 

ioa 

0.8572584E 

03 

0.8572584E 

03 

0. 

O.SOOOOOOE*OL 

109 

0.85900 OOE 

03 

0.8530000E 

33 

0. 

0.5000000E-01 

110 

0.8554607E 

03 

0.8554687E 

03 

0. 

0.5000000: -01 
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ELEMFN7CAT  CFNTER) 

TEMPERATURES  (DFRPEFS  F). 

itbRATIONS^  130 

1« 

1.2073900F 

C3 

2. 

1.2621996E 

03 

3, 

I.2792890F 

03 

4, 

1.26605285 

03 

5, 

1,291025RE 

03 

6, 

1.29805595 

03 

7* 

J .048571  IE 

03 

8. 

1.120B364E 

03 

9, 

1.1743483F 

03 

10, 

1.2099351E 

03 

u. 

1.23973635 

03 

12, 

1.28316235 

03 

13. 

9.P575897E 

C7 

14. 

1.044433 5F 

03 

15, 

1.096P944F 

03 

16, 

1.1394177E 

03 

17, 

1.17599555 

03 

18, 

1.2112994E 

03 

19. 

U0149709F 

C3 

20* 

1.045R352E 

03 

21, 

1.08536865 

03 

22, 

1.12430375 

03 

23, 

1*16331235 

03 

24, 

9.16540685 

02 

25. 

9.6447071F 

C7 

26. 

1.003393 8E 

03 

27, 

1.0435496E 

03 

28, 

1.0839658E 

03 

29, 

1,12697715 

03 

30, 

9.1070828E 

0? 

31. 

9.3385793P 

C2 

32. 

9.661765 8F 

0? 

33, 

1.0039886E 

03  . 

34, 

1.04488815 

03 

35, 

1.C920869E 

03 

36, 

8.96238365 

02 

37. 

9.2457432F 

C2 

38. 

9.5786542F 

02 

39, 

9.9780642P 

02 

40. 

1.0513206F 

03 

41, 

8,67069455 

02 

42, 

8.8259656F 

02 

43. 

9.C588749E 

C7 

44. 

9.40Q4122E 

0? 

45. 

1.0109R61F 

03 

46, 

8.1260896E 

02 

47, 

8.1532953E 

02 

48, 

6.16651905 

02 

49, 

8.1047188E 

C7 

50. 

B.1286117E 

02 

51, 

8.1376455F 

02 

52, 

1.2397408E 

03 

53, 

1.20994195 

03 

54, 

1*21067885 

03 

55. 

I.1849299F 

C3 

56, 

1. 189766 9E 

03 

57, 

1.2I27559F 

03 

58, 

1.21263905 

03 

59, 

1.16252765 

03 

60, 

1.13032725 

03 

61. 

1.1146724F 

C3 

62, 

1.1P50158F 

03 

63. 

1.1588738F 

03 

64, 

1.16678365 

03 

65, 

I.?**  24228F 

03 

66, 

1.2041541E  03 

67. 

1.167521 5F 

C3 

68, 

1.128D120E 

03 

69, 

1.11410885 

03 

70, 

1.10503145 

03 

71, 

1.12300805 

03 

72, 

1.12335255 

03 

73. 

1.1 20932  3F 

C3 

74, 

1.1124499E 

03 

75, 

1.1043562F 

03 

76, 

1.0873tB8E 

03 

77, 

1.C8560725 

03 

78, 

1.11759325 

03 

79. 

1.11I0778F 

03 

60, 

1.1034779F 

03 

81, 

1.0551364F 

03 

82, 

1.05375605 

03 

83, 

1.0258155E 

03 

84, 

1.0245209E 

03 

85. 

1.00544B7E 

C3 

86, 

1.0041 6S2E 

03 

87, 

9.95092995 

02 

88, 

9.9371971F 

02 

69, 

1.107QOOOE 

03 

90, 

1.06000005  03 

91. 

8.7099999E 

C2 

92, 

6. 728C047E 

02 

93, 

B.6899999P 

02 

94, 

8.79699585 

02 

95, 

8.66O0Q0OE 

02 

96, 

8.77112915 

02 

97. 

F.64n0QQ0E 

C? 

98, 

6.73R3481E 

02 

99, 

8.60999995 

02 

too. 

8.71933225 

02 

toi. 

8.59999995 

02 

102, 

6.70327225 

02 

103. 

e.5799999F 

C7 

104, 

8.6639888E 

02 

105* 

8.55999995 

02 

106, 

8.6073503F 

02 

107, 

8.55000005 

02 

IC6, 

a.57617815 

02 

109. 

8.53000n0E 

C2 

110, 

8. 556591 7F 

02 

ELEMENTCAT  CENTbKJ 

TEMPERATURES  {DEGREES 

FI, 

ITERAT13^jSs  131 

1, 

U2071725E 

03 

2, 

1.262  03  73E 

03 

3, 

1.279 1568E 

03 

4, 

1.28595 12E 

03 

5, 

1. 2909592c 

03 

5* 

1.2933433E 

33 

7, 

1.0475390E 

03 

6, 

1.1199171E 

03 

9, 

U1735314E 

03 

13, 

1.2092699E 

03 

11, 

1.2392973= 

03 

12* 

1.2830393E 

33 

13, 

9*6i97093E 

02 

14, 

1.0428129E 

03 

15, 

1.0946141E 

03 

16, 

1.1382373E 

03 

17, 

1.1752374E 

03 

18* 

1.2109470E 

03 

19, 

1.0129L58E 

03 

20, 

1.0441371E 

03 

21, 

1.0841971E 

03 

22, 

1.1235345E 

03 

23, 

1.16289335 

03 

24, 

9.138365SE 

02 

25, 

9.624209 SE 

02 

2b, 

1.0016606E 

03 

27, 

1.0424496E 

03 

28, 

1.0832400E 

03 

29, 

1.1265452E 

03 

30, 

7.337tltlE 

32 

31, 

9.322 1766E 

02 

32, 

9.64B6228E 

02 

33, 

1.0030300E 

03 

34, 

1.0441905E 

03 

35, 

1.0916644= 

03 

36, 

8.9512637E 

32 

37, 

9.2354479E 

02 

38, 

9.5702671E 

02 

39, 

9.9?17945E 

02 

40, 

1.050922BE 

03 

41, 

6.6619644E 

02 

42, 

8.3176763E 

32 

43, 

9.051862SE 

02 

44, 

9.3943340E 

02 

45, 

1.3106195E 

03 

45, 

6.1207172E 

02 

47, 

6.1479235E 

02 

48, 

3.161l3t4E 

32 

49, 

8. 099413 3E 

02 

50. 

8.1232901E 

02 

51, 

8.1323395E 

02 

52, 

1.2397008E 

03 

53, 

1.2098909E 

03 

54, 

1.21063S4E 

33 

55, 

1.18487195 

03 

56, 

1.1897191E 

03 

57, 

1.21272S2E 

03 

58, 

1.2I26175E 

03 

59, 

1.16250435 

03 

63, 

1.1303306E 

03 

61, 

1.1146448E 

03 

62, 

1.1049883E 

03 

63, 

1.158B108E 

03 

64, 

1.1667315E 

03 

65, 

1.2023893: 

03 

66, 

1.2041306E 

33 

67, 

1.1624979E 

03 

o3, 

1.1279854E 

03 

67, 

l,1140814E 

03 

70, 

1.1050041E 

03 

71, 

1.1229402: 

03 

72. 

1.1232921E 

33 

73, 

1.1209056E 

03 

74, 

i.ll24227E 

03 

75, 

1.1343292E 

03 

76, 

1.0372511E 

03 

77, 

1.0857446: 

03 

78, 

1.11756665 

33 

79, 

1.1UC4S9E 

03 

80, 

1.1034512E 

03 

81, 

1.3553741E 

03 

82, 

1.0536952E 

03 

83, 

1.0257570: 

03 

84, 

1.0244633E 

33 

85, 

1.005392  7E 

03 

8o, 

1.0041295E 

03 

87, 

9.9503928E 

02 

88, 

9.9366528E 

02 

89, 

1.10700005 

03 

90, 

1.0603303E 

03 

91, 

8.7099999E 

02 

92, 

8. 72622 75E 

02 

93, 

8.6899999E 

02 

94, 

6.791B385S 

02 

95, 

6.6600000E 

02 

96, 

B.7602273E 

02 

97, 

8.6400000E 

02 

9b, 

6. 71214B4E 

02 

99, 

B.6099999E 

02 

103, 

8.6612252E 

02 

101, 

8.5999999E 

02 

132, 

8,67302025 

02 

103, 

8.5739999E 

02 

104, 

8. 64B0223E 

02 

105, 

3.5599999E 

02 

106, 

8.5999316E 

02 

107, 

6*55000005 

02 

103, 

6.57258425 

32 

109, 

a.SBqOOUOE 

02 

110, 

8.5546871E 

02 

5LEM59T  i 

PflRCEO 
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03 

0.1221050E 

02 

0. 

0. 

90 

0* 

0.6612B17E-02 

3.1129991E 

03 

0* 

91 

0«L630213E 

03 

0. 9637987E 

02 

0. 

0. 

92 

U. 

0.96328936 

02 

0.1830213E 

03 

0. 

i'6 

0«d7t636i£ 

02 

0.19969896 

03 

0. 

0.9637987E 

02 

9A 

0* 

0.19998966 

03 

3.871556  IE 

02 

0.9632893E 

02 

9*5 

U.l030774e 

03 

0.13728966 

03 

0. 

0.19469596 

03 

■fb 

0» 

0.13715166 

03 

o 

CD 

*• 

m 

03 

0.1999896E 

03 

if 

0.1062990: 

03 

0.1635030E 

03 

0. 

0.1372896E 

03 

96 

0. 

0.1633061E 

03 

0.106299BE 

03 

0.137L515E 

03 

99 

0.77399576 

02 

0.19960106 

03 

0. 

0.1635030E 

03 

100 

0. 

U.1999623E 

03 

U.7739957E 

02 

0.1633861E 

03 

101 

0. 78536966 

02 

0.20267096 

03 

0. 

0.1996018E 

03 

102 

0. 

0.20261766 

03 

0.7853696E 

02 

0.1999620E 

03 

103 

0.7979536E 

02 

0.17173006 

03 

0. 

0.20267B9E 

03 

109 

0. 

0*17162966 

03 

0.797953oE 

02 

O.2025176E 

03 

103 

0.  1136339b 

03 

0.1S19731E 

03 

0. 

0.1717300E 

03 

106 

U. 

0.  161911 7E 

03 

3.1136339E 

03 

0.17162966 

P3 

107 

0. 99319026 

02 

0.15290106 

03 

3. 

0.16197016 

U3 

100 

0. 

0.162859BE 

03 

3.9931902E 

02 

0.16141176 

03 
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O.USlictlE 

03 

0. 

3. 

0.15290106 

03 

lie 

0. 

0. 

0.1351181E 

03 

0.15285986 

03 

Fi.FMFNT  FnUNQAflV  fiC!*  CONDIJCTION  MH*  RNDRY  CDNnuCTANCFlH*A)  SUHf  BTtj/HR.F}  AND  BNORV  HEAT  FLUX  SUHIOTU/HRI 


1 

1 

0.39523636 

02 

0.3673091b 

03 

2 

2 

0.23017976 

02 

0.87381526 

03 

3 

3 

0.39424706 

02 

0.7179999E 

03 

9 

4 

0.393d91b: 

02 

0.  9 7889066 

03 

5 

5 

0.33792366 

02 

0.30509056 

03 

6 

6 

0.6029709c 

02 

0.11737906 

03 

7 

12 

0.  324086IE 

02 

0. 59835486 

03 

8 

52 

0.73096196 

02 

0.4407473E 

09 

9 

54 

0.3023077E 

02 

0.27019666 

09 

10 

57 

0.  99082686 

02 

0.4<;335026 

09 

11 

58 

0.52725556 

02 

0.96070396 

09 

12 

30 

0.49186876 

01 

-0.21173236 

03 

13 

36 

0.60  750716 

00 

>0. 29689596 

03 

19 

91 

0.85622576 

00 

-0.29216206 

03 

15 

96 

0.18317666 

01 

-0.3259372F 

03 

16 

99 

0.  2212  5 726 

01 

-0.  63036926 

03 

17 

50 

0.33952636 

00 

-0.97571876 

02 

18 

51 

0. 8077S77E 

00 

-0.23286996 

03 

19 

9d 

0.9579916c 

00 

•0.13333o7t 

03 

20 

95 

0.95270786 

00 

-0.21985116 

03 

21 

81 

0.1925612E 

01 

-0.755SB72E 

03 

22 

83 

0.1o9221SE 

01 

-0. 8223586b 

03 

23 

85 

0.16823756 

01 

-0.80894876 

03 

24 

87 

0.1863566E 

01 

-0.B75955BF 

03 

25 

dd 

0.28353366 

01 

•0. 1328836b 

09 

26 

86 

0.29311226 

01 

-0.1188790E 

09 

27 

69 

0.292U75E 

01 

-0.12092996 

09 

28 

82 

0.21018306 

01 

-O.U11237E 

09 

29 

77 

0.15952896 

01 

-0.86651996 

03 

30 

72 

0. 1629288E 

01 

-0.97979776 

03 

31 

65 

0.362152o£ 

00 

-0.2953197C 

03 

32 

6b 

0.36517056 

00 

-0.24600096 

03 

33 

67 

0.45269076 

00 

-0.23S3933E 

03 

39 

73 

0.5239790c 

00 

>0.31199786 

03 

35 

78 

0.92720076 

00 

-0.54999006 

03 

36 

79 

0.95272186 

00 

-D.265321BF 

03 

37 

8U 

0. 1065631E 

01 

-0.6169296b 

03 

33 

75 

0.77609296 

00 

-0.99962356 

03 

39 

70 

0.85510356 

00 

-0.99597536 

03 

90 

62 

0.9163529E 

dO 

-0.53198686 

03 

91 

61 

0.1509035E 

00 

-0.83981556 

02 

42 

11 

0.L323278E 

00 

0.71935266 

01 

93 

17 

0.11SQ2796 

00 

0.12700906 

02 

99 

16 

0.1997932E 

00 

0.20238876 

02 

45 

15 

0.  87662036-01 

0.19838226 

02 

96 

20 

0.82781  726'*  01 

0.17378976 

02 

97 

19 

0.8239002E-01 

0.18926606 

02 

48 

7 

0.13192726 

02 

-0.1390006F 

09 

99 

13 

0.  1771311c 

02 

-0.83912176 

33 

50 

29 

0.22109936 

02 

-0.31019826 

03 

51 

92 

0.  83599036-01 

-0.33502026 

03 

52 

110 

0.9«»U973E 

00 

0.59997596 

02 

S3 

99 

0.108 1050E 

02 

0. 19763336 

04 

54 

96 

0.12566696 

02 

0.12938166 

09 

55 

98 

0.1272810c 

02 

0.93919986 

03 

56 

100 

0.60125756 

01 

-3.67105156 

03 

57 

102 

0.95998996 

01 

0.13199956 

09 

58 

109 

0.95521016 

01 

0.8615781E 

03 

59 

106 

0.65993396 

00 

0.69999966 

02 

60 

108 

0.76056136 

00 

0.56955996 

02 

61 

91 

0. 

0. 

62 

93 

0. 

0. 

63 

95 

0. 

0. 

69 

97 

0. 

0. 

65 

99 

0. 

0. 

66 

101 

0. 

0. 

67 

10  3 

0. 

0. 

68 

105 

0. 

0. 

69 

107 

0. 

0. 

70 

109 

0. 

0. 

71 

39 

0. 

0. 

72 

90 

0. 

0. 

ELEMENT  FREE  THERMAL  EXP ANSIONt ALPHA*! T-TOl 


ii 

i.d9-*J29lb-03 

2» 

3. 86589566-03 

3. 

3. 9 5291 696-03 

4. 

3*98701616-03 

5, 

4.01261Q3C-03 

5. 

9.0933393E-33 

7t 

2«a55d99SE-33 

6, 

i.l8U3lOE-03 

7. 

3.9,3232876-03 

10, 

3.63965906-03 

11, 

3.7522281E-03 

12, 

3.9722755E-D3 

13> 

2.58285326-03 

14* 

2.83501916-33 

15, 

3.06559766-03 

15, 

3.26601886-03 

17, 

3.49047866-03 

18. 

3.6127919E-03 

19. 

2.705aldib-03 

20* 

2.89083296-03 

21, 

3*01863326-03 

22, 

3.19784396-03 

23, 

3.38182266-03 

24, 

2.2963979E-33 

39. 

2.993l9aS£-U3 

26* 

2»65B963oE-U3 

27, 

2. 63396896-03 

23, 

3.01430826-03 

29, 

3.2U  75095-03 

30, 

2.2755393E-33 

31. 

2. 36971166-03 

32* 

2.50326636-03 

33, 

2*66332926-03 

34, 

2.89109156-03 

35, 

3.05227365-03 

35. 

2.22139356-33 

97. 

2.33980976-03 

38* 

2.  97099826-03 

39, 

2*63362916-03 

40, 

2.87062026-03 

41, 

2.1Q94S275-03 

42. 

2*15976376-33 

«3. 

2.26162596-03 

44* 

2*39921966-03 

«, 

2.O958183E-03 

45, 

3.71615626-03 

47, 

3.73992365-03 

48. 

3.79937776-33 

3.70147996-03 

50* 

3.71792296-03 

31, 

3.72415656-03 

52, 

7.12763956-03 

53, 

6.85969096-03 

54, 

6.66632556-33 

39, 

6.6382o78E-03 

66* 

6.6809395E-03 

57, 

6. 38997716-03 

5B, 

6.83402566^03 

59, 

6.49307685-03 

60. 

6.16695816-33 

6lf 

6.0338789b-03 

62* 

5.95271836-03 

53, 

6.91104206-03 

54, 

6.47974316-03 

55, 

6.79297695-03 

55. 

6.30899966-33 

67, 

6.94iQ209E-03 

66* 

o.  19677216-03 

59, 

6.02912856-03 

70, 

5.95284876-03 

71, 

6.10390156-03 

72, 

6.10533096-33 

73, 

6.086  79<t  26-03 

74* 

6.01515726-03 

75, 

3*99719246-03 

76, 

5*80479926-03 

77, 

5.79231925-03 

75, 

5.35852036-33 

79, 

6.00357006-03 

80* 

5.93933726-03 

BI, 

5.59067616-33 

82, 

5.52947326-03 

83, 

5.30960705-03 

85, 

5.29923656-33 

85, 

5.1931972E-Q3 

36* 

5.13325396-03 

B7, 

5*06193506-03 

83, 

5.0511997E-03 

89, 

6.72165856-03 

90, 

3.25033626-33 

91, 

9.130 78896-03 

V2* 

9.19296586-03 

93, 

9.11691606-03 

94, 

4.18931406-03 

95, 

4.09989455-03 

95, 

9*15697956-33 

9 7, 

9.080572  ib-03 

98, 

9.13233926-03 

99, 

9.35912726-03 

100, 

4.09577276-03 

20,  , 

4.05193895-03 

102, 

9*10922936-33 

103, 

109, 

9.03/72776-03 

4.00216356-03 

104* 

110, 

4.0863198E-03 
9. 01970726-03 

105, 

9.32398676-03 

106, 

4.05194016-03 

107, 

4.0163739E-03 

108. 

9.03299996-03 

IN 
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APPENDIX  D 


HEAT  TRANSFER  COEFFICIENT  EQUATIONS 

Tlie  equations  used  to  calculate  boundary  heat  transfer  coefficients  are  mostly  ob- 
tained from  books  by  McAdams  (ref.  9)  and  by  Kreitli  (ref.  10). 


Radiation 

The  radiation  equation  is  based  on  information  from  chapter  4 of  Kreith  and  chap- 
ter 5 of  McAdams.  The  basic  expression  is  in  terms  of  the  heat  flux  but  can  also  be  ex- 
pressed as 


h = -A_ 
A AT 


The  number  of  properties  required  is  reduced  by  substitution  of  others  as  explained  in  the 
references. 


Liquid  Film  Cooling 

The  gravity-flow  liquid  film  cooling  equation  can  be  found  in  chapter  9 of  McAdams. 
Strictly,  it  ^plies  only  to  flow  over  horizontal  cylinders.  However,  in  the  program,  it 
is  also  used  for  flow  down  vertical  surfaces. 


Other  Free  Convection  Coefficients 

The  two  other  free  convection  subtype  expressions  are  obtained  from  a study  of  chap- 
ter 7 of  McAdams  and  of  chapter  7 of  Kreith.  They  are  actually  for  nouenclosed  spaces, 
but  are  considered  acceptable  for  two  reasons.  First,  the  boundaries  at  which  free  con- 
vection occurs  are  far  enough  from  the  parts  of  interest  (seal  plate  and  nosi^iece)  that 
they  have  little  influence.  Second,  the  knowledge  of  coefficients  in  enclosed  spaces  ap- 
pears to  be  limited  and  to  be  expressed  in  terms  of  overall  coefficients. 

Comparison  of  the  two  conditions  (table  I)  shows  the  equations  for  turbulent  flow  are 
identical  and  those  for  laminar  flow  differ  only  in  the  constant  used„  Transition  from 
laminar  to  turbulent  flow  is  considered  to  occur  at  GrPr  = 10®  (ref.  9). 
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Use  of  Local  Coefficients 


I The  ejspression  for  free  convection  at  vertical  surfaces  is  for  a local  coefficient  inr 

I stead  of  an  average  as  is  the  case  for  the  other  cases  already  raentioned. 

I The  program  deals  with  small  sections  of  boundary  surfaces.  There  are  few,  if  any, 

I places  where  a fully  established  velocity  profile  (e.g. , in  duct  flow)  or  boundary  film 

; (e.g. , in  flat  plate  flow)  exists  in  seal  applications.  In  the  problem  of  appendix  C,  as  an 

example,  the  use  of  a local  coefficient  is  generally  preferable. 

^ While  free  convection  around  a horizontal  cylinder  should  properly  be  considered  a 

I circumferential  flow,  the  assumption  of  an  axisymmetric  temperature  distribution  implies 
I a uniform  coefficient  around  the  cirmmference  as  well  as  along  the  cylinder. 

4 The  conversion  of  average  coefficients  to  local  coefficients  is  based  on  text  and  eq.ua- 

tions  in  chapter  6 of  Kreith. 

Flat  Plate 

i..C 

r. 

These  coeMcients  and  the  critical  Reynolds  number  for  laminar  turbulent  transition 
I are  obtained  directly  from  chapter  6 of  Kreith’s  book. 


Duct  Flow,  Liquid 

For  the  most  accurate  result,  the  equation  used  for  duct  flow  depends  on  the  shape  of 
the  cross  section  and  on  the  viscosity  of  the  fluid.  However,  McAdams  and  also  Jakob 
(ref.  11)  indicate  that  the  use  of  pipe  flow  equations  with  an  equivalent  (hydraulic)  diam- 
eter is  accQjtable. 

In  the  example  of  appendix  C,  the  only  fluid  flowing  in  s ctuct  is  a synthetic  oil  with  a 
viscosity  in  the  range  covered  by  McAdams  recommended  equation  for  turbulent  flow. 

The  laminar  flow  ejqjression  as  well  as  that  for  turbulent  flow  are  taken  from  chapter  9 
of  McAdams. 

McAdams’  data  indicate  that  transition  from  laminar  to  turbulent  flow  can  foe  con- 
sidered as  occurring  over  the  Rqjrnolds  number  range  between  2500  and  7500.  Kreith  and 
also  Jakob  agree  with  the  overall  trend  during  transition.  The  equation  presented  in 
table  I seems  to  be  an  acceptable  approximation  of  the  coefficient  in  this  range. 


I 

I 
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Concentric  Cylinders 


This  expression  is  obtained  from  reference  12.  The  e^qaerimental  conditions  are 
similar  to  those  found  in  the  problem  of  appendix  C.  One  assumption  is  made  in  the 
problem;  the  axial  flow  has  a negligible  effect  on  the  boundary  film.  This  seems  reason- 
able for  the  high  rotational  speed  and  the  low  axial  flow  velocities.  Therefore,  the  en- 
trance effect  term  is  dropped. 


Rotors 

The  equations  for  the  remaining  two  flow  iypes  are  derived  fi’om  the  results  of  ref- 
erence 13.  While  the  completely  shrouded  disk  used  does  not  duplicate  the  flow  in  a seal 
gap,  no  work  applicable  to  laminar  flow  (the  most  probable  regime  in  a seal  gap)  has  yet 
been  found.  Also  the  derivation  involves  using  the  Reynolds  analogy  so  the  resulting  ex- 
pressions are  only  rough  approximations. 

In  applying  the  results,  the  assumption  is  made  that  one  or  the  other  of  the  following 
situations  exists: 

(1)  The  clearance^between  the  side  of  a rotating  part  and  the  housing  or  other  sta- 
tionary part  is  so  small  that  the  boundary  layers  are  merged  at  all  times  (seal  gap). 

(2)  The  clearance  is  large  enough  that  the  boundary  layers  are  separate  at  all  times 
(sides  of  rotors).  This  should  be  a good  approximation  of  the  situation  in  the  problem  of 
appendix  C except  for  the  seal  g^. 

The  laminar  to  turbulent  transition  for  the  sides  of  rotors  case  occurs  at  a Reynolds 
number  of  158  000.  For  the  seal  gap  case,  the  critical  Reynolds  number  is  a function  of 
the  ratio  of  gap  clearance  to  rotor  outer  radius,  that  is. 

Re 


Derivation  of  Equations  for  the  Rotor  Coefficients 

Tne  Reynolds  analogy  (ref.  14) 


aRePr^/® 

Nu  = -i — — 


(Dl) 
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requires  an  e:q)ression  for  the  wall  shear  stress  because  the  skin  friction  coefficient 


(D2) 


The  torque  coefficients  obtained  in  reference  13  are,  in  effect,  functions  of 
that  is 


(D3) 


A general  form  of  the  equation  for  shear  stress  in  a pipe  (ref.  14,  p.  509) 

= Ap^w^rVs^ 

is  used  to  obtain  the  following  e2q>ression  for  the  torque  coefficient: 

C 8i7A 

^ 3+X,,2-w.2-x 

CO  a 


(D4) 


(D5) 


This  is  matched  with  an  empirical  equation  from  reference  13  to  evaluate  the  constant  A 
and  the  coefficients  of  the  properties.  Substitution  in  equations  (D4),  (D2),  and  (Dl)  gives 
an  e2q>ression  for  the  Nusselt  number.  The  heat  transfer  coefficient  h is  a factor  of  the 
Nusselt  number;  that  is. 


k 

The  free  stream  velocity  must  still  be  evaluated.  For  the  seal  gap  with  merged 
boundary  layers,  = rco/2.  For  the  case  of  separated  boundary  layers,  the  difference 
between  the  free  stream  velocity  and  the  rotor  velocity  is  required  for  a rotating  part. 

For  a nonrotating  part,  of  course,  the  difference  is  the  free  stream  velocity  Y^  = ^r. 
Information  in  reference  13  indicates  that  /3  is  a function  of  the  rotor  angular  velocity 
and  the  ratio  s/a,  or  that  ^ = Kct>  where  K = F(s/a),  Evaluating  the  data  presented 
yields  the  following  ejspressions  for  K (the  coefficient  equation  can  be  expressed  in  terms 
of  K,  see  table  1): 
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Kstator=®- 50185  - 0.6508^£jj 

y laminar  flow 

Kj,otor  = 0-49815  + O.GSOsf^^ 


W 


^stator  = 0*48558  - 0.35778^' 
^rotor  = 0*  04442  + 0. 35778/^\ 


V) 


> turbulent  flow 


APPENDIX  E 


SAMPII  THERMAL  PROBLEM  FOR  COMPARISON  WITH  EXACT  SOLUTION 

To  demonstrate  the  accuracy  of  the  program,  the  following  sample  problem  (see 
fig.  15)  was  solved. 
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Too  ■ 0°  F;  h = 0, 020  Bluflsec)(ft2)(°F) 


Element 

z 

99 

(100) 

(101) 

(102) 

(103) 

(104) 

(105) 

(106) 

(107) 

(108) 

(109) 

(110) 

(111) 

112 

85 

(86) 

(87) 

(88) 

(89) 

(90) 

(91) 

(92) 

(93) 

(94) 

(95) 

(96) 

(97) 

98 

71 

(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 

(81) 

(82) 

(83) 

84 

57 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

(68) 

(69) 

70 

43 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

56 

29 

(30) 

(31) 

(32) 

(33) 

(3« 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

42 

15 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

28 

1 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

14 

L 0 

Figure  15.  - Thermal  sample  problem.  Solid  cylinder  with  right  end  (z  = 0)  held  at  200°  F and  left  end  iz » U held 
at  0°  F.  Right  side  boundary  elements  (i,  e.,  14,  28,  42,  56,  70,  84,  98,  and  112)  held  at  200°  F.  Left  side  ele- 
ments heid  at  0°  F. 


For  the  finite  cylinder  with  0 s r ^ a and  0 s z s l, 

z = 0 held  at  200°  F (366  K) 
z = L held  at  0°  F (255  K) 

Forced  convection  into  a medium  at  T,„  = 0°  F (255  K)  occurs  at  r = a. 
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For  an  exact  solution,  the  temperature  has  to  satisfy  the  following  equation  for  an 
isotropic  homogeneous  solid: 


8r®  02^ 


Osr^a,  Osz:sL 


which  is  subject  to  the  following  boundary  conditions: 

T = 0°  F (255  K)  at  z = L and  0 s r :s  a 
T = 200°  F (366  K)  at  z = 0 and  0 s r ^ a 

k—  + hT  = 0 at  r = a and  0 < z < L 
9r 

if  the  following  definitions  are  used: 

Jq  Bessel  function  of  first  kind,  zero  order 
derivative  with  reject  to  its  arguments 
a root  of  equation  oJ’ (oa)  + h_J.(a!a)  = 0 

O o 

the  exact  solution  is  given  by 


09 


a h^  + Jo(ao!j^)sinh(LQ!jj) 


(El) 


For  the  numerical  solution,  a coarse  mesh  of  112  elements  was  chosen.  As  indica- 
ted in  figure  15,  the  96  elements  between  z = 0 and  z = L had  0. 5-inch  (1. 27-cm)  ra- 
dial and  axial  dimensions.  The  16  elements  constituting  boundary  conditions  had  0. 25- 
inch  (0.635-cm)  axial  dimensions. 

The  temperatures  were  calculated  by  means  of  the  program  and  of  equation  (El). 
The  foEowing  values  were  required  to  obtain  solutions: 


a = 4. 0 in.  (10  cm)  = 0. 020  Bt  './(sec)(ft^)(®F);  0. 0098  cal/(sec)(cm2)(°C) 

L = 6.0  in.  (15  cm)  k = 0.00361  Btu/(sec)(ft)(°F);  0.0537  cal/(sec)(cm)(®C) 

The  results  are  shown  in  figure  16  and  table  m.  The  maximum  error  using  this 
coarse  mesh  is  15  oercent.  A finer  mesh  would  be  expected  to  show  a lesser  error. 
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FIgurt  1&  - Thermal  sample  problem  showing  thermal  distribution. 
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TABLE  ra.  - THEHMAL  SAMPLE  PROBLEM  COMPARISON  WITH  EXACT  SOLUTION 


Element  Exact  Calculated  Percent 
number  temperature,  temperature,  error 


Element  Exact  Calculated  Percent 
number  temperature,  temperature,  error 
°F  °F 


4.925 
14.943 
25.465 
36.830 
49.372 
63.415 
79.246 
97.082 
117.018 
138.969 
162.620 
187.408 
4.841 
14.691 
25.044 
36. 240 
4f..619 
65:.  515 
73.233 
96.016 
115.990 
138.096 
162.028 
187.216 
4.670 
14.188 
24.202 
35.056 
47.102 
60.690 
76.162 
93.815 
113.843 
136.253 
160. 767 
186.765 
4.425 
13,437 
22.941 
33.276 
44.802 
57.897 
72.951 
90.343 
110.384 
133.215 
158,647 
185.989 


4,571 
12.682 
22.471 
33.150 
45.109 
58,746 
74.446 
92. 548 
113.272 
136,631 
162.308 
186.137 
4.532 
12.573 
22.281 
32.876 
44.749 
58.303 
73.932 
91.985 
112.708 
138.134 
161.968 
186.004 
4.412 
12.242 
21.702 
32.041 
43.654 
56.952 
72.354 
90.252 
110.955 
134.579 
160.892 
185.584 
4.207 
11.678 
20.716 
30.616 
41.774 
54.618 
69.603 
87.192 
107.809 
131.727 
158.871 
184.781 
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21.270 
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39.088 
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82.621 
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105.298 
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127.185 

68 

155.300 

155.304 

69 

184.744 

183.395 

72 

3.695 

3.552 

73 

11.230 

9.868 

74 

19.210 

17, 536 

75 

27.954 

25.986 

76 

37.822 

35.598 

77 

49.226 

46.819 

78 

62.661 

60. 178 

79 

78.724 

76.328 

80 

98. 134 

96.063 
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121.684 
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150.003 

83 

182.681 

180.937 
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3.227 

3.106 

87 

9.811 

8.650 

88 

16.797 

15.391 

89 

24.477 

22.837 

90 

33,187 

31,344 

91 

43. 330 

41.338 

92 

55,415 

53.359 

93 

70.114 

68. 116 

94 

88.353 

88.586 

95 

111.444 

no.  157 

96 

141.150 

140.806 

97 

178.863 

175.963 

100 

2.705 

2.674 

101 

8.227 

7.260 

102 

14.091 

12.941 
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20.551 

19.220 

104 

27.899 

26.411 

105 

36.497 

34.896 

106 

46.814 

45. 168 

107 

59.503 

37.913 

108 

75.544 

74.148 
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96.548 

95. 518 

110 

125.551 

124.981 
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169.610 

163.090 
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A ZKimerical  method,  based  on  the  well  known 
relaxalion  technique,  is  described  for  deter- 
mining temperature  distributions  in  seal  rings. 
The  method  is  one  which  can  be  applied  to  seal 
rings  of  non-uniform  cross  sectional  shape  and 
is  .particularly  suitable  to  digitsi  methods  of 
solution. 

Choice  and  quantitative  application  s5f  Sfeermai 
boundary  conditions  to  the  analysis  are  discuss- 
ed in  relation  to  operation  conditions  encounter- 
ed by  mechanical  seals  in  the  field. 

Illustrations  of  temperatime  distributions  in 
non-dimensional  form,  in  actual  seal  rings, 
which  have  been  calculated  by  this  method,  are 
included.  The  usefulness  of  these  results  tothe 
seal  designer  in  dealing  with  the  twin  problems 
of  thermal  distortion  and  frictional  heat  removai, 
are  discussed. 

INTRODUCTION 

The  increasing  need  for  mechanical  seals  to 
handle  duties  beyond  the  reach  of  other  sealing 
methods,  for  example,  on  multiple  stage  pipe- 
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line  pumps  or  sealing  liquids  near  to  boiling 
point,  has,  in  recent  year,  caused  seal  designers 
to  pay  more  attention  than  hitherto  to  the  hydro-  ' 
dynamic  and  thermodynamic  aspects  of  seal  % 
technology. 

Whereas  in  the  past  it  ha^ often  been  sufficient 
to  adapt  a particular  Seal,  or  irange  of  seals  to 
handle  stiffer  duties,  merely  by  following  cert- 
ain largely  empirical  rules,  it  is  becoming  in- 
creasingly necessary  to  make  use  of  all  that 
modern  technology  has  to  offer  in  analytical  tech- 
niques ^vhen  designing  a new  seal.  This  is 
particularly  true  in  the  design  of  the  contact 
faces  of  a mechanical  seal  where  several  fac- 
tors, in  addition  to  the  already  well  known  ones, 
such  as  material  combination  and  degree  of 
hydraulic  balance,  can  influence  the  perform- 
ance of  the  seal.  Of  these,  distortion  of  the  con- 
tact faces  and  frictional  heat  removel  are  among 
the  most  significant. 

Distortion  of  the  faces  is  particularly  import- 
ant because  the  concept  of  hydraulic  balance 
depends  for  its  validity  on  the  assumption  that 
the  opposing  faces  remain  plane  and  parallel. 

Any  ti'ansient  conic  distortion  of  either  one  or 
both  faces  of  a seal,  which  has  fully  bedded  in 


Re  Reynolds  number  relating  to  flow  in  annulus 
R Reynolds  number  relating  to  speed  of 
rotation  of  seal  ring 

Rs  Reynolds  number  relating  to  cross  flow 
over  rotating  seal  ring 
T Temperature  at  a point  within  seal  ring 
profile 

TO  Temperature  of  cooling  medium 
T ' Non-dimensional  quantity  defining  an 
isotherm 

AT  Temperature  differential  over  one  mesh 
width  at  contact  face 

U Linear  velocity  of  rotating  contact  face 
W Total  load  on  contact  face 
(t  Absolute'  viscosity 


b Radial  width  of  contact  face 
D Mean  diameter  of  contact  face 
f Coefficient  of  friction 

G Grashof  number 

h Surface  heat  transfer  coefficient  between 

seal  ring  and  cooling  medium 
k Thermal  conductivity  of  seal  ring  material 
t Length  of  mesh  line  between  intersections 

to  Length  of  mesh  line  outside  seal  profile 
{=  k/h) 

Nu  Nusselt  number 

Pr  Prandtl  number 

q Rate  of  .leat  input  to  seal  ring 
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after  running  under  a particular  set  of  conditions, 
can  cause  a dramatic  change  in  balance,  often 
sufficiently  severe  to  bring  about  complete  fail- 
ure of  the  seal  owing  to  hydraulic  over-balance. 
The  causes  of  distortion  are  in  the  main  twofold. 
Thermal  gradients  contribute,  as  do  mechanical 
forces  caused  by  hydraulic  pressures,  spring 
loads  and  mounting  methods  which,  in  var3dng 
degree,  act  on  all  seal  rings.  The  problem  of 
mechanical  forces  is  outside  the  scope  of  this 
analysis  and  is  only  mentioned  here  in  order  to 
indicate  the  nature  of  the  overall  problem  con- 
fronting the  seal  designer. 

Frictional  heat  removal  from  the  seal  faces  is 
linked  with  thermal  distortion  in  so  far  as  the 
thermal  gradients  causing  distortion  are  generat- 
ed by  the  heat  input  at  the  contact  face  and  heat 
removal  at  the  cooled  surfaces  of  a seal  ring. 

The  importance  of  heat  removal  in  relation  to 
the  duty  being  handled  by  a mechanical  seal  has 
been  described  by  Lymer  and  Greenshields  (1). 

It  is  sufficient  to  say  here  that  the  more  detailed 
the  knowledge  available  regarding  heat  flow  and 
temperatures  with  a seal  ring,  the  better,  when 
designing  seal  rings  for  arduous  duties. 

The  following  analysis  presents  a method  where 
by  a complete  map  of  the  temperatures  throughout 
a seal  ring  can  be  determined  for  a given  set  of 
operating  conditions,  thus  enabling  both  thermal 
distortion  and  heat  jcemoval  characteristics  of 
the  seal  ring  to  be  estimated  with  a fair  degree 
of  accuracy. 

X ANALYSIS 

Fig.  1 shows  a typical  arrangement  of  a balanc- 
ed mechanical  seal.  Although  the  description 
which  follows  has  been  built  around  the  floating 
(and  rotating)  member  of  such  a seal,  it  will  be- 
come evident  that  the  method  of  approach  can  be 
applied  with  equal  facility  to  other  forms  of  seal 
ring,  whether  they  be  stationary  or  rotating 
members. 

Product  circulation 


PIG.  1 BALANCED  MECHANICAL  SEAL. 


The  method  of  solution  is  based  on  the  relax.! - 
tion  method  for  solving  problems  of  two-dimen- 
sional heat  conduction  in  solids,  which  is  de- 
scribed in  most  modern  text  books  on  tlierm- 
dynamics  (2).  In  order  to  apply  the  method  to 
heat  flow  in  a seal  ring,  some  simplifying  as.s- 
umptions  and  modifications  to  the  better  known 
techniques  are  introduced. 

Two  Dimensional  Heat  Flow 

The  seal  ring  is  considered  as  being  opened 
out  into  a flat  section  of  uniform  thickness  k D. 
Two  dimensional  heat  flow  is,  therefore,  assum- 
ed over  the  radial  cross  section  and  the  analysis 
is  only  strictly  true  for  rings  whose  radial  thick- 
ness is  small  in  relation  to  diameter  which, 
fortunatety,  is  the  case  for  most  seal  rings. 

Insulated  Surfaces 

In  applying  the  relaxation  method,  square  blocks 
of  material  of  unit  thickness  can  be  considered  to 
be  replaced  by  conducting  rods,  which  are  rep- 
resented as  lines  in  a uniform  mesh,  as  shown  in 
Pig.  2.  At  an  insulated  surface,  heat  is  trans- 
ferred parallel  to  the  surface,  but  not  through  it. 
The  equivalent  mesh  lines  are,  therefore,  omit- 
ted where  these  would  pass  through,  or  touch  an 
insulated  surface.  The  material  adjacent  to  the 
surface  is  represented  by  lines  parallel  to  the 
surface  and  disposed  half  a mesh  width  from  it. 


FIG.  2 RELAXATION  MESH. 

Cooled  Surfaces 

Where  heat  passes  through  a surface,  the  mesh 
is  extended  through  it  into  the  cooling  medium. 
For  most  seal  rings,  the  cooling  medium  is  the 
sealed  fluid  and  this  may  be  continuously  circ- 
ulated through  the  seal  chamber,  in  order  to 
assist  cooling.  At  the  cooled  surface,  the  mesh 
length  is  modified  in  order  to  allow  for  the  heat 
-ransfer  characteristics  from  the'  seal  ring  sur- 
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face  to  the  cooling  medium.  This  correction  is 
calculated  as  follows; 

y = k/h 

Such  a change  in  local  mesh  length  also  in- 
volves a modification  to  the  relaxation  calcula- 
tion. For  example,  referring  to  Fig.  2,  the 
corrected  value  of  T 3 is  calculated  from  the 
equation. 

TO  - T3  + T2  - T3  + T5  ■-  T3  = 0 
£o  + ^/2  ^ ^ 

The  actual  value  of  surface  temperature,  on 
completion  of  the  relaxation  calculations,  is 
obtained  by  interpolation.  For  example,  again, 
referring  to  Fig.  2:- 

T1  - TO  = T3  - TO 
^o  ■^o  + if2 

Heat  Input 

A proportion  of  the  frictional  heat  generated 
by  the  seal  enters  the  ring  through  the  contact 
face  area.  The  actual  proportion  varies  with 
the  type  of  seal,  being  dependent  on  the  relative 
heat  removal  properties  of  the  two  opposing  seal 
rings.  With  the  type  of  seal  shown  in  Fig.  1, 
employing  metal  rotary  and  carbon  stationary 
seal  rings,  it  is  reasonable  to  assume  that  al- 
most the  whole  of  the  generated  heat  is  removed 
via  the  rotating  seal  ring. 

Assuming  the  heat  flux  to  be  uniform  over  the 
contact  face  area,  heat  flow  into  the  ring  is  given 
by  the  equation 

q = Tf  k D AT  b/f  (1) 

where  AT  is  the  temperature  drop  over  each  of 
the  one  or  more  mesh  lines  of  length  -i  which 
pass  through  the  contact  face,  as  in  Fig.  2. 

In  order  for  the  conducting  rod  analogy  to 
remain  true  in  this  region,  the  ratio  hfS  must 
be  made  an  integer,  whose  magnitude  depends 
on  the  number  of  mesh  blocks  and,  hence,  con- 
ducting rods,  chosen  to  represent  the  contact 
face.  The  width  of  contact  face  can  thus  be  seen 
to  be  a major  iactor  in  the  fittings  of  a suitable 
mesh  for  calculation  purposes,  to  the  seal  ring 
as  a whole. 

When  carrying  out  the  relaxation  calculation, 
the  temperature  difference  AT,  calculated  from 
Eq.  (1),  is  held  constant  over  the  contact  face 
mesh,  i.  e.  in  Fig.  2: 

(T6  - T5)  = (T8  - T7)  = AT 

As  for  cooled  surfaces  of  the  ring,  the  actual 
surface  temperature  at  the  contact  face  can  be 
interpolated  on  completion  of  the  relaxation 
calculation. 

Calculation  of  Temperature  Distribution 

Assuming  that  the  boundary  conditions  for  a 
given  seal  ring,  including  rate  of  heat  input,  are 


known,  a suitable  mesh  is  applied  to  its  radial 
cross  section,  remembering  to  make  the  ratio 
hfi  an  integer,  and  AT  is  calculated  from  Eq. 
(1).  The  temperature  of  the  cooling  medium, 
which  is  usually  the  sealed  fluid,  is  applied  at 
the  appropriate  mesh  points  and  provisional 
estimates  made  of  the  temperatures  at  the  other 
mesh  intersections.  Using  the  relaxation  tech- 
nique, successive  approximations  are  then  made 
until  a final  steady  state  solution  is  obtained. 

The  resultant  temperature  distribution  will 
depend  for  its  accuracy  and  detail  on  the  size  of 
mesh  chosen  and  on  the  choise  of  boundary  con- 
ditions. In  Fig.  2,  for  reasons  of  clarity,  the 
size  of  mesh  shown  is  much  coarser  than  would 
normally  be  used  in  practice. 

GENERilL  SOLUTION 


The  analysis,  in  the  form  thus  far  described, 
would  be  extremely  tedious  were  it  to  be  carried 
out  in  full  for  every  individual  case  requiring 
examination.  In  designing  seals,  it  is  usual  to 
find  that  the  cross  sectional  shapes  of  seal  rings 
fall  into  a fairly  limited  number  of  recognisable 
patterns,  which  can  be  analysed  according  to 
their  shape,  as  follows. 

Assuming  the  thermal  conductivity  of  a given 
ring  is  constant  throughout  its  cross  section,  all 
temperature  gradients  within  the  ring  are  direct- 
ly projportional  to  the  input  temperature  gradient 
AT/^  . The  temperature  difference  between  any 
any  two  points  in  the  ring  is  given  by  the  product 
of  average  temperature  gradient  and  distance 
between  the  points.  The  distance  between  two 
similar  points  within  seal  ring/contact  face  com- 
binations, differing  in  size  but  identical  inshape,^ 
is  proportional  to  any  given  linear  dimension,  fo 
for  example,  contact  face  width  b. 


Hence  (T  - TO)  is  proportional  to  AT  b/^ 


but  from  Eq.  (1) 


AT  b 


q 

irkD 


and  therefore 
w'here  T is; 


T - TO  = T q (2) 

IdD 

(a)  a non-dimensional  quantity 
defining  an  isotherm  in  a 
seal  ring/contact  face  com- 
bination of  particular  cross 
sectional  profile. 

(b)  independent  of  the  physical 
size  of  that  profile  and  its 
associated  mean  diameter 
D. 

(c)  not  entirely  independent  of 
thermal  conductivity  k, 
owing  to  the  heat  transfer 
correction  at  cooling  sur- 
faces, but  for  ferrous 
materials  and  normal 
rotating  speeds  the  varia- 
tion is  small. 
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Determination  of  T 


From  Eqs.  (1)  and  (2) 

T = T - TO  I 

Of  AT  b 

Note  that  D does  not  appear  in  this  equation 

In  order  to  determir^  the  temperature  dis- 
tribution in  terms  of  T for  a particular  seal 
ring  shape  and  relative  width  of  contact  face,  it 
is  thus  necessary  to  assume  typical  coolingbound 
ary  conditions,  fit  a suitable  relaxation  mesh  to 
the  radial  section  and  assuming  a purely  arbit- 
rary value  of  AT,  calculatedthe  corresponding 
values  of  (T  - TO)  as  before.  T is  then  found 
for  each  point  in  the  mesh  by  applying  Eq,  (3) 
with  the,  previously  assumed,  arbitrary  value 
of  AT.  Isotherms,  or  lines  of  constant  T,  are 
dtermined  by  interpolation. 

Examples  of  rather  simplified  typical  seal 
ring  shapes,  analysed  in  this  way,  ar  shown  in 
Figs.  3,  4 & 5.  The  effect  on  temperature  dis- 
tribution of  change  in  cross  sectional  shape  and 
width  of  contact  face  can  be  seen  in  these  ill- 
ustrations. Applying  Eq.  (2)  to  these,  or  similar 
figures  prepared  for  other  types  of  seal  ring, 
provides  a ready  means  of  determining  actual 
temperature  distributions  for  a wide  variety  of 
operating  conditions. 


PIG.  3 ISOTHERMS  IN  SEAL  RING  WIDE  PACED. 


CHOICE  OF  BOUNDARY  CONDITIONS 
Cooled  Surfaces 

As  already  pointed  out,  the  cooling  medium 
surrounding  a seal  ring  is  invariably  the  sealed 
fluid  itself.  This  may  be  contained  in  a "dead 
end"  sealing  chamber,  in  which  case  heat  is 
transferred  from  the  seal  ring  surface  to  the 
fluid  and  thence  to  the  walls  of  the  chamber,  both 
being  convective  processes.  Alternatively,  the 
sealed  fluid  may  be  circulated  through  the  seal- 
ing chamber,  as  is  often  the  case  with  mechan- 
ical seals  used  on  centrifugal  pumps,  where  a 
tapping  from  pump  discharge  allows  fluid  to 
circulate  through  the  sealing  chamber,  or 
stuffing  box,  and  return  to  suction  via  a close 
clearance  bushing  at  the  inboard  end  of  the  seal. 
Such  an  arrangement  is  shown  in  Fig.  1. 

It  can  thus  be  seen  that  both  natural  and  forced 
convection  heat  transfer  can  apply  to  a seal  ring, 
varying  with  the  mechanical  arrangement.  A 
further  complication  arises  by  virtue  of  the  fact 
that  one  of  the  opposing  pair  of  seal  rings  rota- 
tes. This  introduces  another  form  of  forced 
convection  which,  apart  from  its  obvious  effects 
on  the  rotating  ring,  may  have  some  influence 
on  the  stationary  ring  also,  again  depending  on 
the  mechanical  arrangement.  In  any  individual 
case,  the  decision  regarding  the  form  of  heat 
transfer  applicable  to  the  ring  must,  therefore, 
be  left  to  the  skill  of  the  seal  designer  and  his 
interpretation  of  the  conditions  surrounding  the 
seal. 

It  is  fairly  safe  to  say  that  the  relatively  low 
surface  coefficients,  usually  associated  with 
pure  natural  convection,  are  seldom  met  with 
in  mechanicla  seals,  except  possibly  in  the  case 
of  narrow  gaps  caused  by  fitting  tolerances. 
These  are  usually,however,  best  considered  as 
special  cases  of  heat  transfer  by  conduction, 
which  leaves  to  be  considered  the  two  forms  of 
forced  convection  mentioned  above. 

Convective  heat  transfer  by  forced  circulation 
of  the  sealed  fluid  through  an  annular  gap  be- 
tween the  stationary  seal  ring  and  the  wall  of 
the  sealing  chamber  is  a common  method 
employed  for  seal  ring  cooling.  Surface  coeffi- 


FIG.  4 ISOTHERMS  IN  SEAL  RING  NARROW  FACED. 
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cients  can  be  calculated  from  the  equation  for 
flow  in  an  annulus  (3). 

Nu  = 0.  023  (Re)°*  ^ (Pr)®  (4) 

By  using  high  flow  rates  quite  high  surface 
coefficients  can  be  obtained  and  Fig.  6 shows 
some  typical  values  for  a seal  operating  in 
water. 

Convection  coefficients  associated  with  rota- 
ting seal  rings  are,  on  the  other  hand,  less 
dependent  on  rate  of  circulation  flow,  being 
governed  largely  by  the  speed  of  rotation. 
Dorfman  (4)  suggests  the  following  equation  for 
calculating  surface  coefficients  of  rotating  cyl- 
inders 

Nu  = 0.  135  (2R^  + Rs^  + G)  Pr  (5) 

Other  researchers  (5)  (6)  give  similar  results. 
Figure  7 shows  typical  values  of  surface  heat 
coefficient  due  to  rotation,  calculated  from  Eq. 
(5),  allowing  for  a modest  rate  of  circulation 
flow  over  the  seal  ring.  These  values  are  based 
on  the  same  sealing  conditions  as  used  to  deter- 
mine «Fig.  6 and  thus  give  some  indications  of  the 
relative  effectiveness  of  the  two  forms  of  con- 
vective’ cooling. 

The  high  values  of  heat  transfer  coefficient 
indicated  by  Figs.  6 and  7 lend  some  justifica- 
tion to  the  assumption  used  in  the  relaxation 
analysis,  that  those  surfaces  of  the  sea-  ring  not 
subject  to  similar  conditions,  are  considered  to 
be  insulated. 

Heat  Input 

Eqs.  (1)  and  (2)  depend  for  their  practical  use- 
fulness on  the  value  given  to  the  i*ate  of  heat  in- 
put at  the  contact  face  q which,  assuming  this 
to  be  the  total  heat  genei  ated  at  the  contact  facea 
is  given  by 

q = f W U (6) 

The  coefficient  of  friction  f is  the  one  indeter- 
minate factor  in  Eq.  (6).  The  works  of  Summers- 
Smith  (7)  and  Ishiwata  and  Hirabayashi  (8),  which 
was  discussed  later  by  Nau  (9),  suggests  that  for 
seals  operating  in  the  hydrodynamic  region 

- iJSfUh  1 = constant  (7) 

* t W I 

This  in  itself  is  not  much  help,  since  the  con- 
stant still  requires  determination  and  in  any 
case  it  is  by  no  means  certain  that  all  seals  op- 
erate in  the  hydrodynamic  region. 

For  the  present.at  least,  it  remains  up  to  the 
seal  designer  to  gather  his  information  as  best 
he  may,  preferably  by  actual  measurements  in 
the  laboratory  on  the  seal  types  with  which  he  is 
concerned.  Currently  accepted  values  for  fric- 
tion coefficient  on  mechanical  seals  in  commer- 
cial use  varv  from  0.  02  to  0.  10. 


O 2 4 6 8 lO 

Flow  to  seal  (gpm) 


FIG.  6 HEAT  TRANSFER  COEFFICIENTS  STATIONARY 
SEAL  RINGS. 


Speed  of  Rotation  ( r p m) 

FIG.  7 HEAT  TRANSFER  COEFFICIENTS  ROTATING 
SEAL  RINGS. 

Some  difficulty  arises  when  removal  of  the 
generated  heat  is  shared  by  both  seal  rings.  In 
such  cases  the  problem  can  be  solved  by  analys- 
ing each  seal  ring  independently  for  arbitrarily 
assumed  proportions  of  the  total  heat  generated 
and  using  an  iterative  technique  to  arrive  at  a 
common  values  of  contact  face  temperature. 

APPLICATION  TO  DESIGN 

It  must  be  admitted  that,  whilst  having  a de- 
tailed map  of  the  temperature  distributions  in 
a seal  ring  goes  a long  way  toward  analysing  the 
problem  of  thermal  distortion,  it  is  really  only 
a half  way  stage  in  the  whole  operation.  In  order 
to  fully  examine  the  effects  of  temperature  dis- 
tribution and  the  complementary  mechanical  and 
hydraulic  loadings  in  terms  of  distortion  of  the 
contact  face,  it  is  necessary  to  solve  the  re- 
sultant complex, strain  pattern  arising  from  these 
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factors.  Some  work  has  been  done  by  Fisher  (10) 
Watson  (11)  and  Nau  (12)  towards  this  end. 

Illustrations  such  as  Figs,  3,  4 & 5 do,  how- 
ever, provide  the  seal  designer  with  a qualitat- 
ive appreciation  of  the  influence  of  temperature 
gradients  in  relation  to  the  structural  shape  of 
the  sea-  ring  and  assist  him  in  choosing  the  best 
design  for  the  particular  purpose  in  hand. 

With  regard  to  frictional  heat  removal  on  the 
other  hand,  a detailed  kiiowledge  of  the  thermal 
characteristics  of  the  seal  ring  is  invaluable, 
particularly  when  sealing  liquids  near  to  their 
boiling  point.  It  is  useful  also  to  be  able  to  cor- 
relate the  material  and  structural  shape  of  the 
seal  ring  with  the  conditions  under  which  it  op- 
erates, in  order  to  select  which  ring  should  be 
of  the  higher  conductivity  material. 

For  instance,  it  can  be  shown  that  for  most 
common  pumping  duties,  where  carbon  versus 
metallic  seal  faces  are  used,  that  the  lowest 
temperature  difference  between  the  contact  faces 
and  seal  liquid  occurs  when  the  metallic  ring  is 
placed  in  the  region  of  highest  surface  heat 
transfer.  Reference  to  Figs,*  8 and  7 shows  that 
this  can  most  conveniently  be  done  by  making  the 
metallic  ring  the  rotary  component.  In  order  to 
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achieve  the  same  results  with  the  metallic  ring 
stationary,  would  need  very  high  cooling  flow 
rates,  with  the  consequent  increased  possU)ility 
of  erosion  damage  being  suffered  by  the  seal  or 
its  auxilliary  components. 

The  full  potential  of  the  method  of  analysis 
described,  could  be  realised  by  programming  on 
a digital  computer,  to  which  it  is  ideally  suited. 
Alternatively,  in  the  absence  of  this  facility,  a 
number  of  illustrations  on  the  lines  of  Figs.  3, 

4 and  5 can  be  prepared  to  cover  the  principle 
types  of  applications  of  seal  rings  with  which  the 
designer  is  ccncerned. 

By  selecting  the  illustration  most  nearly  fitting 
the  shape  of  the  seal  ring  in  question  and  in  con- 
junction with  Eq.  (2),  these  would  then  provide  a 
reasonably  accurate  and  speedily  applied  design 
method  for  predicting  the  temperature  gradients 
in  the  ring  and,  in  particular,  the  temperature 
difference  between  contact  faces  and  sealed 
liquid. 
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abstract 


In  inert  and  reducing  environments  both  at  room  and  elevated  temperatures,  un- 
damped seals  operated  with  severe  vibration  which  caused  early  bellows  fatigue  and 
high  leakage  rates  of  a 1. 57 -inch  (3. 99-cm)  mean  diameter  seal  operating  to  speeds  of 
165  feet  per  second  (50. 3 m/sec)  at  24  000  rpm.  Friction  damping  by  mechanical  damp- 
ers and  the  viscous  damping  by  oil  in  the  bellows  were  both  effective  in  maintaining  seal 
stability.  Nosepiece  temperatures  caused  by  the  sliding  contact  were  high  enough  to  re- 
duce hardness  of  the  mating  seal  seats. 


VIBRATION  OF  SHAFT  FACE  SEALS  AND  STABILIZING 
EFFECT  OF  VISCOUS  AND  FRICTION  DAMPING 
by  Thomas  N.  Strom,  Lawrence  P.  Ludwig,  and  John  C.  Hudelson 

Lewis  Research  Center 

SUMMARY 

Shaft  face  seals  of  1.  57  inch  (3. 99  cm)  mean  diameter  with  a bellows  secondary  seal 
were  operated  in  inert  and  reducing  gaseous  environments.  Starting  temperatures 
ranged  from  75°  to  800°  F (297  to  700  K)  and  sliding  speeds  ranged  to  165  feet  per  second 
(50. 3 m/sec)  at  24  000  rpm.  A study  was  made  of  seal  stability  (nosepiece  vibration)  as 
affected  by  both  friction  and  viscous  damping.  The  studies  showed  that  undamped  bellows 
seals  have  a very  strong  tendency  for  the  nosepiece  to  vibrate  in  an  unstable  manner  at 
high  frequency  (400  Hz)  and  high  amplitudes  (0.010  in.  or  0.025  cm).  This  severe  vibration 
allows  excessive  leakage  because  of  the  large  nosepiece  amplitudes  and  can  cause  early 
bellows  failure.  In  contrast,  seals  with  either  friction  (mechanical  dampers)  or  viscous 
damping  operated  in  a stable  manner  from  75°  to  800°  F (297  to  700  K)  and  to  sliding 
speeds  of  165  feet  per  second  (50. 3 m/sec)  at  24  000  rpm.  Stable  seals,  when  operating 
without  lubrication,  however,  had  high  (>700°  F or  644  K)  nosepiece  temperatures; 
lubricated  seals  had  significantly  lower  nosepiece  temperatures.  Results  of  allied  studies 
showed  that  the  temperature  generated  by  the  sliding  contact  can  be  high  enough  to  reduce 
seat  metal  hardness. 


INTRODUCTION 

Small  shaft  face  seals  of  1.  57  inches  (3. 99  cm)  mean  sliding  diameter  with  a bellows 
secondary  seal  are  being  used  in  small  gas  turbine  engines,  rocket  turbopumps,  and 
turbosuperchargers.  These  seals  operate  at  high  shaft  speeds  (to  60  000  rpm)  in  a hot 
(to  900°  F or  755  K)  gaseous  environment.  In  the  case  of  gas  turbine  engines,  the  hot 
gases  are  oxidizing;  in  rocket  turbopump  drives  the  gases  are  reducing;  and  in  turbo - 
superchargers  the  gases  are  either  oxidizing  or  reducing,  depending  on  load.  In  these 
gaseous  environments,  an  undamped  bellows  seal  with  one  of  its  natural  frequencies 


near  shaft  rotational  frequency  could  operate  in  an  unstable  manner;  that  is,  the  seal 
nosepiece  (stator)  could  vibrate  and  cause  a marked  increase  in  seal  leakage  (ref.  1). 

More  significantly,  reference  2 reports  severe  nosepiece  vibrations,  for  seals  operating 
in  liquid  nitrogen,  at  frequencies  not  in  resonance  with  shaft  speed.  In  the  study  of 
reference  2,  the  vibration  amplitude  of  the  nosepiece  was  measured  to  be  as  large  as 
0. 037  inch  (0. 094  cm)  with  predominant  frequencies  of  500  to  600  hertz.  With  such  large 
amplitudes,  the  leakage  past  the  nosepiece  sealing  dam  is  excessive;  the  high  frequen- 
cies, coupled  with  the  large  amplitudes,  quickly  induce  bellows  fatigue  failures. 

The  source  or  forcing  function  which  induces  the  nosepiece  vibration  could  be  shaft 
axial  vibration  (ref.  3),  seat  face  runout  (ref.  3),  or  frictional  forces  at  the  seal  sliding 
interface.  Of  these  three  sources,  the  data  of  reference  2 suggests  that  the  severe  vibra- 
tions are  more  readily  caused  by  frictional  forces  at  the  sliding  interface.  Thus  the 
coefficient  of  friction  associated  with  sliding  ma.terial  combinations  and  the  environment 
may  affect  seal  vibration.  For  instance,  it  has  been  recognized  (ref.  4)  that  carbon- 
graphites  have  lower  friction  coefficients  in  oxidizing  environments  than  in  inert  or  re- 
ducing environments.  Thus,  larger  frictional  forces  may  exist  in  inert  or  reducing  en- 
vironments. 

The  objectives  of  this  study  were  to  (1)  determine  if  a shaft  face  seal  (undamped) 
operates  unstably  (nosepiece  vibration)  in  inert  and  reducing  environments,  (2)  determine 
the  effect  of  friction  (coulomb)  and  viscous  damping  on  seal  vibration  and  leakage  rate, 
and  (3)  measure  seal  temperature  induced  by  high-speed  operations. 

Shaft  face  seals  to  1.  57  inches  (3. 99  cm)  mean  diameter  at  the  sliding  interface 
were  operated  to  speeds  of  165  feet  per  second  (50.  3 m/sec)  at  24  000  rpm  in  inert  and 
reducing  environments.  Both  friction  and  viscous  damping  were  employed  to  inhibit 
vibration.  The  sealed  pressure  differentials  were  generally  small  in  the  range  of  2 pounds 
per  square  inch  (1.38  N/cm  ).  Vibration  amplitude,  frequency,  leakage  rate,  and  tem- 
perature were  measured. 


APPARATUS  AND  PROCEDURE 
Typical  Application 

Figure  1 is  a schematic  drawing  of  a typical  application  of  a shaft  face  seal  in  a 
rocket  engine  turbopump.  The  function  of  the  face  seal  is  to  restrict  the  leakage  of  hot 
products  of  combustion  into  the  area  containing  the  oil  lubricated  support  bearings.  The 
bellows  secondary  seal  acts  to  hold  the  nosepiece  in  sliding  contact  against  the  rotating 
seat  and  permits  axial  displacements  due  to  thermal  expansion. 
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Room  Temperature  Apparatus,  Nitrogen  Gas  Environment 


For  seal  vibration  studies  at  room  temperature  the  application  depicted  in  figure  1 
was  simulated  by  the  apparatus  of  figure  2.  A nitrogen  gas  enviro  • « t was  used.  The 
shaft  which  carries  the  rotating  seat  is  tlie  stub  end  of  a high-speed  grinding  spijjdle. 

The  test  seal  has  an  insert  cemented  to  the  nosepiece  inside  diameter,  and  a displace- 
ment probe  monitors  the  axial  movement  (vibration)  of  this  insert.  As  a second  means 
of  sensing  vibration,  subminiature  accelerometers  were  also  cemented  to  tliis  insert. 

A circumferential  shaft  ridii^  seal  was  used  to  form  a cavity  which  was  pressurized 

o 

with  nitrogen  gas  to  a g^e  pressure  of  2 pounds  per  square  inch  (1, 38  N/cm  ).  Leak- 
age through  the  seal  was  measured  by  a rotating  drum  wet  test  meter.  Temperature  of 
the  carbon -graphite  seal  nosepiece  was  measured  by  means  of  thermocouples  embedded 
in  the  carbon -graphite.  The  thermocouple  wire  size  was  small,  0. 003  inch  (0. 0076  cm), 
in  order  not  to  interfere  with  seal  dynamics.  No  external  heating  was  used;  thus  any 
increase  in  the  carbon -graphite  temperature  was  due  to  sliding  at  the  interface.  In 
som.e  runs,  Mil-L-7808D  lubricant  was  introduced  through  a feed  tube  at  the  rate  of 
1 cubic  centimeter  per  minute 


Elevated  Temperature  Apparatus 

In  tests  at  ambient  temperatures  t 300°  F (700  K),  the  apparatus  sketched  in  fig- 
ure 3 was  employed.  The  rotating  seat  was  mounted  on  a gas  bearing  supported  spindle 
and  face  runout  was  held  within  0. 0005  inch  (0. 0018  cm)  full  indicator  runout  (FIR).  The 
nosepiece  and  bellows  assembly  carried  by  the  housing  could  be  positioned  axially,  thus 
changing  the  amount  of  bellows  compression.  The  seal  assembly  and  gas  environment 
was  heated  by  means  of  an  induction  coil  surrounding  the  seal  support  housing.  Leakage 
through  the  seal  was  collected  in  the  enclosure  and  measured  by  passing  the  leakage 
through  a wet  test  meter.  Mil-L-7808D  lubricant  could  be  supplied  by  means  of  a small 
tube  (fig.  3)  directing  lubricant  flow  to  the  seal  interface.  Shaft  speed  v/as  monitored 
by  a magnetic  pickup  and  counter.  One  of  the  gases  used  in  the  elevated  temperature 
apparatus  was  termed  products  of  combustion  (POC)  which  had  the  following  analysis; 

24. 7 percent  CH^,  0. 7 percent  CO,  0. 7 percent  CC  g?  40. 0 percent  Hg,  25. 7 percent  Ng, 
and  8. 2 percent  HgO. 
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face  Seal  With  Bellows  Secondary 


Figure  4 consists  of  schematics  of  the  shaft  face  seals  used  in  sealitjg  nitrogen  gas 
and  products  of  combust^''n.  The  nosepiece  was  carbon -graphite  impregimtsd  with  silver, 
and  the  seat  was  17-4  PH  stainless  steel.  A 300  series  stainless  steel  was  used  for  the 
seal  housing,  nosepiece  carrier,  and  bellows.  To  establish  the  seal  operating  length, 
the  bellows  spring  rate  was  measured,  and  the  results  are  given  in  figure  5 for  an  un- 
damped bellows  seal  (fig.  4(a)).  In  operation,  the  initial  operating  seal  length  was  set 
at  0. 525  inch  (1. 333  cm).  Because  of  the  shaft  and  housing  mounting  arrangement, 
thermal  expansion  tended  to  reduce  the  seal  length  with  the  result  that  the  operating 
seal  length  varied  typically  from  0. 525  to  0. 505  inch  (1. 33  to  1. 28  cm)  during  the  run. 
These  lengths  were  within  the  range  specified  by  the  manufacturer.  If  tha  bellows  did 
not  relax,  the  bellows  force  ranged  between  7. 5 and  12. 0 pounds  (33. 4 and  53. 4 K). 

Seals  with  and  without  dampers  have  similar  spring  rates  since  the  damper  exerts  only 
a small  frictional  force  on  the  bellows.  In  several  runs  a plastic  diaphragm  was  attached 
to  the  nosepiece  (fig.  4(c));  thus  lubricant  could  be  added  only  to  die  bellows  and  the 
interface  would  remain  unlubricated,  or  vice  versa. 


Procedure 

Room  temperature  and  elevated  temperature  runs  were  made  both  with  and  without 
Mil-L-7808D  lubricant.  Seal  components  were  cleai:.ed  ultrasonically  in  alcohol  prior 
to  assembly  and  rinsed  off  with  alcohol  after  assembly.  Lealtage  rates,  temperatures, 
pressures,  seal  vibration,  and  speed  were  continuously  recorded  on  magnetic  tape. 


RESULTS  AND  DISCUSSION 

Seal  Stability,  Bellows  Face  Seals  Without  Mechanical  Dampers 

Table  I lists  the  results  obtained  when  operating  a face  seal  with  a bellows  secondary 
(fig.  4(a))  without  a friction  damper.  Inspection  of  the  data  indicate  that  the  seal  is 

(1)  Unstable  (nosepiece  vibrates)  when  operated  without  lubrication  (runs  i and  6) 

(2)  Stable  when  lubricant  is  present  in  the  bellows  and  at  the  sliding  interface  (runs 

3 and  4)  before  start  of  rotation  (Lubricant  flow  was  1 cmVmin  throughout  the 
run.) 
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(3)  Stable  when  the  sliding  interface  (carbon  nosepiece)  is  lubricated  (no  lubricant 

in  bellows)  (run  5) 

(4)  Stable  when  the  bellows  contains  lubricant  (no  lubricant  at  interface)  (run  7) 

As  an  eiiample  of  unstable  operation,  figure  6 shows  the  transducer  outputs  of  prox- 
imity, accelerometer,  and  pressure  probes  for  the  first  100  milliseconds  of  run  1. 
Within  3 milliseconds  after  the  start  of  rotation  both  the  accelerometer  and  proximity 
probes  indicate  the  onlet  of  severe  vibration.  The  proximity  probe  shows  0. 010 -inch 
(0. 025-cm)  displacement.  This  amplitude  was  maintained  throughout  the  run  and  may 
have  been  larger  if  the  proximity  probe  had  not  limited  the  nosepiece  travel  (also  see 
fig.  2).  In  general,  the  frequency  was  high  (700  Hz  or  higher)  during  startup  and  shut- 
down, but  at  steady  speed  operation  of  24  000  rpm,  the  vibration  frequency  was  near 
rotational  frequency  (400  Hz),  This  frequency -to -shaft -speed  relation  is  illustrated  in 
figures  7 and  8.  These  figures  show  in  detail  the  vibration  frequencies  during  shut- 
down. In  run  2 (table  I)  rotation  was  started  with  no  lubricant  and  starting  lubricant 
flow  after  60  seconds  of  operation  made  no  detectable  change  in  vibration  amplitude  or 
frequency  at  24  000  rpm,  however  the  peak  frequency  at  shutdown  was  lower  (fig.  8) 
than  that  for  the  run  without  lubricant.  Except  for  this  peak  frequency  difference,  the 
two  runs  were  identical. 

The  seals  without  mechanical  dampers  showed  the  same  vibration  characteristics 
in  the  elevated  temperature  apparatus  as  in  the  room  temperature  apparatus.  The 
lubricated  seals  operated  in  a stable  manner,  and  the  unlubricated  seals  operated  in  an 
unstable  manner.  Table  II  lists  the  pertinent  data  for  runs  with  nitrogen  gas  and  with 
products  of  combustion  (see  APPARATUS  AND  PROCEDURE  section).  In  these  runs  the 
lubricant  was  added  before  the  start  of  rotation  and  was  not  supplied  during  operation. 

As  a result,  tlie  lubricant  evaporated  near  the  end  of  the  600°  and  800°  F (589  and  700  K) 
temperature  runs  and  unstable  operation  occurred. 


Seal  Stability,  Bellows  Face  Seals  With  Mechanical  Dampers 

Bellows  face  seals  with  a mechanical  damper  (fig.  4(b))  were  run  in  both  the  room 
temperature  apparatus  and  the  elevated  temperature  apparatus.  The  mechanical  damper 
consisted  of  a thin  steel  band  which  rubs  against  the  bellows  outside  diameter;  the  re- 
sulting friction  serves  to  dampen  vibration.  The  seals  with  a mechanical  damper  ran 
in  a stable  manner  for  unlubricated  and  lubricated  operation  in  nitrogen  gas  at  room  tem- 
perature and  in  both  nitrogen  gas  and  products  of  combustion  at  elevated  temperature. 
These  data  are  given  in  table  IH.  No  unstable  operation  occurred  with  these  damped 
seals. 
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Effect  of  Vibration  on  Seal  Leakage 


Inspection  of  the  data  in  tables  I and  II  reveal  a marked  increase  in  leakage  rate 
when  the  seal  operates  in  an  unstable  manner.  For  example  (in  table  I)  the  lealcage  rate 
is  less  than  100  standard  cubic  centimeters  per  minute  (SCCM)  for  stable  operation  and 
is  27  500  standard  cubic  centimeters  per  minute  for  unstable  operation.  This  high  leak- 
age rate  is  due  to  the  nosepiece  vibration  amplitude  which  was  measured  to  be  0. 010  inch 
(0. 025  cm).  There  was  evidence  that  the  proximity  probe  was  limiting  the  vibration 
amplitude  (nosepiece  insert  hitting  the  probe).  When  the  proximity  probe  had  greater 
clearance,  amplitudes  of  0. 030  inch  (0. 076  cm)  were  indicated. 

Unstable  seal  operation  did  hot  cause  any  extremely  detrimental  carbon  wear  or 
damage;  therefore,  post -test  leakage  rates  were  low  and  could  not  be  used  as  a criterion 
for  determining  whether  the  mode  of  prior  seal  operation  was  stable  or  unstable. 


Seal  Nosepiece  Temperatures 

Figure  9 shows  carbon  nosepiece  temperature  as  a function  of  operating  time.  Ail 
of  the  runs  of  figure  9 v/ere  started  at  room  temperature  and  no  external  heat  was  added; 
therefore,  the  increase  in  the  nosepiece  temperature  is  due  solely  to  sliding  contact  at 
the  seal  dam.  The  bellows  face  seals  with  mechanical  dampers  operated  without  lubri- 
cation in  a stable  manner,  but  the  nosepiece  temperature  exceeded  700°  F (644  K) 

(limit  of  recording  equipment)  very  quickly  (160  sec  in  one  case  and  290  sec  in  the  other) 
and  the  maximum  temperature  reached  is  unknown.  However,  when  the  seal  was  lubri- 
cated at  1 cubic  centimeter  per  minute  of  lubricant  flow,  a level  -off  temperature  of  560°  F 
(566  K)  was  attained.  Unstable  seal  operation  results  in  lower  nosepiece  temperature 
(370°  F or  461  K)  because  of  intermittent  contact.  The  data  indicate  that  temperatures 
due  to  unlubricated  sliding  contact  are  high  enough  to  reduce  the  hardness  of  the  rotating 
seat,  and  reduction  in  seat  hardness  can  lead  to  excessive  wear.  As  an  example,  in  an 
allied  experiment,  a 1. 5-inch  (2. 93 -cm)  mean  diameter  seal  was  operated  at  250  feet 
per  second  (76  m/sec)  in  an  argon  and  oil  mist  environment.  The  seal  seat  material 
\vas  440  C stainless  steal.  Hardness  measurements  on  the  seal  wear  track  after  opera- 
tion were  53  Rockwell  C as  compared  to  the  original  57  Rockwell  C.  Such  a reduction  in 
hardness  would  require  a tempering  temperature  of  1000°  F (811  K)  (ref.  5).  The  wear 
track  on  the  seat  was  0. 0045  inch  (0. 0114  cm)  deep  after  30  hours  of  operation. 


6 


Bellows  Fatigue 


It  is  recognized  that,  in  many  applications,  bellows  face  seals  operate  for  thousands 
of  hours  without  bellows  fatigue.  It  is  significant,  therefore,  when  bellows  fatigue  is 
reached  in  only  seconds  of  unstable  operation.  Figure  10  shows  the  time -temperature 
history  of  three  seals.  One  which  operated  in  an  unstable  mode  at  room  temperature 
for  630  seconds  suffered  a 0. 015  inch  (0. 038  cm)  reduction  (relaxation)  in  bellows  length. 
The  seal  which  operated  unstably  at  600°  F (589  K)  failed  within  17. 8 seconds;  and  the 
seal  which  operated  unstably  at  800°  F (700  K)  failed  within  4. 4 seconds. 


SUMMARY  OF  RESULTS 

Shaft  face  seals  of  1.  57-inch  (3. 99-cm)  mean  sliding  diameter  with  a bellows  second- 
ary seal  were  run  in  inert  and  reducing  gaseous  environments.  Measurements  were 
made  of  seal  stability  (nosepiece  vibration),  lealcage  rate,  and  nosepiece  temperature. 

The  effect  of  viscous  and  coulomb  damping  on  seal  stability  were  studied  at  tempera- 
tures to  800°  F (700  K)  and  sliding  speeds  to  165  feet  per  second  (50. 3 m/sec).  The 
pertinent  results  are  as  follows; 

1.  Seal  stability  (vibration) 

a.  Seals  without  either  friction  damping  or  viscous  damping  have  a very  strong 
tendency  to  operate  in  an  unstable  mode  at  high  frequencies. 

b.  Seals  with  either  friction  damping  or  viscous  damping  operate  in  a stable  man- 
ner (no  vibration). 

c.  For  unstable  operation  the  predominant  frequency  of  vibration  was  near  that 
of  shaft  rotational  frequency  (400  Hz)  with  excursions  to  near  700  hertz  (or  higher) 
during  start  and  stop. 

2.  Leakage  rates;  Seals  which  operated  unstably  had  large  (0. 010  in.  or  0. 025  cm) 
nosepiece  vibration  amplitudes;  hence,  leakage  rates  were  excessive. 

3.  Nosepiece  temperature 

a.  Unlubricated  seals  operating  in  a stable  manner  and  at  the  manufacturers’ 
recommended  bellows  compression  generated  high  (>700°  F or  >644  K)  carbon  tem- 
peratures because  of  sliding  contact  at  the  interface;  lubricated  seals  operating  in 

a stable  manner  generated  much  lower  (560°  F or  566  K)  nosepiece  temperature. 

b.  Temperatures  generated  by  sliding  contact  can  be  high  enough  to  reduce  the 
hardness  of  the  seal  seat  material. 
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4.  Bellows  fatigue;  Seals  operating  in  an  unstable  manner  cause  bellows  relaxation 
at  low  temperature  (75”  F or  297  K)  operation  and  bellows  cracking  in  very  short  periods 
of  operation  (4  sec)  at  elevated  temperatures  such  as  800®  F (700  K). 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  January  24,  1969, 

120-27-04-21-22. 
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TABLE  I.  - BELLOWS  FACE  SEAL  WITHOUT  MECHANICAL  DAMPER;  OPERATION  IN  ROOM  TEMPERATURE  APPARATUS 


[gealed  gas,  nitrogen;  operating  speed,  24  000  rpm;  sliding  speed  at  mean 
diameter  of  sliding  dam,  165  ft/sec  (50. 3 m/sec).] 


Run 

Run 

Lubrication 

Sealed 

Leakage  rate,  SCCM^ 

Nosepiece 

Operation 

Vibration 

num- 

time, 

pressure 

Pretest  at 
5 M/in? 
(3.4N/cm^) 

Dyjiaraic 

Post  test  at 
5 Ibf/in.^ 
(3.4  N/cm^) 

temperature 

frequency. 

ber 

sec 

Ibf/in.^ 

N/cm^ 

°F 

K 

Hz 

1 

300 

None 

^0.80 

^0.55 

<10 

27  500 

12 

380 

466 

Unstable 

450 

2 

300 

None  at  start; 
lubricant  added 
60  sec  into  run 

\80 

’’0.55 

12 

26  500 

10 

395 

475 

Unstable 

395 

3 

360 

Lubricant  flow 
started  60  sec  be- 
fore start  of  run 

2 

1.38 

10 

<100 

<10 

524 

546 

Stable 

4 

540 

Lubricant  flow 
started  60  sec  be- 
fore start  of  run 

2 

1.38 

<10 

<100 

<10 

590 

583 

Stable 

5 

60 

No  lubricant  in  bel- 
lows; carbon  wetted 
with  lubricant 

2 

1. 38 

“““ 

Stable 

6 

30 

None 

2 

1.38 

— 

— 

— 

— 

.... 

Unstable 

— 

7 

6b 

No  lubricant  on 
carbon  nosepiece, 
lubricant  in  bellows 

2 

1. 38 

Stable 

^Leakage  rate  related  to  standard  conditions  of  14. 7 Ibf/in.^  (10. 1 N/cm^)  and  68°  F (293  K);  SCCM  = standard  cm®/min. 
^High  leak^e  due  to  unstable  operation  caused  reduction  in  sealed  pressure  from  2 to  0. 8 Ibf/in.^  (1. 38  to  0. 55  N/cm^). 


TABLE  n.  - BELLOWS  FACE  SEAL  WITHOUT  MECHANICAL  DAMPER;  OPERATION  IN  ELEVATED  TEMPERATURE  APPARATUS 


Run 

num- 

ber 

Run 

time, 

sec 

Lubrication 

Sealed 

pressure 

Sealed 

gas 

Nosepiece 

temperature 

Shaft 

speed, 

rpm 

Leakage  rate,  SCCM^ 

Operation 

Pretest  at 
5 Vat/ia? 
(3,4N/cm2) 

Dynamic 

Post  test  at 
5 Ibf/in.^ 
(3.4N/cm2) 

Ibf/in.® 

N/cm^ 

Starting 

Maximum 

• 

K 

°F 

K 

8 

67 

None 

2 

1.38 

N2 

80 

300 

340 

444 

5 000 

<10 

18  500 

..... 

Stable  4. 8 sec;  unstable  62. 2 sec 

9 

68 

None 

2 

1.38 

«2 

140 

333 

332 

440 

5 000 

— 

17  200 

Unstable 

10 

210 

Lubricant  added  be- 

2 

1.38 

No 

80 

300 

— 

— 

5 000 

— 

650 

Stable 

110 

fore  start  of  run^ 

- 

- 

- 

- 

— 

10  000 

— 

765 

170 

- 

- 

- 

— 

— 

— 

15  000 



700 

633 

11 

65 

Lubricant  added  be- 

2 

1.38 

No 

89 

305 

210 

372 

15  000 

770 

905 

790 

Stable 

79 

fore  start  of  run*’ 

200 

366 

368 

460 

790 

730 

870 

74 

400 

478 

416 

486 

870 

<500 

84 

500 

533 

516 

542 

470 

<500 

40 

600 

589 

659 

621 

220 

^17  200 

Unstable  after  22  sec  due  to 

evaporation  of  lubricant 

12 

66 

None 

2 

1.38 

Ng 

200 

366 

429 

494 

15  000 

<10 

<500 

410 

Stable  64. 6 sec;  unstable  1.4  sec 

13 

4.5 

None 

2 

1.38 

Ng 

200 

366 

— 

— 

3 000 

410 

1600 

Unstable  4 sec 

14 

10 

None 

2 

1.38 

POC*^ 

400 

478 

— 

— 

3 000 

1340 

13  000 

86 

Stable  3. 5 sec;  unstable  6. 5 sec 

15 

80 

Lubricant  added  be- 

2 

1.38 

POC** 

400 

478 

448 

504 

15  000 

.... 

1 180 

Stable 

80 

fore  start  of  run** 

2.76 

- 

- 

-- 

487 

526 

— 

1 570 

80 

6 

4. 

14 

- 

- 

-- 

603 

590 

— 

1350 

70 

8 

5. 58 

.. 

.. 

- 

675 

630 

— 

1 735 

188 

r 

1.38 

- 

-- 

- 

- 

548 

560 

— 

<500 

160 

16 

80 

Lubricant  added  be- 

r 

; 

1.38 

POC** 

600 

589 

665 

625 

15  000 

<500 

388 

Stable 

80 

fore  start  of  run*’ 

2.76 

685 

636 

— 

429 

60 

6 

4. 

14 

754 

674 

— 

456 

60 

8 

5.52 

812 

706 

— 

741 

64 

1.38 

799 

699 

— 

<500 

190 

17 

6.6 

No  lubricant  added 

; 

1.38 

POC** 

800 

700 

• •• 



3 000 

<500 

°7  500 

Stable  2.2  sec;  unstable  when 

lubricant  evaporated 

18 

220 

Lubricant  added 

I 

1.38 

POC^ 

800 

700 

... 

— 

15  000 

°7130 

7 690 

°12  000 

Stable  operation,  bellows  cracked 

_ 

_ 

_ 

_ 

_ 

_ 

during  instability  of  run  17  . 

^Leakage  rate  related  to  standard  conditions  of  14. 7 Ibf/*n.^  (10. 1 N/cw?)  and  68°  F (293  K);  SCCM  = standard  cmVmin. 

CO?  of  lubricant  was  added  to  bellows  region  (see  fig.  3)  before  rotation.  No  further  lubricant  was  added  during  run. 

°After  22  sec. 

*^POC  = products  of  combustion:  24. 7 percent  CH^,  0. 7 percent  CO,  0. 7 percent  CO2,  40. 0 percent  H2,  25. 7 percent  N2,  and  8. 2 percent  H2O. 
°Cracked  in  bellows. 


TABLE  in,  - RESULTS  OF  OPERATION  OF  BELLOWS  FACE  SEAL  WITH  MECHANICAL  DAMPER  ’ 


[Sealed  pressure,  2 Ibf/in.^  (1. 38  N/cm^)0 


Run 

num- 

ber 

Run 

time, 

sec 

Lubrication 

Sealed 

gas 

Nosepiece 

temperature 

Shaft 

speed, 

rpm 

Leak^e  rate,  SCCM^ 

Operation 

Pretest  at 
5 Ibf/in.^ 
(3.4N/cm^) 

Dynamic 

Post  test  at 
5 lbf/in.2 
(3.4N/cm^) 

Starting 

Maximum 

K 

°F 

K 

Room  temperature  apparatus 

19 

300 

None 

N2 

75 

297 

--- 

— 

24  000 

<10 

<100 

<10 

Stable 

20 

300 

None 

N2 

75 

297 

— 

— 

24  000 

<10 

<100 

<10 

Stable 

21 

300 

None 

N2 

75 

297 

— 

— 

24  000 

<10 

<100 

<10 

Stable 

22 

300 

None 

N2 

75 

297 

>700 

>644 

24  000 

<10 

<100 

<10 

Stable 

23 

300 

None 

^2 

75 

297 

>700 

>644 

24  000 

<10 

<100 

<10 

Stable 

24 

300 

Lubricated 

N2 

75 

297 

370 

461 

24  000 

<10 

<100 

<10 

Stable 

25 

480 

Lubricated 

^2 

75 

297 

562 

568 

24  000 

<10 

<100 

<10 

Stable 

Elevated  temperature  apparatus 

26 

66 

None 

No 

74 

296 

285 

414 

15  000 

<10 

<500 

<10 

Stable 

67 

200 

366 

374 

463 

— 

530 

— 

116 

400 

478 

555 

564 

— 

<500 

— 

77 

500 

533 

610 

594 

— 

<500 

— 

69 

600 

589 

649 

616 

— 

500 

— 

312 

600 

589 

797 

698 

' 

— 

220 

— 

27 

68 

None 

POC^ 

300 

422 

519 

544 

15  000 

86 

<500 

100 

Stable 

68 

600 

589 

721 

656 

106 

596 

20 

313 

714 

652 

780 

689 

— 

<500 

95 

280 

796 

698 

871 

739 

\ 

133 

<500 

— 

^■Leakage  rate  related  to  standard  conditions  of  14. 7 Ibf/in.^  (10. 1 N/cm^)  and  68°  F (293  K); 
SCCM  = standard  cm 

'^POC  = products  of  combustion;  24. 7 percent  CH^,  0. 7 percent  CO,  0. 7 percent  COg, 

40. 0 percent  Hg,  25. 7 percent  Ng,  and  8. 2 percent  HgO. 
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Turttne  wheel  (rotor)  _ CD-1028S-15 

Figure  L - Cross-sectional  view  of  bee  seal  In  turtopump. 


Nitrogen 
gas  supply 


Test  seal  leakage 
to  rotating  drum 
wet  test  meter 


1> 


Displacement 


(a)  Face  seat  with  bellows  secondary  seal. 


(b)  Face  seal  with  damper  on  bellows. 


CD-9853-15 

(c)  Bellows  face  seal  w<th  diaphragm  to  separate  interface 
area  from  bellows  area. 


Figured.  - Shaft  face  seals. 


25r 


20- 


15  F 


m 


Operating 

range 


5^ — 


Seal  after  operation 
(carbon  wear,  0.(M04in.  or 
0.0010  cm;  17  min  stable 
operation;  10.5  min  unstable 
operation) 


Clearance.  Pressure, 


I 


Figure  6.  - Typiul  transducer  outputs  of  acceleroineter,  pressure,  and  proximity  probe  tor  a seal  during  unstable  operation.  No  lubricant;  sealed  gas  nitrogen  at  room 
temperature.  ^ 


:y.  Hz 


Carbon  temperature, 


Operating  time,  sec 

Figure  9.  - Carbon  nosepiece  temperatures.  Sealed  gas,  nitrogen;  shaft  speed,  24  000rpmi  no 
external  heat. 

I 
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Stable 


0 5 10  15  20  25  30  35  40  45  50  ''  620  625  630 

Time  from  start  of  run,  sec 


Rgure  10.  - Bellows  fatigue  as  function  of  time  and  temperature.  No  lubrication; 
no  mechanical  or  viscous  damping. 
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When  only  fingerprints  on  a cylinder  can  cause  a violent  fire, 

what  special  design  features,  fabrication  precautions  and 

maintenance  procedure  are  required  to  keep  oxygen  compressors  operating  safely? 


WILLIAM  M.  KAUFFMANN,  Consulting  Engineer 


Supervisors  and  engineers  who  operate  oxygen 
compressors  are  usually  aware  of  the  safety  pre- 
cautions required.  Too  often,  however,  because  com- 
pressors are  the  heart  of  oxygen  operations,  diey 
are  overhauled  on  a crash  basis.  When  this  happens, 
supervisors  become  tempted  to  expedite  repairs  by 
taking  shortcuts  on  the  seemingly  tedious  procedures 
and  precautions  that  are  always  recommended  by 
manufacturers  for  the  servicing  of  oxygen-handling 
compressors. 

Continual  shifting  of  operations  personnel  and 
turnover  in  millwrights  and  mechanics  also  create 


situations  that  result  in  dangerous  relaxations  of  es- 
tablished safety  practices. 

Oxygen  equipment  should  not  be  treated  casually. 
Although  oxygen  serves  man  in  the  air  he  breathes 
and  the  water  he  drinks,  in  its  pure  form  it  is  a 
potentially  violent  oxidant.® 

Once,  a vendor  representative,  called  into  a plant 
to  supervise  the  reassembling  of  an  oxygen  com- 

* Bulletin  No.  259,  which  hos  been  Issued  by  the  U.  S.  Dept,  of 
tabor  in  its  Environmental  and  Chemical  Hazard  Series  and  which 
deals  with  the  use  and  hondiing  of  compressed  gasses^  offers  vaTu* 
able  information  on  the  hazards  of  oxygen;  copies  of  It  can  be 
obtained  from  the  U*  S.  Government  Printing  ORice,  Washington^  D*C» 
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pressor,  arrived  to  find  millwrights  installing  the 
piston  with  bare  hands.  When  his  protests  went 
unheeded,  he  left  abruptly.  Shortly  afterwards,  a 
telegram  arrived  at  his  office  informing  him  that 
the  compressor  hud  burned  and  was  a total  loss.  Fin- 
ger^irint  grease  on  the  piston  had  contaminated  the 
cylinder  sufificicntly  to  cause  ignition. 

Safe  Maintenance  and  Operation 

Engineers  and  maintenance  personnel  should  know 
not  only  what  to  guard  against  in  oxygen  cximpressor 
n.aintcnance  and  operations,  but  also  what  manu- 
facturers provide  in  the  way  of  a safe  compressor, 
from  both  the  standpoint  of  design  and  fabrication. 

Specifically,  the  following  questions  will  be  an- 
swered: 

• What  design  features  and  fabrication  pro- 
cedures that  contribute  to  safe,  reliable  compressor 
operation  should  operating  and  maintenance  per- 
sonnel know  about  esix;cially? 

• What  should  supervisors  know  to  keep  oxygen 
compressors  operating  efiBcicntly  and  safely? 

• What  kind  of  repair  program  will  contribute  to 
safe  and  efficient  compressor  operation? 

A repair  program  and  procedures  for  safe  startup 
and  operation  will  be  reviewed.  This  will  cover  prep- 
aration for  overhaul,  inspection  procedure  and  work 
schedule,  contaminant  detection  and  evaluation,  as- 
sembly procedure,  and  starting  up  and  running  in 
the  compressor. 


Wteltr  iKkaM 
cylinder  and  hatns 


INTERNALS  of  nonlubricatod  oxygon  compressor — Fig.  1 


to  a lO-to-20  microin.  finish,  then  with  TFE  to 
provide  a compatible  wearing  surface. 

Cylinders  arc  rust-proofed  with  a coating  of  man- 
ganese phosphate,  which  permeates  the  iron  surface 
and  renders  it  imperx'ious  to  oxidation.  Piston  rods 
are  normally  surface  hanlencd  in  the  packing  area 
(to  a nominal  hardness  of  55  Rockwell  C)i  and 
ground  to  an  8-to-15  microin.  finish. 

Ring  and  Rider-Ring  Assembly 


Design  for  Safety 

Compressors  for  oxygen  service  differ  from  other 
types  because  they  incorporate  the  following  major 
features:  (1)  nonhibricated  components,  .'ncluding 
TFE*  piston  rings,  piston-rider  rings  and  rod  pack- 
ing; (2)  extended  frame  housing  with  a sealed  and 
vented  packing  section  and  double  oil-scraper  rings; 
(3)  special  nonlubricated  valve  assemblies;  (4)  TFE- 
fitted  diaphragm  unloaders;  and  (5)  TFE-honed 
cylinders. 

The  cylinder  of  a modem  oxygen  compressor  is 
designed  to  operate  with  components  made  of  self- 
lubricating  materials  such  as  glass-filled  TFE. 

For  additional  protection,  the  cylinder  is  also  sep- 
arated from  the  compressor  frame  by  an  extra-long 
distance  piece.  Also,  an  oil  slinger,  clamped  on  the 
piston  rod,  blocks  off  contaminants  that  may  pass 
the  scraper  rings  of  the  crankcase  (Fig.  1).  The 
distance  piece  is  long  enough  that  the  oil  slinger 
travels  full  stroke  in  the  housing.  A double  distance 
piece  with  an  oil  slinger  in  each  provides  additional 
safety. 

Finishes  are  finer  and  tolerances  closer  than  in 
lubricated  compressors  because  mating  surfaces  of 
self-lubricating  materials  cannot  otherwise  seal  off 
small  extrusion  leakage.  Cylinder  bores  are  honed 

* Tttro<>wrottKylif»  Tt^on. 


Wearing  parts  of  cylinders  for  oxygen  service 
are  mostly  of  gloss-filled  TFE.  Tlie  trend  is  to  solid 
(one  piece)  piston-rider,  or  wear,  rings.  Two  types 
of  jointless  rider  rings  are  now  mostly  used,  both 
appropriately  nicknamed  “rubberband.”  One  type  is 
expanded  and  forced  over  the  piston  and  into  the 
ring  grove  by  means  of  a taper  mandrel.  If  correctly 
installeil,  this  ring  contracts  fully  into  the  groove 
in  an  hour  or  less.  The  other  already  exp.rnded 
on  a mandrel  whose  inside  diameter  is  slightly  larger 
than  that  of  ilie  piston,  is  pressed  off  the  mandrel 
onto  the  piston  and  into  the  groove.  If  the  ring  con- 
tracts too  slowly,  heat  is  applied  to  it. 

The  most  wklely  accepted  nonlubricated  piston- 
ring configuration  is  the  step-cut  (or  butt-cut)  one- 
piece  piston  ring.  This  t)'pe  is  usually  selected  for 
oxygen  service  because  of  ease  of  assembly,  low  cost 
and  simplicity  of  parts  replacement.  Because  spring 
expander  rings  are  not  required,  the  possibility  of 
metal-tu-mctal  contact  is  eliminated  if  ring  wear  is 
excessive.  For  pressures  above  1,500  psi.,  special 
designs  that  provide  pressure  balancing  extend  ring 
life. 

Valves  and  Unloaders 

VaK’es  for  nonlubricated  operation  are  equipped 
with  replaceable  TFE  nubs  at  the  ends  of  the  strip 
profiles  Valve  seats  and  guards,  at  both  suction 
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and  discharge,  are  also  chemically  treated  to  resist 
oxidation  (Fig.  2). 

Load  control  in  oxygen  compressors  is  accom- 
plished by  external  diaphragm-operated  unloading 
elements,  which  consist  of  a springloaded  finger 
assembly  that  prevents  the  strips  from  seating  dur- 
ing unloading.  The  sliding  members  of  the  actuating 
elements  are  guided  in  TFE  sleeves,  which  provide 
lubrication. 

The  external  diaphragm  casing  is  mounted  above 
the  unloading  assembly,  and  the  actuating  stem  is 
sealed  with  TFE  packing.  Because  the  seal  gland  is 
open  to  the  atmosphere,  it  can  be  easily  inspected 
while  the  compressor  is  operating. 

Building  in  Safety 

The  key  to  operational  safety  is  the  "clean  room" 
of  the  compressor  manufacturer.  It  is  here  that  all 
compressor  parts  that  will  come  in  contact  with 
oxygen  are  cleaned  (with  a special  detergent  solu- 
tion), inspected,  assembled  and  protectively  wrapped. 
Cylinders,  ports  and  passages  are  rustproofed,  and 
openings  sealed  and  bores  protected  with  a special 
vapor-inhibiting  paper. 

Protection  often  extends  to  double  wrapping  of 
parts  in  the  special  vapor-inhibiting  paper,  and  cover- 
ing everything  with  an  outer-^vrap  of  polyethylene, 
which  is  held  in  place  with  a special  waterproof  tape 
suitable  for  oxygen  service. 

Before  shipment,  cylinders  and  openings  are 
charged  with  a special  vapor-inhibiting  powder  that 
prevents  the  accumulation  of  moishue  and  conden- 
sation in  them. 

Installation  for  Safety 

Setting  up  a compressor  in  a plant  requires  con- 
tinuing checks  for  cleanliness.  Parts  that  will  come 
in  contact  with  oxygen  should  be  thoroughly  chipped 
or  shot-blasted  to  remove  all  weld  slag,  scale  and 
other  deleterious  substances.  Acid  cleaning  to  remove 


rust  should  follow  dipping  in  a stripping  tank  to 
take  oil  paint  or  other  coatings. 

After  acid  cleaning  and  phosphatizing,  the  parts 
should  be  dried  and  protective  coating  applied. 
Fl.inged  openings  should  be  blanked  off  with  hca\y 
gaskets.  Each  pipe  and  pressure  vessel  prefabricated 
by  the  manufacturer  should  be  tagged  to  show  that  it 
has  been  cleanerl  and  protected  for  oxygen  service. 
Such  protection  should  not  be  taken  off  until  after  the 
bst  connection  has  been  made. 

Intercoolers,  aftercoolers  and  interstage  piping 
should  be  similarly  handled. 

No  Shortcuts  in  Preparation 

More  time  will  be  needed  to  properly  service  and 
overhaul  an  o.xygen  compressor  than,  for  instance, 
an  air  compressor,  excepc  for  the  crankcase,  which 
can  be  handled  routinely.  This  is  because  the  gear  in 
the  crankcase  does  not  come  in  contact  with  oxygen, 
which  is  why  it  is  oil  lubricated. 

However,  special  procedures  must  be  followed 
when  stripping  down  cylinders,  removing  pistons 
and  piston  rods,  valves  and  unloader  assemblies. 

Preparations  for  servicing  critical  parts  should 
be  made  before  disassembly,  including  the  follow- 
ing: 

•Work  tables  should  be  clean  and  completely 
covered  with  the  special  vapor-inhibiting  paper,  which 
should  be  secured  with  a tape  suitable  for  oxygen 
service. 

• Cleaning  tanks  should  be  provided  for  two 
separate  rinses  of  an  inhibited  1,1,1-trichloroethane 
solution.  A tank  conLiining  fluid  for  blacklight  in- 
spections for  contamination  should  also  be  available. 

•Tools  should  be  thaiuughly  cleaned  in  the 
aforementioned  tanks  m>d  placed  in  a clean  location. 
Before  the  tools  are  used,  they  should  be  checked 
for  contamination  under  the  blacklight,  and  periodi- 
cally afterwards. 

• All  compressor  parts  that  will  contact  oxygen 
should  only  be  handled  by  miIl^^Tights  who  wear 
clean,  white  cotton-canvas  gloves,  especially  after  the 
parts  have  been  cleaned  and  when  they  are  being 
assembled. 

• Clothing  worn  b>'  the  maintenance  crew  should 
be  clean  and  free  of  grease  or  oil. 

• A 3,:^U0-3,S00  angstrom  blacklight  should  be 
on  hand  for  examining  parts  after  they  have  been 
cleaned. 

• Dry  nitrogen  should  also  be  available  for  blow- 
ing off  or  drying  parts.  Compressed  air  from  the 
plant  system  should  never  be  used  for  cleaning  or 
drying  parts. 

Inspections  at  Overhauls 

Systematic  inspection  is  mandator)'  before  and 
during  the  assembling  of  the  cylinder  and  its  associ- 
ated parts.  For  finding  contamination,  a 3,200-^,800 
angstrom  blacklight  is  indispensable.  The  li^t  will 
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reveal  hydrocarbon  or  dirt  contamination  as  a fluores- 
cent smear,  smudge  or  blot.  Contaminated  parts 
must  be  cleaned  until  the  fluorescence  disappears. 

The  cleaning  fluid  should  also  be  checked  periodi- 
cally. This  can  be  done  by  placing  a sample  of  it 
on  a blotter  and  examining  it  under  the  blacklight. 
Contaminants  in  excess  of  100  ppm.  will  cause  the 
fluid  to  glow,  in  which  case  it  should  be  replaced. 

Parts  and  tools  should  be  inspected  under  a black- 
light  during  the  assembling  of  the  compressor,  and 
contamination  removed  by  cleaning  and  scrubbing. 
Brushes  should  be  of  bronze  or  stainless  steel,  never 
of  a synthetic  material.  (A  typical  overhauling  of  an 
oxygen  compressor  consists  of  the  steps  shown  in  the 
box  on  this  page.) 

Starting  Up  is  Critical 

Oxygen  compressors  are  normally  started  up  on 
dry  nitrogen.  Atmospheric  air  should  never  be  used. 
The  nitrogen  should  not  only  be  dry,  but  also  should 
have  been  compressed  by  a machine  that  also  does 
not  require  lubrication  so  as  to  eliminate  the  possi- 
bility of  hydrocarbon  contamination. 

During  the  startup,  the  upper  and  lower  valve 
should  be  left  out  of  eaeh  cylinder.  Water  jackets 
should  also  be  filled,  then  the  water  flow  stopped. 
Ne.\t,  the  compressor  should  be  turned  over  by 
hand  several  times.  The  crankcase  oil  should  be 
checked  for  proper  type  and  level. 

Before  starting  the  compressor,  make  sure  the 
suction  and  discharge  valves  have  been  properly 
placed  in  tlie  cylinder.  Serious  damage  and  loss  of 
capacity  can  result  if  they  are  improperly  installed. 
Also,  check  that  tlie  valve  locking  screws  are  tight 
and  the  gaskets  conectly  in  place,  both  for  the 
valve  seats  and  valve  covers. 

Bump  the  motor  by  power  and  check  for  proper 
rotation.  If  it  is  correct,  bump  the  motor  again; 
count  three  seconds;  tlien  press  the  stop  button. 
All  this  time,  be  checking  the  oil  pressure  gage.  By 
the  time  the  compressor  stops,  oil  pressure  should 
register  on  the  gage.  If  it  does,  start  die  compressor 
again.  If  the  driver  is  a synchronous  motor,  be  sure 
the  exciter  is  on  when  it  synchronizes.  Check  that 
proper  field  d.c.  amperage  is  applied  either  through 
fixed  taps  or  manual  rheostat  control.  Check  the 
motor  nameplate  for  the  a.c.  voltage  and  amperage 
and  the  d.c.  voltage  and  amperage  required  to  prop- 
erly operate  the  motor. 

Bun  the  compressor  for  five  minutes,  observing  all 
the  gages.  Then  shut  it  down  by  tripping  die  oil 
pressure  switch.  This  tests  whether  it  is  properly 
wired  into  die  stop  circuit.  Also  check  bearings, 
connecting  rods  and  piston  rods  for  abnormal  heat. 

Next,  start  the  compressor  again  .and  run  it  for 
10  minutes.  Then  shut  it  down  again  for  tiie  afore- 
mentioned checks.  If  everything  appears  to  be  satis- 
factory, start  it  again  and  run  it  for  20  minutes 
before  shutting  it  down  and  repeating  the  heat 
check.  If  the  temperatures  are  acceptable,  start  it  up 
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I Oxygen  Compressor  Overhauling  Checklist  | 

I □ Removing  valves,  covers  and  gaskets,  which  I 
I must  be  protected  from  dirt  and  moisture.  I 

i □ Taping  unloader-pipe  openings  with  special  tape.  I 
I □ Removing  and  tagging  water  lines.  I 

I □ Removing  the  cylinder  head.  I 

g“  □ Opening  the  frame  to  expose  the  piston  rod  and  I 

crosshead.  I 

I □ Tramming  the  rod  to  the  crosshead  and  check-  I 

iing  the  crosshead  guide  clearance;  tramming  I 
is  not  necessary  if  the  piston  rod  is  flanged-  | 

P bolted  to  the  crosshead.  I 

I □ Loosening  the  lock  and  crosshead  nut  and  re-  | 
I moving  the  rod  and  piston.  l 

I □ Removing  packing,  cases  and  oil  scraper  rings.  I 
I n Inspecting  and  measuring  the  cylinder  bore.  I 

f □ Checking  piston  grooves  for  wear,  and  the  rings  I 

I for  end  gaps.  I 

I □ Checking  the  piston  rod  for  runout  and  wear  at  I 
I packings.  I 

I □ Servicing  valves  and  replacing  worn  parts.  I 

I 3 

giniiiiiiiiiiiniiimHiiniiiiiigiiuiiiHniiiiniiiiiim^^^ 


and  run  it  for  one  hour  before  shutting  down  and 
repeating  the  heat  check. 

The  piston  rod  temperature  should  not  rise  over 
140  F.  They  usually  mn  fairly  hot  in  nonlubricated 
packing.  By  now,  tlie  water  jackets  will  show  signs 
of  warming.  Flow  should  be  adjusted  as  required  mitil 
pressure  begins  to  build  up. 

If  the  compressor  is  two  stage,  the  first  stage 
valves  should  now  be  installed  and  the  machine 
started  up  .again.  After  the  second  stage  has  been 
blown  through  for  10  minutes,  the  compressor  should 
be  shut  down  and  die  seeond  stage  valves  installed. 

The  final  discharge  bypass  to  the  first  stage 
should  now  be  opened  and  dry  nitrogen  admitted. 
The  compressor  should  then  be  started  again  and 
nitrogen  circul.ated  aiouiid  tiie  loop  for  about  two 
hours  or  until  die  pressure  rises  to  approximately 
10  psi.  Then  the  compressor  should  be  shut  down 
.and  the  he.at  check  repeated. 

Finally,  start  the  compressor  again  and  begin 
closing  the  bypass  of  the  suction  valve  to  build  up 
pressure.  Admit  addition.al  nitrogen  to  hold  2-to-6 
psi.  suction  pressure.  After  checking  operating  con- 
ditions, build  up  the  load  10%/hr.  of  the  final  dis- 
charge, while  at  the  same  time  maintaining  the  proper 
suction  pressure. 

After  the  proper  loading  at  the  final  discharge  has 
been  reached  and  die  compressor  is  running  satis- 
factorily, unlo.ad  and  load  it  to  check  out  the  unloader 
elements.  Be  sure  interstage  pressure  is  correct  for 
multistage  machines. 

Adjust  the  water  flow  through  the  cylinders  so 
that  the  outlet  temperature  from  the  final  stage  will 
be  from  llO-to-115  F.  Crankcase  oil  temperatures 
should  be  .about  120-to-140  F.  After  operating  con- 
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OPERATION  & MAINTENANCE  . . . 


CENTRALIZED  stations  improve  safety  control — Fig.  3 


ditions  are  satisfactory  on  dry  nitrogen,  oxygen  can 
be  introduced  into  ibe  compressor. 

It  is  important  to  continue  a close  watch  of 
all  the  operational  data,  including  especially  the 
pressures  and  temperatures  of  water  and  oil  and  at 
the  interstage  coolers  and  the  final  discharge. 

Continuing  Maintenance  Assures  Safety 

Once  an  oxygen  compressor  has  been  put  into 
operation,  it  should  be  the  object  of  a rigorous  pre- 
ventive maintenance  program.  Vendor  representa- 
tives who  specialize  in  overhauling  oxygen  compres- 
sors are  usually  available  to  train  plant  personnel  in 
preventive  maintenance  practices.  Often  overlooked 
is  the  valuable  guidance  in  the  proper  maintenance 
of  oxygen  compressors  offered  in  manufacturers’  in- 
struction booklets. 

Safe  compressor  operations  demand  alert  and 
conscientious  maintenance.  Compressor  fires  have 
resulted  because  valves  and  packing  rings  were  not 
correctly  assembled  or  installed.  Inoperable  safety 
devices  have  also  led  to  considerable  damage.  Such 
devices  should  be  checked  frequently  to  ensure  their 
proper  operation. 

During  normal  operation,  the  following  items 
should  be  vigilantly  checked:  cooling  water  flow; 
crankcase  oil  level,  pressure  and  temperature;  oper- 
ation of  controls  and  control  pressure;  suction  and 
discharge  pressures  and  temperatures;  rmusual  noises; 
and  motor  loading  and  temperature. 

If  a portable  blacldight  is  available,  checking  the 
piston  rod  between  the  frame  and  the  cylinder  will 
reveal  the  presence  of  contamination  in  the  distance 
piece,  such  as  that  which  would  appear  if  the  scraper 
rings  became  worn.  Such  inspections  should  be 
scheduled  according  to  length  of  service  and  to 
accommodate  work  schedules. 

Fires  have  been  caused  by  cylinder  hot  spots  when 


cylinder-jacket  water  passages  have  become  clogged 
with  sludge  or  scale.  Jackets,  coolers  and  tlie  pack- 
ing-case cooling  system  should  be  inspected  each 
time  the  compressor  is  overliauled.  Clean  surfaces 
will  result  in  cooler  operation  and  greater  safety. 
Water  treatment  is  essential  to  control  scale  iind 
sediment  deposits. 

A daily  log  of  compressor  operations  is  essenti."!! 
for  maintenance  efficiency,  especially  witli  multistage 
units.  At  least  tlie  following  should  be  recorded: 
(1)  suction,  discharge  and  interstage  temperatures 
and  pressures;  (2)  inlet,  outlet  and  interstage  water 
jacket  temperatures;  (3)  temperature  and  pressure  of 
lubricating  oil  to  frame  bearings;  (4)  motor  load, 
amperage  and  voltage;  (5)  ambient  temperature;  and 
(6)  date  and  time. 

From  such  a log,  a supervisor  can  note  changes 
in  pressure  or  temperatme  that  signal  a malfunction 
in  the  system.  Prompt  corrective  action  often  can 
prevent  serious  trouble  later. 

Frequent  checks  of  the  open  housing  between  the 
cylinder  and  crankcase  with  a blacklist  for  possible 
contamination  and  oil  carryover  from  the  crankcase 
into  the  housing  should  also  be  continued. 

Safety  Devices  Offer  Insurance 

Compressor  safety  controls  are  rapidly  being  in- 
corporated into  centralized  control  stations.  Such 
controls  offer  the  means  for  the  rapid  assessment  of 
a malfunction  and  its  location.  They  may  also 
automatically  initiate  alarms  and  shutdowns.  One 
set  of  points  may  be  set  up  to  set  off  an  alarm  and 
trigger  an  amber  warning  light;  ihen,  if  the  mal- 
function continues,  the  alarm  sounds  a second  time, 
actuates  a red  light  and  shuts  down  the  compressor. 
Another  set  of  more-critical  points  may  actuate  an 
alarm  and  red  light  and  shut  down  the  compressor 
immediately  (Fig.  3). 

The  following  conditions  are  generally  arranged 
to  lead  to  only  a delayed  shutdown:  e.xcessive  inter- 
stage gas  temperature;  low  oil  level  in  crankcase;  high 
final-discharge  gas  temperature  or  pressure;  and 
excessive  frame  oil  temperature. 

An  immediate  alarm  and  shutdown  is  usually  ar- 
ranged for  the  following  conditions:  failure  of  frame 
oil  pressure;  excessive  vibration;  and  lack  of  cooling 
water  flow.  » 
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SS/APS  VALVES  PROGRAM 


ANALYSIS  AND  CONCEPTUAL  DESIGN 

The  design  requirements  of  Table  I established  the  need  for:  (1)  basic  valve 

mechanism  and  closure  concept  studies  and  (2)  an  initial  valve  design  trade 
study  from  which  the  contract  effort  would  draw  its  direction.  Based  on  these 
results,  model  closure  concepts  were  analyzed  and  designed  along  with  a unique 
closure  screening  tester  to  enable  an  evaluation  of  merit  of  the  various  clos- 
ure concepts.  These  initial  analyses  and  conceptual  designs,  then,  pointed  the 
way  for  a logical  progression  of  effort  toward  the  final  program  objectives: 
SS/APS  f lightweight  valve  design. 

TRADE  STUDY 

Valving  Concepts  Study 

A trade  study  covering  past  and  potential  performance  of  closures,  actuators, 
seals,  and  other  related  supporting  parts  was  initially  a major  item  of  effort. 
The  trade  study  used  the  design  requirements  of  Table  I on  a "no  exceptions" 
basis  to  establish  evaluation  criteria  for  use  in  review  of  the  various  concepts. 
These  criteria  consisted  of  primary  criteria  selected  on  the  basis  of  fundamental 
requirements,  avoiding  specific  constraints  that  would  limit  the  scope  of  a pre- 
liminary trade  study.  Secondary  criteria  were  compiled  on  the  basis  of  hardware 
and  operational  considerations  for  a more  refined  screening  of  candidate  design 
concepts.  Design  concepts  reviev/ed  were  listed  in  broad  categories  of  single 
poppet  valves,  single  rotary  valves,  miscellaneous  valves,  and  bipropellant 
valves. 

The  actual  valving  types  considered  in  the  trade  study  are  shown  in  Table  II, 
with  corresponding  actuation  concepts  shown  in  Table  III.  Conventional  butter- 
fly, ball,  and  blade  valves  could  not  meet  the  long-life,  low- leakage  require- 
ments because  of  seal  wear  factors.  The  diaphragm  materials  available  would  not 
meet  the  temperature  requirements,  and  the  spool  valve  basically  will  leak  too 
much  to  be  considered.  Electric  motors  for  the  size  and  response  required  are 
too  cumbersome  and  heavy  and  a direct  solenoid  of  the  size  needed  is  not  feas- 
ible from  power,  weight,  and  response  considerations. 

The  question  of  monopropellant  versus  bipropellant  valves  was  then  considered. 

In  any  discussion  of  linked  bipropellant  and  monopropellant  valves,  one  of  the 
primary  topics  involves  weight  of  the  respective  valves.  Typically,  a bipropel- 
lant valve  assembly  will  weigh  less  than  two  monopropellant  valves  for  the  same 
service.  An  immediate  reduction  in  complexity  and  weight  is  achieved  with  a 
linked  bipropellant  valve  since  it  uses  a single  pilot  valve,  a single  housing, 
a single  actuator,  and  a single  position  indicator,  as  opposed  to  two  each  for 
two  monopropellant  valves.  For  fast-response  hydrogen  and  oxygen  service,  a bi- 
propellant valve  will  use  hydrogen  for  actuation,  the  pilot  being  intermediate 
in  size  between  a pilot  for  a hydrogen  monopropellant  valve  and  a pilot  for  an 
oxygen  monppropellant  valve.  Additionally,  a bipropellant  valve,  even  with 
its  mechanical  linkage,  will  represent  fewer  total  parts  than  two  monopropellant 
valves . 
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TABLE  I - DESIGN  REQUIREMENTS 


Valve  Type 
Propellants 

Operating  Temperature  Range 

Propellant  Temperature  Range 

Hydrogen 

Oxygen 

Propellant  Pressures  at  Valve  Inlet 

High-Pressure  System 
low-pressure  System 

Pressure  Drop  (Maximums): 

High  Pressure 
Fuel 

Oxidizer 

Low  Pressure 
Fuel 

Oxidizer 

Actuation  Requirements 

Pneuroacic  Pressure 

Hydraulic 

Electrical 


Single  or  bipropellant 

Hydrogen  (1) 

Oxygen  (2) 

200  to  850  R (111  to  472  K) 


200  to  800  R (111  to  444.5  K) 
250  to  800  R (139  to  444.5  K) 


400  ±50  psia  (276  ±34.5  H/cml) 
20  ±5  psia  (13.8  ±3.5  N/cm'^J 


5 psi  at  0.69  Ib/sec  and, 540  R 
(3.5  N/cm^  at  0.313  kg/sec  and  300  K) 

S psi  at  2.76  Ib/sec  and  540  R 
(3.5  N/cra2  at  1.25  kg/sec  and  300  K) 


1 psi  at  1.14  Ib/sec  and  540  R 
(0.69  N/cm^  at  0.52  kg/sec  and  300  K) 

1 jpsi  at  2.86  Ib/sec  and  540  R 
(0.69  N/cm^  at  1.3  kg/sec  and  300  K] 


T6D  (to  bo  deteTminedl 

TBD 

TED 


Opening  and  Closing  Response  Total  time  (delay  and  travel)  from  signal 

to  end  of  motion  = 30  milliseconds  maximum 
Travel  (motion)  = 15  milliseconds  maximum 

Internal  Leakage  0.102  scim  (100  scc/hr)  with  gaseous  helium 

at  operating  pressure  and  temperature  per 
items  4 and  5 

External  Leakage  3.66  x 10"®  scim  (1  x 10“®^scc/sec)  with  gaseous 

helium  at  operating  pressures  and  temperature 


Operating  Life  (Goal)  1^000,000  cycles 

Environmental  Conditions 


Vibration  TBD 

Acceleration  Loads  TBD 

Acoustic  TBD 

Hairtenance  - There  shall  be  no  maintenance  of  components  during  the  design  life  period 

Size  and  Weight  - Design  to  minimum 

Proof  Pressure  - 1.5  times  operating  pressure 

Burst  Pressure  - 1.33  times  proof  pressure 

Failure  Criteria  - The  valve  shall  fail-safe  close  tmder  normal  operating  conditions 

Gaseous  hydrogen  derived  from  the  vaporization  of  liquid  hydrogen  per  MIL-P-27201 
Gaseous  oxygen  derived  from  the  vaporization  of  liquid  oxygen  per  MIL-P-25508A 


TABLE  II  - VALVE  CONCEPTS 


TABLE  III  - ACTUATION  CONCEPTS 


e Butterfly 
0 Ball 
0 Blade 

@ Butterfly  or  Ball 
(Retracting  Seat) 
0 Poppet 
® Diaphragm 
e Spool 


« Electric  Motor 
e Direct  Solenoid 
9 Hydraulic 
o Pneumatic  (Helium) 

• Pneumatic  (Propellant) 


These  considerations  also  lead  to  some  other  conclusions.  Replacement  of  a 
single  valve  can  be  accomplished  with  a monopropellant  valve  configuration,  so 
that  a single  valve  failure  replacement  is  simple.  However,  the  bipropellant 
valve  with  its  single  pilot,  indicator,  and  housing  represents  a simple  instal- 
lation from  a total  valve  standpoint. 

Sequencing  of  propellants  is  another  important  area  of  consideration.  The  bi- 
propellant  valve,  due  to  its  mechanical  linkage,  provides  -positive  propellant 
sequencing.  This  is  not  possible  with  two  independently  actuated  monopropellant 
valves.  For  propellant-actuated  monopropellant  valves,  timing  of  one  valve  rel- 
ative to  the  other  will  vary  if  propellant  temperatures  vary  with  respect  to 
each  other.  Monopropellant  valves,  therefore,  require  thermal  compensation  to 
maintain  timing;  even  so,  this  does  not  ensure  positive  sequencing  as  achieved 
with  a linked  bipropellant  valve. 

Monopropellant  valves  can  accommodate  a gross  change  of  fuel  or  oxidizer  lead 
or  lag;  the  bipropellant  valve  is  much  less  flexible.  The  most  important  aspect 
of  the  entire  sequencing  discussion,  however,  is  the  fact  that  positive  mechan- 
ical linking  of  a bipropellant  valve  precludes  thruster  damage  or  destructive 
due  to  delay  or  fail  to  open  of  one  of  the  propellant  valves.  In  addition,  the 
linked  bipropellant  valve  will  produce  the  optimum  integrated  mixture  ratio  for 
pulse  performance,  giving  better  pulse  performance  with  less  total  propellant 
consumption. 


Only  certain  concepts  of  monopropellant  valves  require  bellows,  diaphragms,  or 
dynamic  seals  for  operation.  However,  a linked  bipropellant  valve  of  any  design 
will  require  a bellows  or  a zero  leak  d3mamic  shaft  seal  to  achieve  positive  pro- 
pellant isolation  for  explosion  safety.  For  long-life  capability,  considerably 
more  bellows  technology  effort  will  be  required  to  ensure  a reliable  bipropel- 
lant valve  design.  In  addition  to  the  problem  of  propellant  isolation  for  ex- 
plosion safety,  thermal  isolation  must  be  maintained  between  gaseous  hydrogen 
and  gaseous  oxygen  propellants  since  cold  gaseous  hydrogen  in  near  proximity  to 
gaseous  oxygen  v;ould  result  in  liquefaction  of  a portion  of  the  gaseous  oxygen. 
This  condition  would  be  extremely  hazardous  at  thruster  startup. 

Because  of  the  problems  associated  with  propellant  isolation  and  bellows  tech- 
nology, the  "no  exceptions"  approach  to  the  APS  design  requirements  favored  an 
hydraulically  actuated  poppet  valve  design  concept  with  flat  metal-to-metal 
closure  seat-seal  for  the  high-pressure  system,  while  an  hydraulically  actuated 
valve  v;ith  radial-arc  displacement,  a flexible  metal  seal,  and  metal  seat  was 
favored  for  the  low-pressure  system.  The  favored  concepts  are  shown  in  Fig.  2 
and  3,  respectively. 
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Figure  2.  Preliminary  High-Pressure  Trade  Study  Configurations 


The  design  concept  shown  schematically  in  Fig.  2b  has  the  same  hydraulic  actuator 
and  impact -snubbing  features  as  the  concept  of  Fig.  2a.  With  the  valve  in  or 
near  its  closed  position,  a contoured  pintle  attached  to  the  actuator  piston  re- 
stricts the  flow  passage  between  the  opening  side  of  the  piston  and  the  pilot 
valve.  When  the  main  valve  is  beginning  to  open,  or  when  it  is  approaching  its 
seat  during  a closing  transient,  the  restricted  flow  passage  limits  the  hydraulic 
fluid  volumetric  displacement  and,  consequently,  limits  the  initial  valve-open- 
ing velocity  as  well  as  the  valve-closing  impact  velocity  against  the  poppet 
seat  and  mechanical  stop. 

The  velocity- snubbing  features  at  and  near  each  end  of  the  valve  stroke  do  not 
impede  the  attainment  of  high  velocities  at  intermediate  valve  displacements,  as 
required  for  satisfying  the  response-timing  requirements.  The  poppet  stem  dy- 
namic seal  is  a metal  bellows  with  an  all-metal  labyrinth  seal  for  redundancy. 

The  flat-faced  poppet  seat  has  an  inner  annular  surface  for  sealing  and  an  outer 
annular  surface  for  absorbing  impact  energy. 

Poppet  valve  full  stroke  is  limited  by  a piston  displacement  stop  in  the  hy- 
draulic actuator.  When  the  piston  is  at  or  near  full  stroke,  the  piston  skirt 
restricts  the  pilot  valve  flow  passage  in  the  cylinder  wall  to  restrict  hy- 
draulic fluid  flow  and,  consequently,  limit  piston  displacement  velocity.  The 
piston  mechanical  stop  can  be  designed  with  a relatively  large  contact  surface 
area  and  high  impact  momentum  absorption  capacity,  compared  to  the  poppet  and 
seat,  and  can  be  designed  so  that  minor  deformation  at  the  stop  does  not  impair 
actuator  functional  integrity.  Velocity  snubbing  is,  therefore,  less  critical 
in  the  opening  direction  than  in  the  closing  direction,  and  less  precision  is 
required  for  opening  impact  velocity  control. 

Use  of  a contoured  pintle  attached  to  the  piston,  for  impact  velocity  snubbing 
when  the  valve  is  closing,  provides  for  adequate  precision  in  closing-velocity 
contouring  for  as  great  a percentage  of  the  piston  full  stroke  as  is  required  in 
obtaining  full  stroke  within  0.015  second  but  with  the  slowest  obtainable  poppet- 
to-seat  impact  velocity. 

Use  of  a high-pressure  hydraulic  operating  fluid  and  a double-acting  piston  actu- 
ator contributes  to  minimizing  the  mass  of  the  moving  parts  to  minimize  impact 
momentum,  and  contributes  to  precise  control  of  velocity  profiles  in  both  direc- 
tions of  motion.  The  load  stiffness  and  dashpot  damping  characteristics  inherent 
in  hydraulic  actuators  minimize  rebound  and  repeated  contact  at  the  poppet  clos- 
ure seal. 

When  propellant  inlet  pressure  is  applied,  it  acts  against  the  poppet  seat  cross 
section  to  increase  the  net  closing  force.  Maximum  poppet  seat  stress  for  seal- 
ing is  obtained  at  maximum  inlet  pressure.  As  the  valve  begins  to  open  and  flow, 
the  resulting  increase  in  outlet  pressure  acts  on  the  differential  between  seat 
cross-section  area  and  bellows  seal  effective  area  to  supply  an  opening  force 
that  increases  as  valve  displacement  increases.  This  regenerative-force  assist- 
ing actuation  ensures  positive,  continuous,  chatter-free  stroking  in  the  pres- 
ence of  dynamic  flow  forces.  As  the  valve  begins  to  close,  and  outlet  flow  is 
throttled  by  the  poppet,  the  reduction  in  outlet  pressure  decreases  the  net  force 
opposing  deactuation,  and  smooth  closing  is  ensured. 
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During  tests  and  checkouts  with  inlet  pressures  not  applied,  propellant  pressure 
regenerative  forces  are  not  present,  and  the  hydraulic  differential  pressure  act- 
ing on  the  piston  is  different  during  checkouts  from  what  it  is  during  system 
operation.  However,  with  hydraulic  actuation,  the  piston  can  be  sized  to  mini- 
mize variations  in  piston  differential  pressure  related  to  variations  in  seal 
friction  and  to  temperature-related  variations  in  mechanical  spring  rates.  Var- 
iations in  response  timing  and  in  impact  momentum  can  thereby  be  minimized 
throughout  the  full  envelope  of  test  and  operating  conditions. 

The  poppet  valve  stem  primary  dynamic  seal  is  an  internally  vented  metal  bellows. 
The  bellows  is  shielded  from  direct  impingement  of  valve  effluent  and  from  direct 
exposure  to  effluent  turbulence  by  locating  the  bellows  in  a semi-enclosed  cavity. 
Acting  as  the  primary  dynamic  seal,  the  bellows  provides  for  compliance  with  the 
program  design  requirement  for  essentially  zero  external  leakage. 

Because  a bellows  seal  will  be  vulnerable  to  fatigue  failure  in  a valve  designed 
for  1,000,000  full-stroke,  0.015-second,  on-off  cycles  in  a not-yet-defined  vi- 
bration environment,  the  poppet  stem  guide  is  designed  as  a secondary  dynamic 
seal.  The  guide  is  shown  schematically  as  a series  of  close-fitting  lands  with 
small  intemediate  gas  expansion  volumes.  An  alternate  stem  seal  concept  appears 
in  Fig.  2a.  Secondary  seal  design  emphasis  would  be  on  long  cycle- life  with  min- 
imum leakage  in  the  event  of  a bellows  leakage  failure. 

\ 

As  the  stem  dynamic  seals  are  isolated  from  propellant  inlet  pressure,  a primary 
stem  seal  leakage  failure  would  result  in  closely  limited  leakage  only  when  the 
valve  is  in  operation.  A seal  leakage  failure  will  not  result  in  a valve  opera- 
tional failure. 

Figure  2b  illustrates  a flat-faced,  metal-to-metal  poppet  and  seat  with  two  con- 
centric seat  lands.  Contact  between  the  poppet  and  the  inner  land  provides  the 
closure  seal.  When  the  poppet  is  seated  on  the  inner  land,  there  is  a few  ten- 
thousandths  of  an  inch  clearance  between  the  poppet  and  the  outer  land.  When 
the  valve  is  open  and  is  stroking  to  the  closed  position,  angularity  between  the 
plane  of  the  poppet  sealing  surface  and  the  plane  of  the  inner  seat  land  sealing 
surf ace • results  in  impact  at  the  seat  outer  land.  The  potential  for  sealing  sur- 
face impact  deformation  or  abrasion  is  thereby  minimized.  This  poppet  and  seat 
concept  places  the  design  emphasis  on  poppet  guiding  to  minimize  scuffing  of  the 
poppet  against  the  seat  as  seating  occurs. 

Figure  3 illustrates  a design  concept  for  an  hydraulically  actuated,  normally 
closed  shutoff  valve  with  a closure  seal  designed  for  low  pressure.  Valve  clos- 
ure sealing  is  effected  by  an  initially  flat,  thin,  annular  metal  section,  de- 
flected in  contact  with  a seat  in  the  valve  housing. 

The  actuator  is  isolated  from  the  propellant  flow  path  by  a metal  bellows  dynamic 
seal  attached  to  a pivoted  rocket  arm  in  the  valve  lifting  mechanism.  A rela- 
tively large-diameter,  low-lift  valve  with  radial-arc  displacement  is  indicated. 
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When  the  valve  is  open  and  flowing,  the  bellows  dynamic  seal  is  pressurized  in- 
ternally. As  bellows  elements  have  lower  allowable  pressure  differentials  with 
the  internal  pressure  higher  than  they  do  with  the  external  pressure  higher,  the 
concept  of  Fig.  3 is  more  applicable  to  the  low-pressure  propellant  system  than 
it  is  to  the  high-pressure  system. 

Additionally,  the  valve  closure-seal  design  concept  is  more  applicable  to  the 
low-pressure  propellant  system  than  it  is  to  the  high-pressure  system. 

Relatively  high  actuation  forces  related  to  large  valve  sizes  are  accompanied 
by  relatively  low  actuation  velocities  related  to  low  valve  lifts.  Use  of  an 
hydraulic  actuator  provides  for  fast  response  with  relatively  high  power  levels, 
and  impact  velocity  snubbing  can  be  obtained. 

When  propellant  inlet  pressure  is  applied,  it  acts  against  the  valving  element 
to  increase  the  closing  force.  Maximum  closure-seal  stress  for  sealing  is  ob- 
tained at  maximum  inlet  pressure.  As  the  valve  begins  to  open  and  flow,  the 
resulting  pressure  increase  in  the  valve  body  cavity  that  is  ported  for  outflow 
acts  against  the  valving  element  in  the  opening  direction.  This  supplemental 
force  (as  a function  of  displacement)  ensures  positive,  continuous,  chatter- 
free  actuation.  Similarly,  when  the  valve  is  open  and  flowing  and  begins  to 
close,  throttling  of  the  valve  flow  results  in  a displacement-related  reduction 
in  pressure  force  opposing  closing,  and  smooth  deactuation  is  ensured. 

Because  a bellows  seal  will  be  vulnerable  to  fatigue  failure  in  a valve  designed 
for  1,000,000,  full-stroke,  G. 015-second,  on-off  cycles  in  a not-yet-defined 
vibration  environment,  the  vent  cavity  to  which  the  bellows  is  exposed  is  de- 
signed for  a restricted  outflow.  A bellows  seal  leakage  failure  will  result  in 
limited  external  leakage  only  when  the  valve  is  in  operation.  A seal-leakage 
failure  will  not  result  in  a valve  operational  failure. 

The  actuator  piston  ring  seal  is  for  leakage  deterrence  only,  and  appreciable 
degradation  of  that  seal  is  tolerable.  Minor  degradation  of  the  piston  rod  seal 
with  extensive  cycling  may  be  tolerable  provided  that  the  seal  drain  cavity  and 
wiper  seals  are  designed  to  prevent  hydraulic  leakage  into  the  valve  body  vent 
cavity. 

Heat  Soakback  and  Venting 

In  order  to  ensure  that  the  use  of  non-metal lies  in  the  valves  was  a safe  approach, 
a thermal  analysis  of  the  thrusters  was  performed.  A preliminary  system  soakback 
analysis  was  conducted  for  a typical  thruster  assembly  to  determine  the  transient 
temperature  response  of  various  components  after  shutdown.  In  particular,  the 
effect  of  soakback  to  the  fuel  and  oxidizer  valves  was  studied  using  a simplified 
thermal  model . 

A simplified  soakback  model  of  the  thruster  assembly  can  be  used  advantageously 
for  preliminary  screening  of  valve-chamber- injector  interaction.  A typical  sche- 
matic of  such  a simplified  thermal  model  is  shown  in  Fig.  4 for  the  double-wall, 
regeneratively  cooled  thruster  concept. 
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In  essence,  the  thruster  assembly  is  represented  by  a nodal  network  comprised 
of  the  various  components  or  subcomponents  necessary  to  provide  accurate  soak- 
back  temperature  response  results.  In  the  selected  simplified  model,  the  thrust 
chamber  is  represented  by  the  combustion-gas  liner  and  outer  shell.  The  in- 
jector is  divided  into  face  and  body  subcomponents  and  the  igniter  is  also  di- 
vided into  hot-wall  liner  and  outer  body.  Each  of  the  valves  is  represented 
individually. 

The  thermal  resistances  between  the  various  nodes  (components)  are  calculated 
based  on  the  relative  geometries,  wall  thickness,  and  materials  of  the  various 
components.  In  particular,  the  thermal  resistance  between  the  injector  and 
valves  can  be  readily  varied  to  simulate  the  effects  of  close-coupled  or  stand- 
off valves  on  the  resultant  valve  soakout  temperatures. 

The  results  of  the  analysis  for  close-mounted  (but  not  integrated)  valves  are 
presented  in  Fig.  5,  assuming  a regeneratively  cooled,  double-wall  thrust  cham- 
ber. The  hydrogen  valve  temperature  increases  about  100  F (311  K)  within  1 hour 
after  shutdown.  The  oxygen  valve  temperature  increases  about  70  F (294  K)  in  a 
similar  time  period.  TTie  primary  heat  input  is  from  the  thrust  chamber  hot-wall 
NARloy-Z  liner,  which  is  seen  to  cool  down  from  its  initial  soakout  value  of 
600  F (589  K)  to  -100  F (200  K)  in  1 hour.  The  injector  face  plate  also  con- 
tributes to  the  head  load  to  the  valve.  The  initial  temperatures  at  shutdown 
are  based  on  nominal  average  steady-state  operating  temperatures  of  the  various 
components. 

It  was  apparent  from  this  preliminary  investigation  that  the  magnitude  of  the 
soakback  could  be  reduced  by  thermally  isolating  the  chamber  from  the  injector 
and/or  by  isolating  the  valves  from  the  injector  manifold.  Studies  into  the  im- 
pact of  valve  isolation  were  also  made  and  showed  very  promising  results.  For 
this  initial  nalysis,  it  was  assumed  that  a 1-inch-long  (2,54  cm),  0.5-inch 
(1.27  cm)  -diameter  steel  bellows  with  0.010- inch  (0.0254  cm)  wall  thickness  was 
integrated  between  the  valve  and  injector  body.  The  equivalent  line  length  of 
the  bellows  was  taken  as  6 inches  (15.24  cm).  The  resulting  effective  thermal 
resistance  between  valve  and  injector  was  about  a factor  of  100  higher  than  for 
the  close-mounted  valves. 

The  resultiftg  soakback  temperature  response  is  presented  in  Fig.  6.  It  is  ap-^ 
parent  that  in  6 hours  (21,600  seconds),  the  hydrogen  and  oxygen  valve  tempera- 
ture increases' by  only  15  and  10  F (264  and  261  K),  respectively.  Thus  the  use 
of  non-metallics  such  as  Teflon  was  considered  a safe  approach. 

In  the  event  that  the  gaseous  propellants  themselves  would  be  used  as  the 
valve (s)  actuating  fluid,  it  was  necessary  to  ensure  that  no  adverse,  effects 
would  occur  as  a result  of  venting  those  fluids.  Initial  investigation  re- 
volved around  venting  the  propellant  gas  into  a lower-pressure  area  on  the 
thruster  manifolds.  However,  this  created  the  situation  that  as  manifold  pres- 
sure rose  to  near  valve  inlet  pressures,  a large  valve  actuator  was  needed  to 
maintain  force  balances  necessary  for  valve  full-open  conditions.  In  turn, 
these  large  actuators  caused  the  response  of  the  valves  to  be  slowed  by  time- 
consuming  venting  and  pressurizing  of  the  larger  actuator  cavities.  Computer 
studies  with  the  DAP4H  system  (to  be  discussed  later  in  this  report)  showed  that 


14 


M I 


Klf-ll 


Figure  5.  The  Effect  of  Soakback  on  the  Temperature  of  Various 
Thruster  Components  ('Close-Mounted  Valves) 
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Figure  6.  The  Effect  of  Soakback  on  the  Temperature  of  Various 
Thruster  Components  (Standoff  Valves) 
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sonic  nozzles  could  be  incorporated  into  the  injector  just  dovmstream  of  the 
valves,  giving  a low-pressure  area  for  actuation  gas  venting,  and  also  giving 
good  pressure  recovery  for  proper  injection  pressures.  Thus,  the  valve  actua- 
tors were  not  required  to  be  so  large,  and  response  could  be  met.  Venting  into 
the  respective  propellant  ducts  prevents  the  hazardous  situation  of  possible  mix- 
ing of  propellants.  Thus,  it  was  determined  that  on  any  fligbweight  engine, 
this  approach  could  be  used  successfully. 

ANALYTICAL  LEAKAGE  MODEL 

Leakage  past  valve  seats  results  from  a combination  of  leakage  paths  consisting 
of  surface  roughness,  surface  flaws  (scratches,  nodules,  etc.),  deviation  from 
pure  geometrical  surfaces  (e.g.,  flat,  sphere,  cone)  and  non-conformance  between 
sealing  lands  due  tc  entrapped  contamination,  unsymmetrical  loading,  or  warpage 
from  temperature  change  or  stress.  Some  of  these  factors  can  be  analytically 
treated  by  comparison  of  measured  and  predicted  leakage  for  idealized  models. 

The  value  in  this  approach  is  that  sealing  performance  can  be  related  to  specific 
causes  through  surface  inspection  tracers  and  microscopic  examination  using  inter- 
ference techniques.  Relating  cause  and  effect  thereby  provides  the  basis  for 
design  modification  and  improvement. 

A variety  of  valve  poppet  and  seat  configurations  have  been  tested  and  results 
correlated  with  measured  surface  conditions  (Ref.  1 through  4 and  6).  For  aero- 
space applications,  leakage  is  in  the  laminar -molecular  range  with  surface  . 
roughness  for  metal-to-metal  closures  less  than  2 microinches  AA  (5.08  x 10~” 
cm) . Even  with  entrapped  solid  particles  causing  sealing  land  separation,  leak- 
age is  laminar  except  for  contaminants  normally  termed  "foreign  objects."  Sig- 
nificant variation  from  expected  leakage  can  usually  be  traced  to  one  or  more  of 
the  aforementioned  causes  for  increased  gap. 

Several  attempts  have  been  made  to  provide  a theoretical  basis  to  relate  valve 
seat  load  with  leakage  (Ref.  1,  6,  and  7).  While  allowing  a better  understand- 
ing of  the  problem,  these  attempts  have  failed  because  there  is  not  a suffic- 
iently accurate  means  to  measure  the  myriad  "real  world"  surface  and  geometrical 
features  and,  even  if  they  could  be  measured,  the  strain  interaction  between 
these  features  would  require  a costly  three-dimensional  finite  element  stress 
analysis.  Wear-related  surface  changes  present  an  even  more  complex  problem  be- 
cause existing  wear  data  are  not  related  to  surface  texture  (Ref.  8) . Conse- 
quently, each  valve  seat  of  a type  or  configuration  must  be  load-leakage  tested 
and  cycled  to  characterize  its  performance.  With  multiple  tests  to  establish  a 
mean  or  normal  condition,  the  correlation  of  leakage  with  geometry,  before  and 
after  specific  tests,  will  provide  a basis  to  define  overall  limitations  and 
capabilities. 

The  following  paragraphs  present  a general  discussion  of  valve  seat  geometry  and 
means  for  predicting  leakage  through  various  flaws.  The  flow  equations  are  pre- 
sented with  a typical  example  and  the  section  is  concluded  with  flow  curves  of 
theoretical  model  seat  leakage  versus  gap,  or  height. 
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Nomenclature 


Nomenclature  used  in  subsequent  discussion  and  analyses  is  as  follows: 

A = area,  sq  in. 

C = discharge  coefficient 

D = hydraulic  diameter,  inches 

D = effective  pressure  balance  diameter 

Dg  a mean  seat  diameter 

f = friction  coefficient 

g = gravitational  acceleration  constant,  1.39  x 10  in. /min 
(3,5306  X 106  cra/min2) 

hg  = taper  height,  inches 

hg  = equivalent  parallel  plate  channel  height,  inches 

h = parallel  plate  channel  height,  inches 

P 

k = ratio  of  specific  heats 

L or  X = channel  length,  inches 

M a entrance  Mach  number 

P = static  pressure,  psia 

Q = volumetric  flow  at  standard  conditions  of  temperature 
(Tg  = 530  R,  294  K)  and  pressure  (Pg  =14.7  psia,  10.13 
N/cm2) , .in.Vmin,  or  for  compressible  flow,  scim 

= inside  diameter,  inches 

Rq  = outside  diameter,  inches 

R = gas  constai^,  in./R 

Re 

T 

V 

W = channel  width  or  perimeter,  inches 
Greek  Symbols 

u = weight  flowrate,  Ib/min 

U = viscosity,  Ib-min/in.^ 

p = density,  Ib/in.^ 

= mean  molecular  free  path,  inches 
3 = pressure  profile  factor 


Reynolds  nmifesr 
static  temperature,  R 
velocity,  in. /min 
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Subscripts 

1 = inlet  or  entrance  conditions 

2 = outlet  or  discharge  conditions 

0 = stagnation  conditions 

s = standard  conditions 

1 = incompressible 

c = compressible 

Geometry  of  Valve  Seating 

The  performance  of  a valve  seat  is  intimately  related  to  the  geometrical  config- 
uration of  the  seating  surfaces.  While  a large  variety  of  configurations  are 
employed j the  fundamental  flat,  conical,  and  spherical  geometries  can  be  ident- 
ified in  most  cases.  This  stems  from  the  simplicity  of  these  shapes  which  are 
attendant  with  natural  fabrication  processes.  The  three  configurations  are 
shown  in  Fig.  7 with  the  parameters  and  equations  combining  basic  geometry  and 
load  for  the  definition  of  apparent  seat  stress  (S). 

Superimposed  upon  real  valve  seating  surfaces  is  a variety  of  other  smaller 
geometries  which  often  have  a greater  influence  on  the  closure  than  the  more 
obvious  gross  configuration.  Most  apparent  is  surface  texture  which  includes 
the  machining  errors  of  roughness,  waviness,  pits,  nodules,  and  scratches.  How- 
often  overlooked  and  of  more  subtle  influcence  is  the  geometry  of  the  seat 
land.  While  a seat  land  may  be  specified  by  engineering  drawing  or  fabrication 
process,  perfect  conformability  of  mating  surfaces  is  impossible  and  deviations 
are  difficult  to  define  or  prove  precisely;  hence,  the  actual  contact  dimensions 
may  be  quite  different  than  planned  and  also  may  change  with  seat  load.  Because 
leakage  is  inversely  dependent  upon  real  contact  land  dimensions,  it  follows  that 
variation  of  these  dimensions  will  also  have  an  effect  on  leakage. 

Land  geometry  is  identical  in  cross  section  for  the  flat  and  conical  configura- 
tions. For  spherical  seating,  the  only  difference  is  the  definition  of  a land 
width  on  a curved  surface  which  is  usually  narrow;  thus,  except  for  this  one  dif- 
ference, the  seat  land  is  the  same  for  all  three  configurations.  The  land,  which 


may  be  on  the  seat,  poppet  or  both,  is  composed  of  three  basic  parts  as  illus- 
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Figure  7.  Flat,  Conical,  and  Spherical  Seating  Equations 
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Each  of  these  parts  may  take  many  forms  and  combinations  too  numerous  to  depict. 
The  backup  material  angle  on  most  flat  seats  is  .zero  (but  may  approach  90  de- 
grees) whereas  for  45-degree  conical  or  spherical  seating,  it  is  normally  45 
degrees  (but  also  may  approach  90  degrees).  The  "flat  land"  may  be  flat,  con- 
cave, or  convex  with  symmetry  near  its  own  centerline  or  to  the  seat  diameter. 
Corner  radii  also  vary  over  a considerable  range  from  a mere  ragged  discontin- 
uity formed  by  intersecting  surface  roughnesses  to  the  opposite  extreme  of  a 
complete  sphere  (ball  in  cone). 

Seating  Gap 

The  seating  gap  under  a no-load  condition  is  a result  of  variation  in  the  above 
land  geometry  combined  with  dimensional  and  positional  errors.  In  many  cases, 
the  real  length  of  land  contact  is  a complex  function  of  the  load,  being  formed 
elastically  with  each  contact.  The  seat  land  may  have  been  developed  through 
plastic  flow  of  an  initially  sharp  edge  with  subsequent  deformations  predomin- 
antly elastic.  Where  the  land  is  plastically  formed,  the  resultant  contact 
shape  is  largely  indeterminate.  With  defined  simple  curved  shapes,  however,  a 
Hertz  stress  analysis  may  be  used  to  predict  the  elastically  loaded  configura- 
tion. In  any  case,  a definite  land  length  does  exist  under  the  slightest  load, 
and  the  term  "sharp  seat"  is  a relative  generalization. 

Dimension  errors  result  in  deviations  from  true  form  and  nonconformity  between 
poppet  and  seat  lands.  Symmetrical  errors  may  create  only  a taper  gap  with  full 
contact  at  the  roughness  level  around  the  periphery;  however,  errors  of  round-, 
ness  always  result  in  a through-gap.  Even  with  symmetrical  errors,  as  exemp- 
lified by  differential  radii  in  spherical  seating,  a finite  load  must  be  applied 
to  establish  a minimal  land  for  adequate  sealing  or  else  leakage  could  be  in  the 
nozzle  regime  and,  thus,  much  greater  than  for  the  laminar  condition. 

It  is  notable  that  unlike  the  flat  poppet  and  seat  (for  which  it  is  relatively 
simple  to  obtain  near-perfect  conformity),  the  conical  and  spherical  designs 
necessitate  a match  of  physical  dimensions,  i.e.,  the  included  angle  for  the 
cone  and  radius  for  the  sphere.  As  a result,  these  configurations  will  almost 
always  have  a taper  gap  from  a few  microinches  to  thousandths  of  an  inch,  depend- 
ing upon  size  and  fabrication  and  measurement  precision.  For  constrained  flat 
and  conical  seats,,  parallelism  and  axis  tilt  are  itsual  positional  errors.  Free- 
dom from  this  error  is  the  advantage  of  the  spherical  seat. 

Superimposed  upon  the  seat  land,  and  causing  gaps  vjhich  may  only  be  reduced  but 
never  closed,  are  the  surface  textural  errors  of  roughness,  waviness, modules, 
pits,  and  scratches.  Thus,  a variety  of  geometrical  errors  cause  conformal  gaps 
in  seating  which  must  be  reduced  through  load  deformation  of  the  "high"  material. 

Equivalent  Flow  Paths  for  Surface  Deviations 

The  deviations  of  seating  geometry  that  result  in  leakage  may  be  broadly  divided 
into  the  following: 

1.  Gross  abnormalities  of  geometry  such  as  out-of-parallel  plates;  broad 
curvatures  measured  as  a deviation  from  a flat  plane;  and  spherical, 
out-of-round,  or  tapered  mating  surfaces 
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2.  Parameters  of  surface  texture,  i.e.,  roughness,  waviness,  nodules,  pits, 
and  scratches 

The  leakage  flow  through  these  various  surface  deviations  may  be  indirectly 
approximated  by  computing  the  equivalent  flow  path  of  each  deviation  for  that 
portion  of  the  seating  surface  it  occupies.  Valve  seat  leakage  takes  place 
mainly  in  the  laminar  and,  to  a lesser  extent,  in  the  molecular  flow  regimes. 

In  laminar  flo\^  between  parallel  plates,  the  defining  parameters  are  the  chan- 
nel length  or  the  radial  land  width  (L),  peripheral  width  (W  = and  separ- 

ation height  cubed  (h^).  The  same  conditions  hold  for  molecular  flow  except 
the  separation  height  is  squared  (h^). 

Because  the  surface  deviations  considered  herein  are  very  close  approximations 
of  parallel  plates,  the  flow  may  be  imagined  to  travel  through  discrete  radial 
channels  of  varying  height  which  may  be  integrated  to  arrive  at  an  equivalent 
parallel  plate  separation  (h^). 

In  these  calculations,  advantage  is  taken  of  the  fact  that  the  majority  of  flow 
occurs  through  the  larger  spaces  so  that  small  nonradial  flows  may  be  neglected. 
It  has  also  been  assumed  that  the  seat  land  width  is  sufficiently  narrow  with 
respect  to  the  ID  to  neglect  radial  flow  divergence. 

Simplified  Chordal  Equations.  In  analyses  of  various  curved  geometries,  the 
expression  for  the  chordal  height  often  occurs  as  shown  below: 


The  equation  defining  this  geometry  is: 

X = /m.  - ^ y/2sz 

7 ~ r2 

“ 2R 

For  most  analyses  herein,  R is  much  larger  than  Z;  therefore,  the  approximate 
relation  may  be  used  with  small  error  as  shown  below: 


R/Z 

Error,  percent 

25.4 

1.0 

5.4 

5.0 

2.9 

10.0 
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Gross  Geometry  Deviations.  Valve  seat  leakage  caused  by  gross  separations  in 
the  interface  is  mainly  laminar,  but  may  be  turbulent  channel  or  nozzle  flow. 
VMle  a large  number  of  surface  devia-tions  are  possible,  there  is  a great  sim- 
ilarity between  the  various  gap  shapes  which  allows  the  consideration  of  max- 
imum gap  and  equivalent  height  to  be  reduced  to  a reasonable  few.  These  may 
often  be  superimposed  to  obtain  approximate  results  for  composite  shapes.  In 
the  case  of  taper  gaps  C^o),  a physical  separation  of  the  seating  surfaces  (hp) 
is  assumed  to  exist  due  to  surface  texture  or  other  errors.  ^ 

Out-Parallel  Flat  Poppet  and  Seat.  For  this  case,  the  seating  surfaces  are 
assumed  perfectly  smooth  and  flat  with  flow  perfectly  radial.  The  flow  may  be 
imagined  to  follow  a large  but  finite  number  of  radial  stream  channels  which 
may  be  summed  to  obtain  the  total  flow  through  the  gap.  Because  laminar  flow 
varies  as  the  height  cubed,  it  follows  that  the  predominant  flow  path  is  through 
the  widest  gap.  The  analytical  model  and  describing  equations  are  shown  below: 


As  curve  Z is  one-half  of  a sine  wave  when  unwrapped,  the  same  result  is  obtained 
by  integrating  2 over  the  length  ttR.  It  can  be  shown  for  this  model  that  the 
assumption  of  perfect  radial  flow  results  in  small  error  because  more  than  90 
percent  of  the  total  flow  discharges  from  the  wide  180  degrees  of  the  periphery, 
leaving  less  than  10  percent  of  the  flow  involved  in  the  contact  regions  v;here 
the  flow  is  partially  circumferential. 


Sinusoidal  Gap  Separations.  The  flat  poppet  and  seat  have  one  or  both  sur- 
faces  cylindrically  out-of-flat  (egg-shaped  poppet)  and,  also,  out-of-round  con- 
ical, and  spherical  seating  surfaces  all  have  gaps  which  are  basically  sinusoidal 
regardless  of  the  number  of  lobes.  Consequently,  integration  of  these  shapes 
yields  the  same  results  obtained  for  the  flat  out-of -parallel  case  above,  i.e.: 

5 h 

"e  = (feJ 

where  h is  the  maximum  gap. 
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Axially  S^Tiunetrical  Tapered  Seating.  Taper  between  poppet  and  seat  is  usual  for 
nearly  all  forms  of  seating  involving  matching  surfaces.  It  results  in  flat 
seating  from  customary  convex  (or,  to  a lesser  extent,  concave)  machining  errors, 
as  schematically  shown  below: 


For  flatness  errors  (Zj^  and  Z,)  measured  nominally  at  the  mean  seat  diameter 
( gJ > taper  gap  (h^)  is  derived  from  the  simplified  chordal  equation  as: 

° § t2p  ♦ Zbs3 

with  the  appropriate  sign  applied  to  Z for  concave  or  convex  conditions. 

A more  unusual  symmetrical  form  error  is  the  crowned  surface  which  might  occur 
from  excessive  polishing  of  a flat,  conical,  or  even  spherical  seat,  thus  dub- 
bing the  edges.  Although  the  actual  shape  is  often  elliptical,  the  geometry  may 
be  approximately  described  by  the  chordal  equation.  A similar  seating  configura- 
tion occurring  naturally  is  the  ball  in  a wide  conical  seat  (elastic  contact 
only).  Taper  gaps  from  these  configurations  are  shown  below: 


As  previously  noted,  a more  serious  problem  exists  for  the  conical  and  spherical 
surfaces  because  of  the  conformal  dependence  upon  physical  dimensions.  For  con- 
ical seating,  the  seat  gap  is  a function  of  the  land  width  (L)  and  differential 
seating  or  half  angle  (A0)  between  poppet  and  seat]  thus,  h^  = A6L. 

With  spherical  seating,  the  taper  gap  is  related  to  the  differential  CAR)  be- 
tween the  poppet  (Rp)  and  ball  seat  (Rgg)  spherical  radii.  The  exact  equation 
is  cumbersome  in  that  small  differences  necessitate  a computer  solution.  How- 
ever, simplification  is  possible  for  seating  half-angle  (0)  between  15  and  75 
degrees,  and  land  with  (L)  is  small  with  respect  to  the  basic  spherical  radius 
(R).  Applicable  terms  are  shown  in  the  following  sketch  for  the  case  where 
(Rgg)  is  greater  than  CRp)*  The  approximate  solution  for  (h^)  is  derived  from 
the  sine  law  with  (L)  assumed  a straight  line. 
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In  terms  of  the  differential  between  ball  and  seat  spherical  diameters  (AD)  and 
mean  seat  diameter  (D^) : 


ADL  cos  0 
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Taper  gap  data  are  plotted  in  Fig.  8 in  terms  of  the  taper  angle  (A6).  Consid- 
eration of  experimental  data  has  shown  that  the  usual  tolerance  angular  differ- 
ential of  1/2  to  1.0  degree  would,  in  most  cases,  result  in  unacceptable  large 
taper  gaps. 

The  problem  now  is  to  describe  the  taper  gap  (h^)  in  leakage  parameter  terms. 

For  the  ideal  case  of  perfectly  smooth,  flat,  or  round  surfaces,  there  would  be 
no  leakage.  Roughness  and/or  geometry  errors  do,  however,  cause  a separation 
which,  due  to  the  very  narrow  contact  land,  may  bo  assumed  to  offer  negligible 
resistance  to  flow  (unless  the  taper  gap  is  very  large,  in  which  case  the  leak- 
age would  result  from  a nozzle  flow  condition) . With  some  gap,  the  problem  is 
resolved  to  one  of  simple  tapered  flow.  The  equivalent  separation  for  this  case 
will  be  presented  in  the  Leakage  Flow  Analysis  section.  The  simple  integration 
averaging  process  may  not  be  used  for  channel  height  varying  along  the  flow  di- 
rection. Comparison  of  laminar  flow  factors  is  illustrated  in  Fig.  9 for  two 
cases  noted  as  "linear"  and  "taper"  flow.  For  the  linear  case,  h does  not  vary 
in  the  direction  of  land  width  (L),  and  the  cubical  average  (h^)  is  obtained  as 
previously  shown.  For  taper  flow,  the  basic  flow  equation  must  be  integrated 
with  L to  obtain  an  equivalent  path  height.  There  is  a small  difference  between 
the  two  flow  factors  at  (^/l^.J  ratios  greater  than  one;  thus,  the  more  universal 
factor  may  be  used  to  approximate  complex  surface  geometry.  Below  this  value, 
however,  taper  flow  should  be  considered  as  the  defining  parameter  and  used 
to  compute  the  flow. 

Surface  Texture  Deviations.  Except  in  rare  instances,  loaded  on-seat  leakage 
will  be  laminar  and,  ^or  gases,  may  reach  molecular  levels.  The  basic  leak  path 
is  through  the  interstices  formed  by  contacting  waviness  and/or  roughness.  Add- 
itional leakage  components  of  possible  significance  may  be  through  nodule  cre- 
ated gaps,  radial  scratches,  or  a density  of  interconnecting  pits.  As  with 
gross  geometry  deviations,  weighted  averages  of  the  maximum  spacing  height  (h) 
can  be  computed  for  various  regular  geometric  wave  forms. 

Surface  Roughness  and  Waviness.  The  geometrical  terms  and  equations  used 
to  describe  model  surfaces  are  summarized  in  the  sinusoidal  representation  shown 
in  Fig.  10.  The  height  (h)  and  wave  length  (X)  can  be  assumed  to  represent  var- 
ious other  wave  forms  and  exist  as  waviness  or  roughness,  or  a combination  of 
both.  For  example,  a sinusoidal  curve  of  smaller  (h)  and  (X)  can  be  superimposed 
upon  the  sine  wave  showii.  In  addition,  these  waves  can  bo  imagined  to  be  either 
linear  into  the  paper  or  undulating  in  a similar  fashion  as  that  indicated  re- 
sulting in  a three-deimr"<;ional  series  of  "hills  and  valleys"  which  contain  a 
smaller  version  of  th<,-  For  the  fine  surfaces  under  consideration  (h  « 0.5 

to  20  microinches  [1.2/  *0~^  to  50.8  x 10~^  cm]),  the  average  asperity  angle 

(<()  will  seldom  exceed  4 degrees,  and  sharp  lapping  scratches  do  not  have  slope 
angles  much  greater  than  10  degrees. 

Various  averages  have  been  computed  from  the  equations  shown  in  Fig.  10  for  a 
number  of  regular  geometric  wave  forms  (Fig.  11).  These  factors  may  be  used  to 
estimate  the  variations  between  surfaces  and  the  possible  effects  on  leakage 
performance. 
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Seat  Land  Width,  L > inches  (2.54  cm) 
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Figure  8.  Taper  Gap  for  Flat,  Conical,  and  Spherical  Seating 
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Figure  9.  Laminar  Flow  Factors 
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Figure  10.  Model  Surface  Geometry  With  Defining  Equations 
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Figure  11.  Average  Height  Values  for  Various  Wave  Forms 


Scratches . The  remaining  surface  defects  pertinent  to  valve  seating  are 
scratches,  nodules,  and  pits  in  decreasing  significance.  Because  of  the  diffi- 
culty associated  with  defining  these  defects,  they  take  on  a much  greater  im- 
portance than  is  commensurate  with  their  usual  contribution  to  leakage.  Of 
particular  significance  in  this  respect  are  scratches.  The  definition  of  the 
relative  effect  of  scratches  (and  other  defects)  upon  leakage  may  be  estimated 
through  comparison  of  their  size-number  contribution  to  total  leakage  as  com- 
pared with  other  deviations. 

The  analytical  model  considered  is  the  seat  land  having  one  radial  scratch,  as 
shown  below; 


The  equivalent  height  for  the  sawtooth  configuration  from  Fig.  11  is: 

Scratch  density  (3  ) relates  the  one-radial-scratch  model  to  the  usual  case  of 
many  radial  scratches;  thus: 


or  n 


where  Q for  many  scratches  of  average  width  (X)  equals  (n)  times  (Q^)  for  one 
scratch.  Scratch  leakage,  computed  for  correlation  with  experimental  data,  is 
shown  in  Fig.  12  with  the  reduced  flow  equation  and  applicable  data. 

Nodules . Contaminants  and  nodules  have  a highly  load-sensitive  effect  on 
leakage  due  to  their  usually  small  contact  area.  Uniformly  dispersed  over  the 
seating  area,  the  separation  height  is  merely  the  parallel  plate  configuration. 
However,  one  nodule  will  cause  the  out-of -parallel  positional  error  previously 
discussed.  In  this  case,  contact  will  occur  at  the  roughness  height  of  the  two 
surfaces  and  the  equivalent  height  must  be  determined  for  the  combined  gaps  (i.e.. 
Ml  in  Fig.  9 where  hp  is  the  equivalent  combined  roughness  height,  and  hg  the 
out-of-parallel  gap). 


£iSS.‘  localized  pits  not  bridging  the  seat  land  will  have  little  effect 
on  leakage.  A uniform  distribution  of  pits  will  tend  to  reduce  the  effective 
land  width  since  they  offer  negligible  flow  resistance  (large  relative  h). 
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Scratch  Width,  microinches  (2.54 
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Figure  12.  Single  Scratch  Leakage,  Q 


Leakage  Flow  Analysis 


In  considering  the  leakage  and  flow  across  a valve  seat,  a number  of  equations 
must  be  taken  into  account.  These  range  from  the  nozzle  equation  which  gener- 
ally applies  to  the  wide  open  valve  to  the  viscous  and  molecular  flow  equations 
applicable  under  seated  conditions.  The  equations  derived  in  this  section  are 
presented  for  compressible  and  noncompressible  fluids  for  flow  through  parallel 
plates.  The  equations  are  equally  applicable  to  flat,  conical,  and  spherical 
valve  configurations  because  the  near  and  on-seated  passage  configurations  ap- 
proximate the  parallel  plate  model.  Because  of  the  importance  of  the  laminar 
flow  regime,  the  special  case  of  taper  in  the  direction  of  flow  is  also  considered. 


A specific  example  of  nitrogen  flow  through  a model  valve  seat  is  presented  which 
shows  how  each  flow  regime  blends  into  the  next  to  build  the  overall  flow-leak- 
age characteristic  curve.  As  the  flow  regime  boundaries  are  not  sharply  de- 
fined, the  example  additionally  illustrates  the  range  over  which  the  various 
equations  may  be  applied. 

Nozzle  Flow.  The  compressible  and  incompressible  flow  equations  derive  from 
the  basic  Euler  momentum  relationship.  The  Euler  equation  gives  the  following 
relationship  between  velocity,  pressure,  and  density; 
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2g 
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— = constant 
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For  the  incompressible  consideration,  density  (p)  is  constant,  and  the  result- 
ant relationship  is  known  as  the  Bernoulli  equation.  If  the  inlet  velocity  is 
neglected,  the  following  equation  evolves  for  flow  of  an  incompressible  fluid 
through  a nozzle: 


w = GA  y/2  g p CP1-P2) 

This  equation  requires  a discharge  coefficient  (C)  to  correct  the  ideal  fric- 
tionless flow  to  the  actual  case.  The  discharge  coefficient  is  a function  of 
the  specific  configuration  being  considered;  therefore,  it  is  derived  from  em- 
pirical data. 


For  the  specific  application  of  this  equation  to  a valve  configuration,  area 
(A)  is  the  minimum  flow  opening  expressed  as  a function  of  the  sti’oke  height 
Ch  ) and  the  minimum  seat  perimeter.  This  substitution  can  be  made  in  the  noz- 
zle and  the  turbulent  channel  equations.  For  circular  valve  seats  where  the 
radial  land  width  (L)  is  small  with  respect  to  the  ID,  it  is  convenient  to 
assume  a mean  seat  perimeter  W = tt  D^,  where  (D^)  is  the  mean  seat  diameter. 

With  compressible  flow,  the  density  is  not  constant  and,  therefore,  the  integral 
of  dP/p  must  be  evaluated  for  specific  assimptions.  For  an  adiabatic,  friction- 
less process  considering  a perfect  gas,  the  following  equation  is  derived; 
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As  in  the  case  of  the  incompressible  flow,  a discharge  coefficient  is  required 
to  account  for  the  irreversibility  of  flow.  The  above  equation  further  assumes 
that  choked  or  sonic  flow  exists  across  the  nozzle. 

In  practice,  leakage  is  most  often  expressed  in  terras  of  a volumetric  flow. 

For  con5>ressible  fluids,  where  density  is  a variable  function  of  pressure  and 
temperature,  standard  conditions  (P  , T , p ) must  be  defined.  The  conversion 
relationship  for  all  fluids  is:  ® 


Therefore,  for  both  incompressible  and  compressible  flow  at  standard  conditions, 
the  weight  and  voltunetric  flows  differ  by  a constant. 

The  nozzle  equations  can  be  applied  to  a poppet  valve  configuration  (similar  to 
an  orifice)  from  the  wide-open  condition  to  the  near-seated  position.  When  the 
valve  closure  height  has  decreased  to  the  position  where  wall  friction  at  the 
seating  surface  (and,  thus,  land  length)  is  significant,  the  nozzle  regime  term- 
inates and  turbulent  channel  flow  commences.  There  is  no  precise  point  at  which 
nozzle  flow  terminates,  the  transition  being  a complex  function  of  the  particu- 
lar channel  geometry  and  Reynolds  number.  However,  in  general,  if  the  length- 
to-height  ratio  is  10  or  greater,  channel  flow  is  imminent. 

Turbulent  Channel  Flow.  In  this  flow  regime,  the  same  basic  continuity  and 
momentum  considerations  hold  with  the  addition  of  a term  for  the  effects  of 
friction.  In  the  case  of  an  incompressible  fluid,  the  basic  Bernoulli  equation 
is  modified  to  the  form: 


AP 


fL  pV^ 
D 2g 


where  flow  is  defined  by  continuity  as: 


w = p A V 

The  first  equation  expresses  differential  pressure  as  a function  of  friction 
factor  (f)  and  velocity  (V).  The  friction  factor  is  related  to  velocity  through 
empirical  parametric  curves  of  friction  versus  Reynolds  number  and  wall  rough- 
ness. The  solution  to  these  equations  is  by  trial  and  error. 

The  equations  for  flow  in  the  turbulent  channel  regime  were  developed  for  flow- 
through circular  tubes.  To  apply  the  equations  to  other  channel  configurations, 
the  tube  diameter  in  these  equations  must  be  expressed  in  terms  of  hydraulic 
diameter  (D).  Hydraulic  diameter  is  defined  as  four  times  the  ratio  of  the 
cross-sectional  area  to  the  wetted  perimeter.  For  parallel  plates,  the  hydraulic 
diameter  is  equal  to  twice  the  plate  spacing  (2h  ). 
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The  equations  used  to  compute  compressible  fluid  flow  in  this  regime  are  obtained 
from  Shapiro  (Ref.  9) . They  assume  an  adiabatic  constant-area  flow  and  include 
the  effects  of  internal  fluid  and  wall  friction  and  fluid  momentum.  To  compute 
the  weight  flowrate,  two  equations  are  required.  The  first  is  a relationship 
between  entrance  Mach  number  (M)  and  fraction  factor  (f)  for  the  condition  of 
choked  flow  at  the  exit  of  the  valve  seat  channel  (M  = 1) : , 


fL 

D 


1-M^  . k+1  (k+1) 

2 * 2k  k-1  2~ 

kM"^  2(1+^ 


As  in  the  incompressible  case,  the  solution  of  this  equation  is  by  trial  and 
error.  Shapiro's  text  gives  considerable  assistance  in  the  solution  of  this 
equation  by  tabulating  fL/D  versus  Mach  number,  thus  permitting  interpolation 
of  desired  information.  For  the  subsonic  solution,  reference  is  made  to 
Shapiro's  text. 

Once  the  entrance  Mach  number  and  density  are  determined,  they  are  used  in  the 
continuity  equation  to  compute  the  weight  floiifrate  based  on  the  inlet  conditions; 

to  = p AM  /k  g RT 

The  equations  in  this  section  are  confined  to  the  turbulent  flow  regime,  i.e., 
Reynold  numbers  greater  than  2000.  However,  these  equations  can  be  extended 
into  the  initial  portion  of  the  laminar  flow  regime  where  fluid  momentum  is 
still  an  important  consideratio.a.  In  this  case,  the  friction  factor  is  a linear 
function  of  Reynolds  number  and  is  given  for  the  parallel  plate  consideration  as: 

f = 96/Re  and  Re  >500 


The  defining  equation  for  Reynolds  number  is: 

Re  - ^ 

Ug 

As  before,  (D)  refers  to  the  hydraulic  diameter  for  other  than  round  configura- 
tions. For  the  parallel  plate  consideration  of  a circular  valve  seat,  this 
equation  may  be  reduced  to: 


Laminar  Flow.  The  analysis  of  fluid  flow  in  this  regime  assumes  that  the  temper' 
ature  is  constant  (isothermal),  that  the  fluid  momentmn  effects  are  negligible, 
and  that  viscous  shear  forces  govern  the  flow,  i.e.,  Reynolds  number  less  than 
500.  These  assumptions  result  in  the  Poiseuille  equation  for  flow  through  sta- 
tionary flat  plates  (Ref.  11): 

jjp  12  y ^average 

- dX  = ,^2 
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By  using  the  continuity  equation,  the  relationship  is  reduced  to  express  the 
viscous  flow  through  flat  plates: 


p Whp5(Pj  . Pj) 

12u  L 


For  a compressible  gas,  thermal  effects  are  present;  however,  the  assumption  of 
isothermal  condition  can  be  made  because  of  the  small  channel  thickness  and  low 
velocity.  The  compressible  version  of  the  Poiseuille  equation  is  obtained  by 
integration  of  the  pressure  profile  across  the  seat  land  and  assinnption  of  a 
perfect  gas;  therefore, 

Wh  ^ - P2^) 

“ " ^ Uu  LRT 

This  same  basic  relationship  can  be  derived  for  flow  between  circular  flat 
plates.  This  equation  contains  the  natural  log  of  the  radius  ratio  which  ac- 
counts for  radial  divergence  of  the  flow  and  is  as  follows: 


Normally,  this  divergence  can  be  neglected  as  the  Rq/Rj^  ratio  is  close  to  unity. 

For  the  special  case  where  convergent  or  divergent  taper  exists  between  seating 
surfaces,  the  equivalent  parallel  plate  separation  becomes: 

Ch„  + h„)^ 
h - P o P 
e " h^  + 2h„ 


where  (hp)  is  the  separation  at  the  narrow  end  of  the  l^d  (L)  and  (h  + h ) the 
separation  at  the  wide  end.  Thus,  for  h^  = 0,  h^^  = h^-^.  P 

Transition  and  Molecular  Flow.  The  determination  of  molecular  flow  involves  the 
application  of  the  kinetic  theory  of  gases.  A flow  equation  derived  (Ref.  12) 
for  the  molecular  regime  is: 

4 \ 

^ ' 5 L „ ^^1  " ^2^ 

/ 4dL 

o r 
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This  equation  relates  the  flow  (Q)  to  the  mean  molecular  speed  (V  ) , different- 
ial pressure  (Pj^  - geometry  where  (H)  is  the  channel  perimeter.  When 

this  basic  relationship  is  applied  to  parallel  planes,  the  equation  has  the 
form: 


There  exists  a transition  region  where  both  molecular  and  laminar  (viscous)  flow 
effects  are  operating.  The  limits  of  these  regions  are  approximately  defined  by 
the  ratio  of  mean  free  path  of  the  molecule  (X')  to  the  characteristic  dimension 
of  the  channel  (h  ) when: 

Sr 


X^/hp  <0.01,  flow  is  viscous 

X'/hp  is  0.01  to  1.0,  transitional  flow  exists 

X'^  /h  >1.0,  flow  is  molecular 

p 


From  kinetic  theory  of  gases,  the  mean  free  path  of  gas  molecules  is  given  as: 


~ Sliv'^fg 

A = p 


where  6 is  a constant.  At  atmospheric  pressure  and  70  F (294  K)  the  computed 
value  of  6 is  nearly  constant  (~1.8)  for  nitrogen,  helium,  argon,  and  hydrogen 
gases.  Assuming  at  high  pressures  that  P is  the  mean  channel  pressure,  the 
average  mean  free  path  reduces  to: 


r/  _ 3.6  u*^RTg 

A — - - r i 1 


The  separation  at  midtransition  flow  may  be  found  by  equating  the  molecular  and 
laminar  flow  equations,  and  is  given  by: 

i.  _ 25.5  liv^'^Tg 
*^p=  P1.P2 

The  corresponding  ratio  of  ^Vh  is  0.14.  A modified  equation  proposed  for  flow 
in  the  transition  region  is:  ” 

total  viscous  molecular 

The' molecular  flow  factor  (e)  is  generally  close. to  unity.  It  takes  into  con- 
sideration. such  items  as  the  difference  in  gases  and  physical  properties  of  the 
passage  walls.  For  simplicity  and  in  lieu  of  explicit  test  data,  (a)  has  been 
assumed  as  unity. 
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Throughout:  the  entire  range  of  laminar  molecular  flow,  the  flowrate  computed 
from  each  of  the  specific  equations  will  predominate  in  its  applicable  regime  of 
flow.  Thus,  the  summation  equation  above  may  be  used  without  regard  to  regime 
boundary  since  the  flow  computed  for  the  regime  outside  of  its  range  will  be 
negligible  (see  Sample  Computation  below). 

Sample  Computation 

To  illustrate  how  the  previously  developed  flow  equations  are  used,  the  follow- 
ing sample  computation  is  presented,  liie  seat  model  selected  is  the  1-inch 
configuration  used  in  the  off-seat  leakage  tests.  A cross  section  of  this  seat 
configuration  is  shown  in  Fig.  13.  Flow  is  from  the  inside  (ID)  to  the  outside 
(OD)  of  the  0.060-inch  C0«1524  cm)  flat  seat  land.  Leakage  has  been  computed 
for  nitrogen  gas  at  a 100-psig  (68.95  N/cm^)  inlet  pressure,  a 70  F (294  K)  in- 
let gas  temperature,  and  a 14.7-psia  (10.14  N/cm^)  outlet  pressure. 

Figure  14  presents  the  leakage  spectrum  for  the  sample  computation.  The  various 
flow  regimes,  i.e.,  nozzle,  turbulent  channel,  laminar,  transitional,  and  mole- 
cular are  identified  on  the  curve.  Also,  the  limits  of  each  regime  are  shown. 

A range  of  theoretical  parametric  data  has  been  computed  for  various  pressures 
and  gases  and  is  presented  idth  the  Model  Leakage  section. 

The  following  parameters  are  known  values  for  this  seat  configuration  and  are 
used  in  the  flow  equations  to  compute  the  noted  leakage  characteristics: 


Discharge  Coefficient 

Gravitational  Acceleration 
Constant 

Specific  Heat  Ratio 
Channel  Length  or  Land  Width 
Inlet  Pressure 
Discharge  Pressure 
Gas  Constant 
Absolute  Temperature 
Channel  Perimeter  (ir  D^) 
Absolute  Viscosity 

Nozzle  Flow.  For  a compressible  fluid 
is  used: 


C = 0.95 

g = 1.39  X 10^  in./min^  _ 

(3.5306  X 10^  cm/min^ 

k = 1.14 

L = 0.060  in.  (0.1524  cm) 

Pj  = 114.7  psia  (79.07  N/cm^) 

= Pg  = 14.7  psia  (10.13  N/cm^) 

R = 663  in./R 

Ti  = Tg  = 530  R (294.4  K) 

W = 2.95  in.  (7.493  cm) 

p = 4.40  X 10“^^  Ib-min/in.^ 
(7.944  X lO"^"^  N-sec/cra2) 

flowing  sonically,  the  following  equation 


Q = 


% Pi 


k+l/k-1  ■ 

FT 
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Using  the  asstonptions  and  data  outlined: 

Q = 1.045  X lo’'  hp 

The  orifice  flow  ceases,  and  turbulent  channel  flow  commences  at  a height  (h  ) 
of  approximately  6 x 103  microinches  0.01524  cm  (Fig*  14).  The  land  width  ii 

0.060  (0.1524  cm)  inch,  giving  an  L/h  ratio  of  10  for  the  break  point. 

Turbulent  Channel  Flow.  Flow  in  this  regime  is  defined  by  a curve  on  log-log 
paper;  therefore,  a sample  calculation  of  one  point  will  illustrate  the  method 
used.  Leakage  is  computed  for  a stroke  height  (h  ) of  0.001  inch  (0.00254  cm) 
in  the  following  steps:  " 

1.  Hydraulic  diameter,  D = 2h  = 0.002  inch  (0.00508  cm) 

2.  A friction  coefficient  (f)  is  estimated  at  0.040.  This  is  the  sta”t- 
ing  point  for  the  trial  and  error  solution;  (f)  will  be  verified  at  the 
conclusion  of  this  computation. 

3.  Compute  fL/D  = fL/2h  = 1.20 

P 

4.  Using  Table  B-4,  Ref.  9,  and  the  equation: 

fL  _ 1 - , k+l  , Ck+ID 

D-  m 2k  2 ^ 

yields  entrance  Mach  number  (Mj)  = 0.49. 

5.  Assuming  an  isentropic  entrance  condition,  entrance  static  pressure 
(P]^)  can  be  computed  from  the  following  equation  (Ref.  9)  where  is 
the  stagnation  (total)  pressure  of  114.7  psia  (79.08  N/cm^)  and  M°is 
the  entrance  Mach  number: 


, k/k-1 
M'^) 


therefore,  static  entrance  pressure  (P^)  = 97.3  psia  (67.09  N/cm*^) 


6.  Again,  assuming  isentropic  conditions,  the  entrance  static  temperature 
(T-)  is  computed  from  the  following  equation  for  a total  temperature 
(Tp  of  530  R (294  K) 


M 


2 


therefore,  static  temperature  (Tj^)  = 506  R (281  K) 
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7.  The  following  series  of  equations  are  used  to  compute  the  flow  (Q)  in 
the  channel: 


Vj  = M v/lcg  RT^ 


^1  “ RT, 


A = Wh„ 


0)  = pj  AVj 

RT 

Q = 0) 

s 

from  which  the  flow  (Q)  = 8090  scira  (7.95  x 10^  scc/hr) 

8.  To  prove  the  flow  computation,  the  originally  estimated  friction  co- 
efficient (f)  is  checked.  Reynolds  number  is  first  computed: 

^^1^1  3 

Re  = = 3.76  X lO*^ 

Using  the  computed  value  for  Reynolds  number,  a friction  coefficient  is 
determined  from  the  Moody  diagram.  The  friction  coefficient  determined 
from  this  curve  is  close  enough  to  the  original  estimate  of  0.040  so 
that  a recomputation  is  not  necessary. 

The  curve  plotted  from  this  and  other  data  points  is  shown  as  a dashed 
line  in  Fig.  14.  This  flow  regime  extends  into  the  initial  portion  of 
laminar  flow,  i.e..  Re  below  2000  where  fluid  momenttim  is  still  an  im- 
• portant  consideration. 

Laminar  Flov;.  Laminar  flow  for  nitrogen  gas  is  computed  from  the  Poiseuille 
equation  in  the  following  form: 

„ RT^  [wh^^Pj^.p^V 

^ ■ Fg  24  y L RT 

Using  the  assumptions  and  data  outlined: 

Q = 4.08  X 10^^  (h 

ir 

Transition  and  Molecular  Flow.  The  equation  used  to  compute  leakage  in  the  mole- 
cular regime  is  as  follows: 
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Using  the  asstunptions  and  data  outlined: 


Q = 2.49  X 10®  Ch 
P 

This  flow  regime  is  plotted  on  the  lower  right  of  Fig.  14.  The  dashed  line  con- 
necting the  laminar  and  molecular  flow  regimes  is  simply  the  sum  of  the  two 
leakage  values.  Therefore,  the  transition  equation  is: 

^transition  “ ^laminar  ^molecular 

The  boundaries  of  this  transition  regime  are  defined  by  the  following  limits: 

I^'h  = 0.01  to  1.0 
P 

The  molecular  mean  free  path  (X')  is  3.61  (9.17  x 10~^  cm)  microinches  for  nitro- 
gen at  standard  conditions  (70  F (294  K)  and  14.7  (10.13  N/cm^)  psia).  For  a 
mean  pressure  of  50  psig,  P = 0.82  microinch  (2.08  x 10“®  cm). 

The  corresponding  height  limitation  of  the  transition  regime  is  between  0.82 
and  82  microinches  (2.08  x 10"^  and  2.08  x 10"^  cm)  with  the  point  of  equal 
laminar-molecular  flow  at  6.05  microinches  1.54  x i0“®  cm  (Fig.  14). 

Model  Leakage 


Theoretical  nitrogen  leakage  for  a flat  poppet  and  seat  model  employed  in  screen- 
ing tests  is  presented  in  Fig.  15  through  17.  Helium  leakage  in  the  laminar 
regime  will  be  nearly  the  same  as  nitrogen  since  the  viscosity  of  nitrogen  and 
helium  are  close. 
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GASEOUS  NITROGEN  FLOW,  SC  IN  (SCC/HR) 
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Figure  15.  Theoretical  Seat  Leakage,  Part  1 
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GASEOUS  NITROGEN  FLOW,  SCIM  (SCC/HR) 
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X 2.5^  X 
Leakage, 


Part  2 


45 


GASEOUS  NITROGEN  FLOW,  SCIM  (SCC/HR) 
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Figure  17.  Theoretical  Seat  Leakage,  Part  3 
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ABSTEACT 


Presented  herein  is  a description  of  the  work  accomplished 
in  providing  fundamental  sealing  data  on  metal-to-metal  seat 
and  poppet  valving  elements.  The  reported  effort  supplements 
and  updates  initial  results  published  as  Technical  Documen~ 
tary  Report  No.  BPL-TDR-64-68 , "Eocket  Engine  Valve  Poppet 
and  Seat  Design  Data,"  dated  May  1964. 

The  program  involved  experimental  and  analytical  studies  of 
the  detailed  aspects  of  valve  seating.  Flat,  conical,  and 
spherical  test  models  were  fabricated  with  particular 
emphasis  placed  on  documentation  of  fabrication  methods  and 
description  of  the  resultant  surfaces.  Model  stress- leakage 
characteristics,  as  a function  of  surface  texture,  geometry, 
coatings,  and  material  variations  were  experimentally  inves~ 
tigated.  The  resulting  information  is  presented  in  graphical 
form  supported  by  inspection  evidence  from  whieh  test  surface 
condition  and  features  were  deduced.  Mathematical  models 
relating  surface  texture  and  resulting  deformation  character- 
istics are  formulated  to  provide  understanding  of  the  leakage 
path  closure  mechanism  and  extrapolation  of  experimental 
stress-leakage  data. 

Additionally,  cyclic  effects  on  model  sealing  capabilities 
were  investigated.  A simplified  analysis  relating  tester  and 
model  configuration  with  anticipated  dynamic  loading  charac- 
teristics is  developed  and  further  extended  by  digital 
programming  techniques. 

A high  degree  of  correlation  was  obtained  between  the  ana- 
lytical predictions  and  the  test  results.  From  cycle  tests 
of  representative  models  at  various  impact  levels,  corrosion 
fretting  was  determined  to  be  a fundamental  mode  of  surface 
degradation  and,  from  these  results,  an  optimum  seating  con- 
figuration evolved. 

iii 


Errors  of  Form 


These  errors  refer  to  deviation  of  the  nominal  surface  from  perfect  geom- 
etry and  do  not  include  surface  texture.  Definitions  for  tolerances  of 
form  are  given  in  MIIr-STD-8C. 

MEASURING  METHODS  AND  DEVICES 

A brief  review  of  surface  measuring  devices  will  include  only  instruments 
capable  of  measuring  at  the  level  significant  to  this  study. 


Stylus  Instruments 

The  most  common  method  of  measuring  surface  roughness  is  by  moving  a cone- 
shaped  diamond  stylus  over  the  surface  and  translating  its  vertical  motion 
to  a value  of  average  deviation  from  the  mean.  Factors  which  affect  the 
resulting  reading  include  the  radius  of  the  stylus,  its  force  upon  the 
surface,  and  the  reference  surface  or  skid  upon  which  the  ti’acer  is  sup- 
ported. Error  may  he  introduced  because  of  mechanical  vibration  and  elec- 
trical limitations.  The  almost  universally  used  devices  use  stylus 
tracers  with  electrical  amplification  and  may  be  grouped  as  follows. 


Continuously  Averaging  Instantaneous  Readout.  This  is  a tracer- type 
instrument  using  either  the  standard  0. 0005-inch  radius  stylus  or  the 
0.0001-inch  stylus  for  fine  finishes.  Vertical  movements  of  the  stylus 
are  converted  into  voltage  and  amplified  to  actuate  a direct-reading  dial. 
These  readings  are  in  rms  or  arithmetical  average  with  the  lower  limit  of 
surface  discrimination  down  to  about  1 microinch.  This  device  shows  vari- 
ations in  average  roughness  height  but  does  not  indicate  asperity  config- 
uration or  wavelength  greater  than  the  set  cutoff  value. 


Permanent  Record.  This  is  an  electromechanical  stylus  instrument  for 
measuring  and  recording  roundness,  flatness,  roughness,  scratches,  flaws, 
and  total  profiles.  For  a linear  reference,  a precision  flat  is  employed; 
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for  round  surfaces,  an  ultra-precision  spindle  is  used.  Magnified 
readings  or  traces  are  recorded  on  a chart  with  vertical  magnifications 
of  up  to  50,000  times,  enabling  discriminate  study  of  geometry  and  minute 
surface  variations  including  waviness  and  asperity  angle. 

Probably  the  most  important  factor  contributing  to  misinterpretation  of 
surface  roughness  is  the  stylus  tip  radius  size.  It  is  obvious  that  some 
valleys  and  cracks  cannot  be  reached  by  stylus  tips  of  0.0005-  and  0.0001- 
inch  radius  foimd  in  most  instruments.  Also,  these  instruments  evaluate 
the  roughness  along  a thin  line  which  undermines  accuracy  because  the 
three-dimensional  aspect  is  not  taken  into  account.  This  situation  might 
be  minimized  by  traversing  in  various  directions  and  also  by  having 
knowledge  of  the  distribution  of  the  irregularities. 

Interesting  comparisons  have  been  made  of  various  tip  radii  effects  on 
similar  surf aces (Bef . 3 ).  Results  showed  that,  for  a turned  surface, 
the  0.001-inch  stylus  read  53-microinch  AA  finish  while  the  0.0001-inch 
stylus  gave  a reading  of  52-microinch  AA,  hardly  a significant  differ- 
ence. But  in  three  ground  surfaces,  the  blunter  instrument  could  not 
bottom  consistently,  therefore  giving  smaller  measurements.  For  these 
surfaces,  the  0.001-inch  radius  tip  measured  1.6-microinch  AA  for  the 
first,  5.5  for  the  second,  and  22  for  the  third.  The  0.0001-inch  tip 
measured  1.8-,  7-,  and  31-microinch  AA,  respectively.  The  difference  in 
stylus  effect  is  more  pronounced  in  the  rougher  finishes  for  those  ground 
surfaces. 

The  precision  of  stylus  instruments  was  tested  by  comparison  with  stand- 
ards which  were  constructed  and  measured  optically  by  Bickel  (Ref.  4). 

One  observation  was  the  effect  of  the  tracer  radius  in  interpreting 
sharp  corners  as  being  rounded  (Pig.  4). 


INTERPRETED  BY  STYLUS 


Figure  4.  Stylus  Interpretation  of  a Rectangular  Shape 


While  profiles  of  simple  sine  wave  shapes  could  he  accurately  followed  by 
the  stylus,  the  combined  form  of  rectangular  shapes  upon  a sine  wave 
(Fig.  5)  could  not  be  contoured  satisfactorily. 


Figure  5-  Stylus  Interpretation  of  a Combination  Shape 


Table  1 indicates  the  results  obtained  by  Bickel  in  a comparison  of  three 
stylus  instruments  (set  at  the  cutoff  values  noted)  while  measuring  rec- 
tangular profiles  similar  to  those  shown  in  Fig.  4. 


TABLE  1 


COMPARISON  OP  ARITHMETICAL  AVERAGING 
INSTRUMENTS  (MICROINCHES  AA) 


Calculated 

Instrument  A , 
0.030  inch 

Instrument  B, 

0.060  inch 

Instrument  C, 
0,030  inch 

2.7 

2.6 

2.36 

3.2 

25.0 

25.6 

26.4 

30.0 

58.0 

57.0 

53.3 

68.0 

120.0 

124.0 

128.0 

136.0 

A calculated  curve  which  relates  the  stylus  radius  error  with  the  average 
roughness  height  of  precision  reference  specimens  used  to  calibrate  these 
instruments  is  found  in  Appendix  C of  Ref.  !•  The  reference  specimen  pro- 
file is  made  up  of  a series  of  known  sizes  of  peaks  and  valleys  having 
included  angles  of  I50  degrees.  For  example,  use  of  stylus  tips  having 
0.0005-  and  0.0001-inch  radii  for  a reference  specimen  of  a 4-microinch  AA 
results  in  errors  of  77  and  12  percent,  respectively,  indicating  the  rel- 
ative capability  of  each  tip  radius  to  bottom  the  150-degree  included  angle. 

In  measuring  errors  of  form,  the  precision  spindle  electromechanical  stylus 
instrument  providing  a profile  record  has  generally  replaced  the  more 
simple  two  and  three  point  comparitor  methods.  (See  Ref.  5 lor  a compre- 
hensive collection  of  papers  on  roundness  measurement.)  Where  lobing  and 
nonsymmetrical  errors  exist,  this  is  the  only  technique  which  will  give 
valid  results.  However,  as  with  all  measuring  methods,  familiarity  with 
potential  errors  and  correct  interpretation  of  the  profile  is  necessary 
to  obtain  accurate  and  repeatable  results.  Of  particular  importance  is 
the  proper  alignment  of  the  basic  reference  of  the  part  being  measured 
with  respect  to  the  measuring  datum.  In  the  case  of  flat  parts,  the  nom- 
inal surface  must  be  parallel  with  a plane  perpendicular  to  the  spindle 
axis  so  that  recorded  deviations  are  totally  from  the  part  and  not  from 
setup  errors.  The  mean  axis  of  cylindrical  parts  must  be  coincident  with 
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•:he  axis  of  the  spindle  or  an  error  in  roundness  will  he  superimposed 
upon  the  profile.  For  example,  a perfectly  round  part  will  present  a 
sine  wave  linear  trace  when  located  eccentrically  from  the  spindle  axis. 
Furthermore,  interpretation  of  numerical  values  can  he  geometrically  mis- 
leading  due  to  high  vertical  magnification  (5  x 10  Dips  in  the  pro- 
file trace  of  round  surfaces  are  significant  only  of  a small  change  in 
radius  and  not  actual  depressions  in  the  surface  (neglecting  surface 
texture ) . 


Taper  Sectioning 

Taper  sectioning  is  a method  whereby  the  surface  roughness  is  magnified 
by  slicing  (grinding  and  lapping)  the  surface  at  an  oblique  angle.  The 
magnification  of  the  surface  asperities  of  a taper  section  is  a function 
of  the  taper  angle,  e.g.,  if  the  section  is  cut  at  2.3  degrees,  the  ver- 
tical dimension  would  be  23  times  the  horizontal.  Most  materials  require 
hard  surface  electroplating  to  prevent  damage  when  cutting.  This  method 
of  surface  study  is  most  accurate  when  the  irregularities  are  wedge-shaped 
or  produced  by  unidirectional  processes.  When  ground  surfaces  of  this 
type  are  viewed,  they  appear  as  jagged,  sharp  peaks  with  an  irregular 
pattern.  Lapped  multidirectional  surfaces  are  very  difficult  to  evaluate 
because  they  include  pits,  gouges,  and  material  that  appears  to  be  float- 
ing on  the  surface.  Evidently,  what  is  seen  considering  various  sized 
cones  as  the  surface  makeup  will  depend  on  the  sectioning  angle  and  at 
what  point  it  cuts  each  cone. 

Excellent  taper  sectioning  can  be  seen  in  Plate  I of  Eef.  6 and  pages  191 
and  192  of  Ref.  7.  These  microphotographs  show  the  irregular  contour 
of  various  finishes  on  metal  surfaces.  One  particular  photo  (Ref.  7 ) 
shows  a 1 .6-micro inch- rms  surface  whose  vertical  dimensions  are  optically 
magnified  to  10,OOOX.  The  surface  appears  to  be  less  jagged  than  other 
photos  of  higher  rms  values.  A taper  section  microphotograph  (Ref.  7 ) 
shows  a surface  finished  by  loose-abrasive  lapping.  It  is  unique  in  that 
no  definite  trace  can  be  observed,  rather  what  is  seen  are  outlines  of 
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cones  or  "mountains"  of  various  sizes  superimposed  and  scattered  through- 
out. Analysis  of  such  surfaces  would  be  difficult  even  though  the  surface 
can  be  microscopically  resolved  to  1 microinch. 


Optical  Interference 

The  use  of  the  principle  of  light  wave  interference  makes  it  possible  to 
measure  surface  finishes  to  a high  degree  of  precision.  Monochromatic 
light  is  directed  through  a transparent  material  with  an  accurate  flat 
side  which  lies  on  the  surface  being  inspected  (Fig.  6).  The  two  surfaces 
are  separated  by  a thin  "wedge" of  air.  Light  waves  are  reflected  from  the 
work  piece  and  the  optical  flat  surfaces  so  that  waves  in  phase  produce 
bands  of  light  and,  conversely,  when  they  are  out  of  phase  the  waves  inter- 
fere, producing  dark  bands.  Alternate  bands  of  light  and  dark  approxi- 
mately the  same  width  appear  at  right  angles  to  the  direction  of  the  air 
wedge.  The  bands  give  the  effect  of  a contour  map,  decreasing  in  width 
and  increasing  in  number  as  the  wedge  separation  distance  increases. 
Conversely,  on  a flat  surface  the  bands  will  appear  straight  and  parallel. 
The  distance  from  a point  on  one  band  to  the  next  band  is  equal  to  l/2  of 
the  wave  length  of  the  light  used.  The  waviness  and  jaggedness  of  the 
interference  bands  are  an  indication  of  the  surface  irregularity  and  can 
be  measured. 


Figure  6.  Light  Interference  With  an  Optical  Flat 
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Optical  Flats.  Optical  flats  are  precision  glass  or  quartz  plates  that 
are  flat  to  less  than  0.000001  inch,  and  utilize  optical  interference 
hetveen  the  specimen  and  the  optical  flat  as  shewn  in  Fig.  6.  Normally, 
a source  of  monochromatic  light  is  used.  Some  of  the  light  sources  avail- 
able are  white  light  with  a wave  length  (\)  of  approximately  20  micro- 
inches, yellow-orange  light  at  23^2  microinches,  and  green  light  at 
21.5  microinches. 


Micro interferometry.  Microinterferometry  is  the  use  of  the  opticsil  flat 
and  monochromatic  light  source  with  a microscope,  which  gives  a very  sen- 
sitive method  of  measuring  surface  roughness.  The  instruments  incorpor- 
ating this  principle  are  known  as  interference  microscopes  or  microinter- 
ferometers. The  Zeiss  instrument  (Bef.  S),  with  magnification  lenses 
of  SOX,  200X,  and  480X,  uses  a reference  mirror  on  one  side  of  the  optical 
flat  and  two  light  beams.  Various  reflecting  powers  are  available  so  the 
brightness  of  the  teat  piece  can  be  matched,  giving  sharp  fringes. 

This  type  of  equipment  is  best  applied  on  highly  finished  or  glossy  sur- 
faces where  the  deviation  of  surface  heights  is  within  a few  light  wave 
lengths.  Coarse  surfaces  cause  the  contour  lines  to  become  very  close 
together  and  interpretation  very  difficult. 


Multiple-Beam  Interferometry.  Most  of  the  advances  toward  the  high  degree 
of  sensitivity  of  the  multiple-beam  interferometry  method  of  measuring 
surface  contour  have  been  made  recently.  Surfaces  of  the  optical  flat 
and  the  specimen  (if  nonref lective)  are  coated  with  silver  having  a high 
reflecting  coefficient  and  also  a high  transmission  coefficient  so  that 
incident  light  will  be  reflected  back  and  forth  resulting  in  an  interfer- 
ence pattern  of  all  these  beams  (Hef.  9 and  lO).  The  relatively  wide 
bands  usually  observed  in  other  optical  methods  are  reduced  to  thin  lines 
which  are  able  to  reveal  fine  detail  down  to  0.02  microinch  when  suffici- 
ent horizontal  resolution  is  available. 
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Electron  Microscope 


The  high  resolving  power  of  the  electron  microscope  makes  it  useful  for 
the  determination  of  fine  finishes.  Its  main  difficulty  is  that  the 
electrons  must  pass  through  the  specimen  before  striking  a photographic 
plate,  thereby  limiting  its  use  to  thin  sections.  Another  drawback  is 
the  necessity  of  using  high  vacuum  and  strong  electron  beams  which  can 
cause  physical  changes  in  certain  specimens  (Ref. 11). 

The  surface  roughness  is  estimated  by  light  and  dark  areas  on  the  photo- 
graphic plate.  Electrons  hitting  high  spots  have  a longer  path  to  travel 
so  that  a smaller  portion  of  them  will  pass  through.  The  relative  density 
on  the  photo  plate  is  an  indication  of  the  variation  of  surface  height. 

In  certain  instances  (thick  sections),  it  is  impractical  to  use  the  actual 
specimen  so  plastic  replicas  of  the  surface  are  used.  The  surface  is 
coated  with  a film  which  is  then  stripped  off  and  examined.  In  practice, 
resolution  down  to  0.2  microinch  or  magnification  of  10,000  diameters 
(Ref. 12)  is  usual,  although  linear  magnification  of  50,000  is  possible 
with  this  type  of  instrument  under  optimum  conditions.  Excellent  micro- 
photographs of  polished  surfaces  obtained  by  this  technique  can  be  seen 
on  pages  188  and  189  of  Ref.  11. 

The  disadvantages  of  the  replica  technique  can  be  avoided  by  the  electron 
reflection  method  where  the  surface  is  viewed  obliquely  and  the  surface 
protuberances  are  seen  in  profile.  This  method,  studied  by  Halliday 
(Ref.  13),  is  shown  to  be  particularly  suitable  for  the  examination  of 
surfaces  on  which  the  irregularities  are  small;  therefore,  ground,  lapped, 
finely  abraded  and  polished  surfaces  can  be  studied. 


Profile  or  Light  Section  Microscope 

This  simple  optical  method  gives  a detail  picture  of  the  surface  but  only 
of  a very  thin  plane.  The  light  source  provided  through  a narrow  slit 
falls  on  the  specimen  at  an  angle  of  45  degrees  to  the  surface  of  the 
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specimen.  Seen  in  the  optical  system  is  a cross  section  of  local  irregu- 
larities made  by  a line  of  light  following  the  surface  contour  (Pig.  ?)• 


LIGHT 

SOURCE 


Figure  7.  Principle  of  the  Light  Section  Microscope 


The  smallest  irregularity  visible  is  on  the  order  of  the  wave  length 
of  light  or  microinches  (Ref.ll).  Sensitivity  of  this  method  is  between 
20  and  l600  microinches  in  deviation  from  the  plane  surface.  It  is  con- 
siderably less  sensitive  than  interferometry,  being  based  on  simple 
magnification  rather  than  interference. 


CHMIACTERISTICS  OP  REAL  SURFACES 

To  visualize  real  surfaces  properly  requires  the  ability  to  think  small 
coupled  with  first-hand  experience.  There  are  many  variations  possible 
in  ground  and  lapped  surfaces  because  of  the  complexity  of  even  the  most 
regular  fine  finishes.  Some  idea  of  the  scope  of  the  topography  can  be 
obtained  with  the  analogy  of  a plowed  field  or  a mountainous  terrain. 
Metal  surface  asperities  undergo  transformations  similar  to  erosion  as 
the  surface  is  made  smooth.  Peaks  are  removed,  and  the  remaining  slopes 
become  less  steep. 
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Dimensions 


Beal  surface  dimensions  are  measured  normally  in  microinches  or  millionths 

—6 

of  an  inch  vith  nearly  40  microinches  to  the  micron  (lO”  meters)  and 
250  Angstrom  units  to  the  microinch.  Metal  valve  seats  are  normally 
finished  to  less  than  1^  microinches  AA  by  grinding  and  lapping,  which 
places  the  upper  peak-to-valley  measurement  at  leas  than  100  microinches 
(0.0001  inch).  At  the  other  end  of  the  spectrum,  the  lower  limit  of  int- 
erest is  in  the  vicinity  of  1 microinch  based  on  current-day  achievements. 

To  describe  the  surface  geometry  more  completely,  an  angle  is  often  assoc- 
iated with  surface  asperities.  This  angle  is  the  slope  of  individual 
undulations  relative  to  the  nominal  surface.  Except  for  machine- induced 
regularities,  the  asperity  slope  has  wide  variation  from  minute  fraction 
of  a degree  to  approaching  the  vertical,  depending  upon  the  scale  of 
roughness  viewed.  As  with  mountainous  terrain,  large-scale  undulations 
have  shallow  angles,  and  range  from  a gross  flat  characteristic  of  one 
gradual  curve  to  periodic  waviness.  Superimposed  upon  the  larger  undula- 
tions are  smaller  and  smaller  facets  (analogous  to  individual  mountain 
peaks),  and  the  smaller  the  facet  viewed,  the  larger  the  slope  angle  may  be. 

A detailed  examination  of  ground,  lapped,  and  abraded  surfaces  was  under- 
taken by  Ealliday  (Eef.13  ) using  reflection-electron  microscopy.  Micro- 
graphs of  aluminum,  copper,  mild  steel,  and  hardened  tool  steel  show 
asperity  slope  angles  and  heights  from  0.1  degree  and  0.4  microinch  for 
electropolished  aluminum  to  30  degrees  and  70  microinches  for  ground, 
hardened  steel.  Finer  surfaces  of  approximately  a 10-microincfc  height 
had  corresponding  asperity  angles  of  about  1 to  2 degrees.  This  places 
the  base  dimensions  of  these  asperities  between  100  and  1000  microinches. 

Babinowicz  (Bef.  I4)  describes  results  of  absorption  methods  used  for 
deducing  real  surface  area.  It  is  noted  that  relatively  smooth  surfaces 
obtained  by  rolling  or  electropolishing  have  real  areas  only  slightly 
greater  than  projected;  however,  a metal  surface  obtained  by  an  abrasion 
process  has  a total  area  nearly  three  times  its  projected  area.  The  sig- 
nificance is  that  for  the  latter  surface  the  angular  inclines  would  have 
to  be  quite  large,  the  average  slope  angle  being  70  degrees. 
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Configuration 


■\ 

It  has  often  been  assumed  that  the  irregularities  or  asperities  of  finishes 
that  have  been  ground  or  lapped  multidirectionally  are  generally  cone 
shaped.  They  begin  in  the  shape  of  wedges,  scratches,  etc.,  but  are 
slowly  rounded  as  cuts  are  taken  radially.  Examining  any  one  irregularity 
microscopically  would  show  smaller  irregularities  pointing  to  a situation 
of  flatness  not  being  possible  in  an  absolute  sense. 

Bowden  and  Taber  (Hef.  6)  describe  investigations  of  yield  pressure  as  a 
function  of  the  included  angle  or  a single,  cone-shaped  asperity  in  an 
analysis  of  the  plasticity  characteristics  of  the  cone. 

Other  surface  investigators  in  various  experiments  concluded  that  meaning- 
ful results  are  possible  when  assuming  conical  asperity  shapes  (Bef.  15,  16, 
17,  and  18 ).  Archard  (Ref.  15 ) discussed  some  interesting  data  of  an 
experiment  by  Halliday  who,  by  reflection-electron  microscopy,  measured 
the  slopes  of  surface  irregularities  of  various  steel  and  copper  cylinders 
that  were  rough-etched  and  rolled  against  each  other  with  contact  force 
high  enough  to  cause  plastic  flow.  The  resultant  maximum  slope  angle 
measured  1.2  degrees,  and  the  minimum  0.8  degree.  Archard 's  conclusions 
suggested  that  asperities  of  angles  more  than  some  calculable  amount  will 
plastically  yield  until  they  reach  the  shallow,  low,  wide-base  shapes 
measured  above.  These  asperities  of  small  slope  will  elastically  deform 
into  the  surface  until  sufficient  bearing  area  is  developed  to  support 
the  applied  load. 

Many  of  the  approximations  of  the  conical  shape  and  size  can  be  applied 
to  the  pyramidal  shape.  This  shape  can  be  assumed  to  result  if  a surface 
is  finished  by  a process  involving  abrasion  or  cutting  in  two  directions 
normal  to  each  other.  In  unidirectional  processes  such  as  turning  or 
superfinishing  the  wedge-shape  irregularity  results.  Scratches  fall  into 
this  category.  As  the  wedge  shapes  become  shorter  in  length  as  in  grind- 
ing, they  approach  more  closely  the  pyramidal  shapes. 
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The  geometry  of  spherical-shaped  asperities  has  been  assumed  by  Archard 
(Ref.  15),  Kragelsky  (Ref.  19),  and  Bowden  and  Tabor  (Ref.  6)  in  contact 
analyses  where  this  idealized  configuration  lessened  the  mathematical 
difficulties  involved.  It  is  probable  that, among  the  various  shapes 
suggested,  the  spherical  one  is  most  unlikely  to  occur  except  in  unique 
cases.  However,  with  a situation  of  worn,  broken, or  deformed  peak  points, 
almost  any  shape  asperity  may  approximate  the  sphere  if  only  at  its  tip. 

There  is  little  information  on  the  statistical  distribution  of  asperities 
of  fine  surfaces.  The  surface  of  the  most  finely  finished  material  can 
be  described  as  irregular  if  very  sensitive  instruments  are  used  to  ex- 
amine it.  Indications  are  that  all  surfaces  contain  random  irregularities 
of  various  sizes  with  scratches,  cracks,  and  intermittent  flaws.  Applica- 
tion of  distribution  laws  can  only  be  done  theoretically  with  approxima- 
tion as  the  result. 

A paper  by  Reason  (Ref.  20)  shows  profile  charts  of  two  actual  surfaces 
whose  profiles  do  not  appear  congruent  but  having  similar  AA  values. 

These  inconsistencies  have  been  recognized  by  researchers  in  the  field 
(Ref.  4,  21  and  7 ) in  considering  the  multitudinous  variables  affecting 
surface  geometry;  it  has  been  suggested  by  Reason  (Ref.  20)  that,  for 
some  surfaces,  the  process  of  manufacturing  may  need  to  be  specified  with 
the  AA  used  as  a simple  controlling  measure.  This  approach  is  obviously 
applicable  to  many  critical  valve  sealing  surfaces. 


Visual  Appearance 

In  describing  real  surfaces,  a great  deal  of  importance  is  often  placed 
on  visual  effects  and  what  is  assumed  from  them.  At  best,  the  resolving 
power  of  optical  microscopes  is  6.7  microinches*,  and  no  configurations 
smaller  than  this  dimension  can  be  clearly  seen.  Matte  surfaces  contain 
irregularities  smaller  than  40  microinches  set  at  random  angles  so  as  to 
scatter  the  majority  of  light.  The  darker  the  surface  the  more  scattered 


*1/3  wave  length  of  maximum  intensity 
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the  light  and,  thus,  rougher  the  surface.  Conversely,  polished  surfaces 
have  broad  areas  which  reflect  a great  deal  of  light  similar  to  a mirror; 
however,  in  normal  terms  of  peak-to-valley  roughness,  both  surfaces  can 
have  the  same  average  value. 

Attempting  to  judge  surface  texture  on  a purely  visual  basis  is  generally 
misleading.  Matte  surfaces  will  tend  to  hide  defects  and  scratches.  How- 
ever, a smooth  appearing,  mirror-like  surface  may  contain  relatively  large 
undulati ons . 


Composition 

The  surface  layer  is  composed  of  a mixture  of  absorbed  gases,  metallic 
oxides,  and  various  other  contaminants  in  amounts  depending  upon  past 
history.  It  is  these  contaminants  which  maintain  sufficient  separation 
between  mating  surfaces  to  preclude  welding.  Bowden  and  Tabor  (Ref.  6) 
indicate  that  freshly  lapped  or  ground  metals  (iron,  nickel,  chromium, 
and  aluminum)  will  acquire  a layer  of  oxide  between  10  and  100  Angstroms 
thick  in  about  5 minutes  or  less . It  is  the  breakdown  of  these  oxides 
and  other  films  which  lead  to  wear  and  galling  or  seizure. 

Because  of  the  work-hardening  nature  of  the  finishing  process,  the  hard- 
ness of  the  surface  layer  will  be  greater  than  the  base  metal.  Soft, 
work-hardenable  materials  will  have  a larger  increase  than  hardened 
steels.  In  addition,  hardness  within  the  crystalline  grain  structure  of 
metals  may  vary  considerably.  This  can  induce  roughness  between  contacting 
surfaces  under  loaded  conditions. 


CONTACT  AREA  AND  LOADING  EPEECTS 

If  two  relatively  smooth  surfaces  are  brought  together,  contact  will  take 
place  only  in  isolated  spots.  The  irregular  nature  of  the  surfaces  will 
permit  stable  touching  at  three  points  of  contact  until  increased  load 
causes  a combination  of  plastic  flow  of  the  initially  contacted  asperities 
and  elastic  deformation  of  the  supporting  base  material. 


23 


Gross  areas  of  contact  may  be  completely  defined  when  the  contact  is 
curvilinear  as  in  bearings  and  curved  rollers,  etc.  The  Hertz  theory  of 
elastic  contacts  (Ref.  22)  describes  a contact  stress  distribution  'which 
allovs  computation  of  gross  bearing  area,  maximum  s'fcress , and  deformation. 
Nominally  flat  surfaces, 'which  are  not  perfectly  flat,  do  not  have  well- 
defined  regions  of  gross  contact  until  loads  are  such  as  to  bring  the 
geometric  total  of  the  bearing  surfaces  in  intimate  contact.  Even  then 
the  real  contact  area  is  only  a relatively  small  percentage  of  the  gross 
or  apparent  bearing  area  because  of  surface  roughness. 

In  their  study  of  friction  and  lubrication,  Bowden  and  Tabor  (Ref.  6) 
have  evolved  contact  theories  to  describe  the  real  contact  area  between 
metal  surfaces.  These  are  based  upon  observed  evidence  that:  (l)  real 
contact  area  increases  in  direct  proportion  to  applied  load,  and.  (2) 
friction  force,  while  independent  of  apparent  area,  is  a function  of  the 
real  area  of  contact.  If  the  contacting  asperities  are  assumed  in  a 
state  of  full  plasticity  and' welded  at  contact,  the  force  required  to  shear 
the  welds  would  be  the  friction  force.  The  real  area  of  contact  is  de- 
fined by  the  plastic  flow  pressure  (Pjj)*  stress,  of  the  surface  asper- 
ities and  load  (w) , so  that : 


The  plastic  flow  pressure  has  been  evaluated  for  pyramidal  and  spherical 
shapes  and,  for  the  shallow  slope  angles  normal  for  asperities,  is  re- 
lated to  the  elastic  limit  (y)  by  a constant.  It  is,  therefore,  inde- 
pendent of  the  applied  load;  for  fully  work-hardened  metal: 


* ^ 2.8Y 

m 

The  real  area  of  contact  is  also  defined  by  the  material  shear  strength 
(s)  and  friction  force  (f)  as 
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and  it  follows  that  the  friction  coefficient: 


I 

W 


This  relationship  has  been  experimentally  correlated  for  a number  of  dif- 
ferent materials.  Considering  that  valve  seats  normally  work  well  below 
the  yield  strength,  it  is  apparent  that  the  real  areas  of  contact  computed 
from  the  above  equation  would  result  in  a very  small  percentage  of  the 
apparent  area  in  real  contact.  If  it  can  be  assumed  that  the  apparent 
contact  area  (A^)  is  defined,  the  ratio  of  real  to  apparent  area  is  equal 
to  the  ratio  of  apparent  stress  (S^)  to  plastic  flow  pressure  (P^)  , 

or: 

A ¥/P  S S 

r _ ' m —9.  = a 

A ¥/s^  “ P 2.8T 
a 'a  m 


A t3T)ical  hardened  valve  seat  (Y  = 250,000  psi)  operating  at  10,000-psi 
apparent  stress  would  then  have  a real  contact  area  equal  to  1.4  percent 
of  the  apparent  contact  seating  area. 


In  flat  surface  experiments  (Eef.  6),  two  steel  surfaces  (lapped  flat 
within  a few  fringes)  of  0.124  and  3.25  sq  in.  were  brought  together  under 
various  loads,  and  the  electrical  resistance  between  them  was  measured  to 
determine  the  real  contact  area.  Eesults  for  the  3.25-sq  in.  pair  are 
duplicated  as  follows: 


Load, 

pounds 

Apparent 

Stress, 

psi 

n 

Contacts 

Diameter  of 
Each  Contact, 
inches 

Fraction 
of  Area  in 
Contact 

E, 

-5 

10  ohms 

4,4 

1.35 

3 

0.004 

1/100,000 

50.0 

11.0 

3.38 

5 

0.005 

1/40,000 

25.0 

44.0 

11.4 

9 

0.007 

l/l0,000 

9.0 

220.0 

68.0 

22 

0.009 

1/2,000 

2.5 

1100.0 

338.0 

35 

0.017 

1/400 

0.9 
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The  results  indicate  real  area  proportional  to  load.  However,  the  range 
of  apparent  stress  is  far  below  valve  seat  stresses. 

Through  analysis  of  wear  experiments,  Archard  (Ref.  1^  has  concluded 
that  real  surfaces  support  their  loads  predominantly  in  an  elastic  manner 
with  only  a small  percentage  of  the  contacts  undergoing  plastic  flow. 
Friction  between  real  surfaces  has  been  experimentally  proved  to  be  pro- 
portional to  the  real  area  of  contact.  Archard  has  examined  mathematical 
models  of  spherical  surface  protuberances  pressing  on  a flat  plate  and 
has  shown  that  real  contact  area  is  a power  function  of  the  load  or 

A <x 

where  n = 2/3  for  a single  protuberance  (Hertz)  and  approaches  unity 

for  numerous  protuberances.  This  conclusion  was  also  reached  by  Kragelsky 
(Ref .19).  Consequently,  it  was  concluded  (Ref.  1^  that  surface  welding 
was  a consequence  of  singular  encounters  occurring  infrequently,  and  the 
more  typical  event  is  an  elastic  contact  in  which  protuberances  separate 
without  damage.  The  elastic  event  thus  determines  friction  and  not 
welding  as  concluded  by  Bowden  and  Tabor. 

In  substantiation  of  his  views,  Archard  describes  the  results  of  reflection 
electron  microscopic  examination  (Ref.  1!^  of  some  metal  surfaces  (aluminum, 
copper,  iron,  nickel,  steel,  etc.)  pressed  flat  (base  metal  plastically 
flowed)  by  a carefully  polished,  hardened-steel  anvil.  It  was  shown  that 
the  resulting  slopes  of  the  asperities  were  in  all  cases  less  than  1.2 
degrees  and , following  compression,  were  entirely  elastic  in  that  the 
asperities  could  be  pressed  just  flat  without  plastic  flow.  Moreover, 
in  experiments  involving  phase  contrast  microscopy  observation  of  nomi- 
nally flat,  ground,  polished,  and  lapped  specimens  against  a metallized 
gloss  surface,  Dyson  and  Hirst  (Ref.  2"^  concluded  that  the  bearing  area 
may  be  comprised  of  considerably  more  points  of  contact  than  noted  by 
Bowden  and  Tabor.  Instead  of  9 contacts  at  a 0.007-inch  diameter  and 
44  pounds,  they  measured  many  contacts  of  only  a "few  microns"  (O.OOOl 
to  0.0002  inch)  under  similar  conditions.  This  evidence  supports  Archard’ s 
hypothesis  of  bearing  area  increasing  directly  with  load  through  an  in- 
crease in  nunfljer  of  contacts. 
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The  elastic  theory  would  suggest  that  low  slopes  of  irregularities  of 
the  fine  finishes  being  considered  applicable  to  valve  seats  would  pre- 
clude the  occurrence  of  plastic  flow.  The  significance  here  is  important 
when  considering  the  effect  of  removing  the  load  which  allows,  in  this 
reversible  process,  a return  to  the  original  state  of  the  surface. 


Further  substantiation  of  Archard's  views  of  elastic  behavior  of  surface 
asperities  are  provided  by  O'Connor  (Ref.  24)  in  examining  the  role  of 
asperities  in  transmitting  tangential  forces.  An  idealized  surface  with 
a sinusoidal  profile  is  assumed  in  contact  with  a flat  surface  of  the 
same  material  under  an  average  pressure.  For  purely  elastic  deformation, 
the  Hertz  theory  indicates  real  to  apparent  area  of  contact 
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as  required  microgeometry  for  elastic  behavior 


where 

A^  = apparent  area 

A = real  area 

r 

E = elastic  modulus 

h = peak-to-valley  height  of  surface  asperities 
P = average  Hertz  contact  pressure 

Y = yield  strength 

X = wave  length  of  surface  asperities 


For  full  plasticity,  the  required  load  is  approximately  75  times  that  re- 
required for  initial  yield;  therefore,  the  criterion  for  fully  plastic 
behavior  is  : 

— <0  017  — 

Microscopic  examination  of  several  surfaces  varying  from  rough-and-soft 
(X/h  of  5 and  DPH*  145)  to  smooth-and-hard  (X/h  of  30  and  DPH  700)  indi- 
cated a general  correlation  with  the  above  analysis,  i.e.,  the  asperities 
of  the  soft  material  yielded  plastically  while  the  hard  surface  indicated 
no  signs  of  yielding,  either  directly  or  with  profile  records.  These  ex- 
periments were  performed  using  a normal  load  of  13,440  pounds  between  two 
surfaces,  one  of  which  was  flat  and  the  finish  varied,  and  the  other  curved 
to  a 30-inch  radius  with  the  surface  hard  and  polished.  The  high,  normal 
load  resulted  in  elastic  contact  circles  of  approximately  a l/2-inch 
diameter  and  maximum  contact  pressures  for  the  hard  and  soft  materials 
of  83,000  and  53,000  psi,  respectively.  Although  the  asperities  of 
the  soft  material  yielded,  its  real  area  of  contact  was  only  slightly 
larger  than  the  harder  specimen.  The  A /A  values  for  the  soft  metal 
that  were  calculated  and  microscopically  measured  was  0.28  at  the  center 
or  maximum  pressure  area,  whereas  the  calculated  value  for  the  harder 
material  was  0.20. 

The  paper  concludes  that  the  majority  of  surface  irregularities  of  typical 
engineering  surfaces  are  deformed  elastically,  or  at  least  do  not  reach 
the  condition  of  full  plasticity.  Under  these  conditions,  the  area  of 
real  contact  is  determined  by  the  surface  topograph  (x/h)  as  well  as  hard- 
ness of  the  material,  and  is  appreciably  greater  than  a purely  plastic 
analysis  would  suggest. 

Generally  supporting  the  theory  that  surfaces  deform  under  load  in  a pre- 
dominantly elastic  mode  is  a significant  collection  of  papers  from  the 
Soviet  Union  (Ref.  25),  summarizing  the  results  of  studies  on  contact 
area.  Of  particular  importance  was  the  conclusion  that  real  bearing  area 

*DPB[  = Vickers  diamond  pyramid  hardness  number 
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increases  with  load  as  a function  of  increasing  number  of  contacting 
asperities  with  the  growth  of  individual  asperity  contacts  contributing 
little  to  the  total  area,  (it  should  be  noted,  however,  that  when  the  real 
bearing  area  becomes  an  appreciable  fraction  of  the  apparent  area,  the  con- 
cept of  individual  contacting  asperities  fail > : ai  real  area  must  increase 
with  increase  in  the  size  of  individually  contacted  asper:ties.) 

The  above  concepts  are  generally  supported  by  Greenwood  (Eef.  26)  who 
examined  the  influence  of  asperity  distribution  statistics  upon  contact 
area  and  compliance  between  rough  surfaces  and  flats.  He  proposes  a 
"plasticity  index"  for  surfaces  with  spherical  asperities  which  predicts 
elastic  contact  at  heaviest  loads  for  "polished  and  well  run-in"  surfaces. 
(This  index  is  much  the  same  as  that  of  O'Conner's  previously  presented.) 


SURFACE  DAMAGE  AND  WEAR 

The  vast  literature  on  friction  and  wear  attests  to  the  complexity  of 
this  subject.  The  purpose  of  this  section  is  not  to  summarize  the  liter- 
ature which  has  been  accomplished  by  recognized  authorities  (Ref.  6,  27, 

14  and  28),  but  to  p;  lent  a synopsis  of  related  data  which  might  lead 
toward  an  understanding  of  cyclic  seating  effects  upon  the  closure  geom- 
etry and  leakage. 

Elastic  theory  has  shown  that,  for  direct  normal  contact,  material  fail- 
ure initially  occurs  below  the  surface.  As  tangential  forces  are  applied, 
the  maximum  shearing  stress  moves  up  toward  the  surface  (Ref . 29 ) and , 
with  sufficient  friction,  exists  at  the  surface.  Overcoming  frictional 
forces,  interfacial  slip  with  wear  results. 

For  most  valve  seats,  a period  of  cyclic  service  usually  results  in  some 
change  in  the  leakage  characteristic.  When  leakage  decreases  with  cycles, 
a "run  or  wear- in"  process  is  thought  of  and  for  the  converse,  a "wear-out." 
A change  in  the  leakage  characteristic  certainly  denotes  a change  in  the 
seating  compliance  (since  seat  loads  are  fixed)  and,  in  the.  absence  of 
changing  external  forces,  a change  in  the  surface  profile.  The  converse 
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assumption  of  constant  leakage  representing  constant  surface  profile  is 
not  likely  kecause  the  probable  interplay  between  surface  roughness, 
macroelastic  and  plastic  strains  due  to  contaminants  and  edge  contacts, 
and  wear  from  interfacial  shear. 


Plastic  Strains 


Substrate  plastic  strains  with  attendant  change  of  geometrical  form  are 
a complex  function  of  the  impulse  load  and  its  distribution.  Valve  seat- 
ing members  having  errors  of  form  (taper,  out-of-roundness,  or  parallelism) 
or  which  are  imperfectly  guided  may  be  subject  to  such  deformations 
depending  upon  the  amount  of  error.  Because  of  the  geometrical  complexity 
of  most  valve  seating  errors,  a theoretical  treatment  for  stress  distri- 
bution which  might  allow  an  elastic  design  approach  is  generally  not 
available  (see  Seating  Analysis  section  for  treatment  of  this  subject). 

Where  initial  impacts  cause  plastic  deformation,  subsequent  cycles  under 
like  conditions  will  produce  predominantly  elastic  deformation  since  the 
material  has  been  deformed  and  strengthened  to  an  equilibrium  state. 
Interfacial  compliance  will  be  affected  in  proportion  to  the  amount  and 
location  of  plastically  displaced  material  because  this  material  must 
henceforth  be  elastically  deformed  by  the  fixed  seat  load.  If  the  dis- 
placed material  is  above  the  plane  of  seating,  leakage  will  be  increased. 
Conversely,  if  material  has  been  pressed  into  the  seating  plane,  a 
decrease  in  leakage  will  result. 

Experience  has  shown  that,  for  functional  valves,  leakage  is  generally 
reduced  with  cycles  up  to  some  point,  holds  constant,  and  then  increases. 
This  characteristic  involves  a combination  of  plastic  strain  of  the  sur- 
face asperities  and  supporting  substrate  along  with  a wear  process.  The 
amount  of  leeikage  change  and  corresponding  cycles  is  related  to  the  sur- 
face profile  and  roughness,  seating  errors,  material  properties,  and 
impact  energy. 
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Valve  seats  uadergoing  plastic  flow  with  each  cycle  ("brute-force”  approach) 
generally  have  a relatively  low  cyclic  capacity  due  to  work  hardening  of 
the  interface  material.  With  work  hardening  and  a fixed  seat  load,  leakage 
might  he  expected  to  increase  with  cycles,  ending  in  abrupt  failure  from 
surface  fatigue.  This  is  not  to  say  such  valves  do  not  seal  well.  Indeed, 
many  industrial  valves  hold  very  low  leakage  levels  hut  at  the  expense  of 
weight,  heavy  seat  loads  and  short  life. 

Other  valves  employing  liquid  metal  as  interfacial  material  have  been 
investigated  (Eef . 30)  and  found  to  be  capable  of  holding  molecular  leak- 
age levels.  However,  many  severe  technological  problems  need  to  be  over- 
come before  a reliable  cyclic  capability  is  developed. 


Wear 


Because  of  the  above  complexities  and  the  difficulties  of  measuring  the 
minute  dimensions  associated  with  even  large  leakage  changes,  very  little 
factually  correlated  experimental  data  on  the  mechanism  of  valve  failures 
have  been  documented.  Consequently,  the  many  descriptions  and  hypotheses 
of  seating  mechanisms  and  subsequent  failure  modes  are  largely  conjectural 
(including  some  of  the  preceding  discussion).  This  leaves  little  from 
which  to  draw  any  conclusion  as  to  the  predominant  wear  process  in  seating. 

A review  of  the  literature  has  indicated  that, while  the  laws  of  friction 
have  been  fairly  well  substantiated,  there  are  no  satisfactory  laws  for 
wear.  As  a result,  the  design  of  equipment  considering  wear  must  be  based 
upon  direct  experimental  evidence  and  guided  by  the  documented  test  data 
of  many  researchers. 

Habinowicz  (Ref.  14)  describes  four  basic  types  of  wear  as: 

1.  Adhesive  wear.  This  is  the  most  common  form  of  wear.  Junctions 
are  formed  between  sliding  surfaces  which  subsequently  shear  in 
either  of  the  two  metals  or  at  the  interface,  depending  upon 
relative  strengths. 
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2.  Abrasive  -wear.  Surfaces  are  worn  by  the  plowing  action  of  hard 
particles. 

3.  Corrosive  wear.  Surface  films  formed  by  a corrosive  environment 
are  worn  away  so  that  corrosion  continues. 

4.  Surface  fatigue  wear.  Repeated  high  contact  loads  induce  surface 
and  subsurface  cracks  which  eventually  break  up  the  surface  leav- 
ing relatively  large  pits. 

Wear  has  also  been  more  generally  divided  into  its  most  predominant  forma 
by  Tabor  (Ref.  28)  as  mild  and  severe  wear.  Below  a certain  load,  it  has 
been  observed  that  interfacial  shear  occurs  and  wear  is  small  (mild  wear); 
above  this  load,  wear  rises  catastrophically  to  values  that  may  be  many 
times  greater  (severe  wear).  In  severe  wear,  the  loss  of  material  is 
mainly  due  to  subsurface  shearing  of  the  weaker  metal . 

When  wear  is  due  mainly  to  the  shearing  of  junctions  (i.e.,  adhesive  wear),  an 
empirical  relation  for  the  value  of  wear  per  unit  distance  of  travel  is: 

7 - M 

^ - 3p 

where  (k) represents  the  percent  of  friction  junctions  producing  r;ear, 

(w)is  the  applied  load,  and (p) is  the  hardness  of  the  wearing  surface. 

Tabulated  values  for  (k) show  that  the  wear  rate  between  two  surfaces  is 
reduced  by:  (l)  use  of  hard  materials,  and  (2)  use  of  materials  with  low 

interaction,  i.e.,  unlike  materials  of  low  solubility. 

The  above  relationship  does  not,  however,  provide  any  information  about 
the  change  in  surface  texture  with  wear.  Rabinowicz  (Ref.  14)  has  shown 
that,  in  some  cases,  wear  particle  sizes  can  be  predicted  on  the  basis  of 
elastic  surface  energy  and  hardness  properties.  Considerable  data  have 
been  abstracted  from  the  literature  and  combined  with  experimental  results 
in  application  of  this  theory  to  sliding  metallic  seals  (Ref.  3l).  While 
the  theory  has  been  correlated  for  experiments  using  soft  metals,  no  data 
are  given  for  the  various  combinations  of  harder  metals  known  to  have  the 
best  wear  characteristics. 
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Fretting.  In  many  cases,  wear  takes  place  in  various  combinations  and 
degrees.  One  of  these  which  has  received  considerable  attention  is  fret- 
ting, or  more  commonly,  fretting  corrosion.  A thorough  summary  of  fret- 
ting prepared  by  Harry  Diamond  Laboratories  (B^f . 32)  describes  the  test 
methods,  results,  and  conclusions  from  over  200  reports  obtained  from  the 
English  literature. 

Fretting  is  caused  by  small  oscillatory  tangential  motions  between  two 
materials.  The  process  normally  involves  relatively  large  numbers  of 
cycles,  occurs  over  a wide  range  of  loads,  and  is  usually  accompanied  by 
a formation  of  corrosion  products  which  are  a function  of  material  and 
environment.  The  mechanism  of  fretting  appears  to  be  a wear  process 
involving  adhesion  that  is  further  accelerated  by  corrosion  and  abrasive 
wear  from  the  corrosion  products.  However,  fretting  has  been  produced  in 
literally  all  material  combinations  and  various  atmospheres  (including  a 
vacuum);  therefore,  corrosion  is  not  necessarily  a part  of  the  process. 
Fretting  corrosion  factors  (Ref.  32)  of  potential  significance  to  poppet 
and  seat  design  are  listed  below: 

1.  Load.  As  load  on  the  test  part  is  increased  without  changing 
other  factors,  relative  slip  gradually  decreases.  Weight  loss 
(due  to  wear)  has  corresponding  increase,  reaches  a maximum, 

and  then  decreases  to  zero  when  the  parts  are  sufficiently  loaded 
to  preclude  slip. 

2.  Slip  Amplitude.  Fretting  is  generally  recognized  to  occur  from 

-8  -2 

oscillating  motions  between  3 ^ 10  and  10  inches.  In  general, 
the  wear  rate  is  proportional  to  the  slip  amplitude. 

3.  Slip  Frequency  and  Duration.  While  fretting  wear  is  not  greatly 
dependent  upon  the  frequency  of  oscillations,  it  is  proportional 
to  the  total  number  of  oscillations.  Therefore,  parts  subject 
to  the  higher  frequencies  would  be  expected  to  suffer  the  great- 
est wear  (assuming  constant  slip  amplitude). 

4.  Temperature . Fretting  increases  with  lower  temperatures  with  the 
worst  condition  reported  for  steel  in  air  at  -240  P.  Fretting 
has  also  been  produced  at  -300  F.  Between  32  and  300  F,  fretting 
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^as  almost  constant.  It  vould  appear  that  high  surface  tempera- 
tures do  not  generally  occur  due  to  fretting  (see  bibliography 
in  Ref.  32  for  specific  materials). 

5.  Atmosphere.  Oxidation  is  an  important  consideration  in  determin- 
ing the  amount  of  damage;  hence,  the  presence  of  oxygen  and  water 
vapor  affect  the  rate  of  fretting.  For  ferrous  materials,  it  is 
essentially  the  controlling  factor  in  the  damage  process. 
Increases  in  wear  of  from  3 to  10  times  have  been  observed  for 
changes  in  atmosphere  from  nitrogen  to  air.  However,  testa  made 
in  a vacuum  indicate  that  even  though  oxidation  is  suppressed, 
damage  may  be  increased.  Tests  in  a helium  atmosphere  indicate 
damage  is  caused  almost  entirely  by  metal  transfer. 

6.  Materials.  In  general,  softer  materials  fret  more  than  hard 
materials.  Metals  which  form  hard,  abrasive  oxides  (such  as 
aliuninum,  chromium,  and  tin)  are  particularly  susceptible. 
Aluminum  and  stainless  steel  form  hard  oxide  debris  (AlgO^  and 
CrgO..),  and  also  very  rapidly  oxidize  and  absorb  oxygen  upon 
exposure  to  fresh  air.  Stainless  steel  is  reported  as  being  the 
moat  susceptible  of  all  materials  to  fretting.  (While  literally 
all  materials  fret  to  some  degree,  even  with  lubrication,  it 
would  appear  that  the  extent  must  be  determined  for  a specific 
application,  choosing  materials  most  suitable.) 

7.  Surface  Roughness.  In  general,  the  finer  the  surface  the  more 
susceptible  to  fretting  wear.  No  data  have  been  reported  on 
terminal  surface  roughnesses  produced  by  fretting. 

In  the  case  of  curved  contact  surfaces  such  as  bearings,  it  has  been 
shown  that  fretting  can  result  from  small  tangential  loads,  even  though 
there  is  no  gross  slipping  (Ref.  24,  33»  34  and  35).  Because  of  the 
elliptical  pressure  distribution  under  normal  load  between  curved  sur- 
faces, a small  annular  area  at  the  edge  of  contact  exists  in  which  any 
externally  applied  tangential  force  must  exceed  the  frictional  restrain- 
ing force.  This  is  caused  by  the  elastic  lateral  deformation  in  the 
higher  loaded  central  area  of  the  contact  which  governs  the  total  motion 
between  the  contacting  parts.  Thus,  as  the  contact  pressure  diminishes 
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to  zero  tovard  the  contact  edge,  a point  is  reached  where  the  frictional 
force  from  local  normal  load  is  exceeded  by  the  tractive  force.  Tractive 
forces  between  curved  surfaces  can  be  applied  externally  as  a straight 
tangential  load  or  couple. 

Another  more  subtle  source  of  interfacial  tractive  forces  occurs  when 
materials  are  pressed  together  which  do  not  deform  laterally  in  like 
fashion  due  to  either  unlike  configuration  or  different  elastic  proper- 
ties (shear  modulus  and  Poisson's  ratio).  Goodman  (Ref.  36)  has  described 
analytically  the  second  case  occurring  between  normally  loaded,  perfectly 
rough  spheres. 

Even  when  like  materials  were  used  in  cyclic  normal  loading  between 
spheres,  fretting  has  been  observed  (Ref.  33).  However,  this  was  attrib- 
uted to  the  likely  possibility  that  the  vibration  within  the  cycling 
apparatus  caused  small  tangential  forces  to  be  applied  to  the  contact  area. 


Contamination 

For  the  most  part,  the  stringent  weight  and  performance  requirements  for 
rocket  engine  control  valves  has  precluded  the  brute  force  approach  to 
seating.  The  survey  of  numerous  valve  designs  in  the  initial  program 
effort  (Ref.  37)  and  other  component  development  and  test  programs 
(Ref.  38,  39  and  66)  has  shown  the  need  for  hard  poppets  and  seats  with 
light  seat  loads  and  close  guidance  of  moving  members.  The  consequence 
is  a requirement  for  finer  surfaces,  narrower  seat  lands  with  an  attend- 
ant increased  sensitivity  to  contamination. 

Reference  41  presents  a comprehensive  summary  of  contamination,  its  nature, 
externally  viewed  effects  (sticking  poppets,  leakage,  etc.),  cleaning  and 
control  methods,  and  considerations  in  design.  Review  of  this  and  other 
literature  will  show  that  little  has  been  accomplished  in  quantitatively 
defining  either  the  source/volume  of  contaminants  or  their  effect  on 
valve  seating.  Consequently,  filtration  and  cleaning  requirements  are 
based  upon  generalization  of  contamination  sensitivity  and  availability 
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of  commercial  products  rather  than  detailed  knowledge  of  the  real  prob- 
lem. This  is  manifest  in  numerous  failure  reports  citing  contamination 
as  the  cause  of  malfunction. 


SURPAOE-PINISHING  METHODS 

Surface-finishing  methods  capable  of  generating  surface  quality  and  pre- 
cision applicable  to  rocket  engine  control  valve  seating  are  turning, 
grinding,  lapping,  and  polishing.  While  turning  and  grinding  may  not 
generally  be  associated  with  the  very  smooth  surfaces,  roughness  as  low 
as  2-microinch  AA.  for  turning,  and  1-microinch  AA  for  grinding  is 
possible  (Ref.  1 ). 

A survey  of  the  literature  indicates  that  little  information  relating  a 
specific  finishing  operation  with  the  resultant  surface  texture  has  been 
published.  This  is  particularly  true  for  surfaces  commensurate  with  pre- 
cision valve  sealing,  i.e.,  less  than  l6-microinch  AA.  It  is  suspected 
that  considerable  unpublished  information  exists  but  is  not  disseminated 
for  proprietary  (competitive)  reasons. 

Most  researchers  consider  the  noted  operations  from  a production  basis 
and  are  concerned  with  the  economical  removal  of  metal.  However,  the 
literature  does  document  operation  fundamentals,  theories  of  the  metal 
cutting  mechanism  and  some  process  effects  on  the  workpiece  and  general 
surface  texture-metal  removal  relationships. 


Turning 

To  produce  a precision-turned  surface  the  machine  tool  must  be  in  excel- 
lent condition.  However,  even  the  best  conventional  machines  are  inade- 
quate for  some  purposes.  The  duPont  Company,  for  instance,  has  applied 
the  hydrostatic  gas-lubricated  bearing  principle  to  several  machine  tools. 
One,  with  a design  target  of  producing  4-inch-diameter  hemispheres  true 
within  ±25  microinches  has  turned  aluminum  parts  of  this  type  round 
within  approximately  1-microinch  with  a 2-microinch  rms  roughness  (Ref.  42). 
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other  considerations  regarding  the  turned  surface  are: 

1.  In  general,  the  higher  the  cutting  speed,  the  smaller  the  rough- 
ness (Bef.  43). 

2.  Lapped  cutting  tools  have  a sharper,  more  uniform  cutting  edge 
(Bef.  44),  (it  follows  that  improved  surface  roughness  results.) 

3.  For  a given  cutting  condition,  improved  surface  roughness  will 
result  with  successive  changes  from  high-speed  steel,  to  carbide 
to  ceramic  and  diamond  tools  (Bef.  45)- 

4.  The  conglomerate  of  welded  chip  particles  forming  on  the  cutting 
tool  face  called  "hue"  (built-up  edge)  is  detrimental  to  surface 
texture.  Increased  cutting  speeds  reduce  this  formation  and  its 
detrimental  effect  (Bef.  45  and  46). 

5.  Surface  temperature  at  the  tool  tip  is  quite  high  with  observed 
values  greater  than  500  F and  increases  with  cutting  speed. 

Tool  wear  and  surface  texture  deterioration  are  accelerated  with 
temperature  increases  (Bef.  47,  48,  and  49).  (This  implies  that 
worlq)iece  surface  metallurgical  transformations  are  likely.) 


Grinding 

In  the  grinding  process,  metal  is  removed  in  chip  form  although  very  brit- 
tle materials  may  disintegrate  into  dust  particles.  Three  distinct  actions 
are  involved:  (l)  rubbing,  where  some  abrasive  grains  do  little  more  than 

elastically  defom  the  surface,  (2)  plowing,  when  there  is  insufficient 
interference  between  grain  and  work,  and  the  metal  is  simply  plastically 
pushed  aside,  and  (3)  cutting  or  chip  removal  (Bef.  50  and  51 )• 

Grinding  as  a mechanical  process  is  almost  unique  in  the  creation  of  very 
high  interface  temperatures.  The  heat,  however,  is  conducted  more  quickly 
into  the  workpiece  than  through  the  interface  between  the  work  and  grind 
ing  fluid.  Thus,  all  the  fluid  can  do  is  remove  the  heat  from  the  work- 
piece  after  it  has  produced  whatever  change  it  can  induce.  While  plastic 
deformation  produces  residual  com|iressive  stresses,  the  heating  action 
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results  in  tensile  stresses.  Furthemore , hard  metals  may  be  tempered 
to  a lesser  hardness  or  increased  hardness  may  he  caused  by  transforma- 
tion of  austenite  to  martensite  or  by  cold-working  the  austenite.  Thus, 
the  properties  of  the  metal  surface  may  be  radically  different  from  the 
unaffected  substrata.  The  temperature  present  during  the  cutting  action 
cannot  be  deduced  from  the  spark  stream  or  surface  discolorations.  Since 
wheel  trailing  edge  cutting  may  remove  oxides,  the  absence  of  an  oxide 
film  does  not  necessarily  mean  that  excessive  temperatures  were  not 
generated  (Ref.  50). 

The  two  principal  ingredients  of  a grinding  wheel  are  the  abrasive  grains 
and  the  bond  which  holds  them  together.  The  three  abrasive  grains  most 
commonly  used  are  aluminum  oxide,  silicon  carbide,  and  diamond,  which  are 
available  in  several  varieties  differing  primarily  in  friability,  a meas- 
ure of  fracturing  ease  to  provide  new  cutting  elements.  Wheel  bonds 
employed  are  vitrified  clay  (most  commonly  used),  organic  materials,  and 
metal  (Ref.  50).  Prom  the  recommended  uses  and  applications  (Ref.  43), 
it  would  appear  that,  for  hard  valve  sealing  surfaces,  a soft  organic 
bond  such  as  shellac  with  diamond  grit  (minimal  wear,  hence,  consistent 
cutting)  might  provide  an  optimum  cutting  combination.  However,  no  ref- 
erences were  noted  relating  grinding  process  and  specific  wheel  to  the 
roughness  produced. 


Lapping 

Lapping  is  an  abrasion  process  used  to  establish  size,  geometry,  or  fine 
texture  at  extremely  small  tolerance  levels.  In  the  production  flat  lap- 
ping operation,  surface  roughness  of  2-  to  3-microinch  AA  is  usually 
achieved  using  close-grained  cast-iron  laps.  While  it  is  commonly 
believed  that  the  lap  should  be  softer  than  the  workpiece,  production 
lapping  of  soft  steels  and  nonferrous  metals  such  as  aluminum  and  copper 
with  cast-iron  laps  is  successfully  accomplished  (Ref.  44). 

The  soft-lap  philosophy  presumes  the  lapping  action  is  performed  by 
embedded  abrasive.  However,  some  question  as  to  the  exact  cutting  mecha- 
nism exists.  Haiijxhurst  (Ref.  44)  indicates  that  the  amount  of  embedded 
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abravsive  is  negligible,  does  little  cutting,  and  is  removed  by  subsequent 
cleaning.  This  theory  suggests  the  lapping  action  to  be  one  of  occasional 
cutting  by  rolling  or  suspended  abrasive  particles. 

In  another  experiment  (Eef.  5^  the  amount  of  abrasive  embedded  in  the 
lapped  workpiece  was  measured  by  radiation  techniques.  It  was  found,  for 
example,  that  tool  steel  lapped  with  11-  to  28-micron  silicon  carbide 
having  a vehicle-to-abrasive  ratio  of  18:1  on  a cast-iron  plate  and  fol- 
lowing a 3-niinute  scrub  under  running  water,  retained  approximately 
24,000  abrasive  particles/sq  in.  Although  not  measured,  it  was  concluded 
that  the  cast-iron  lap  employed  had  also  retained  a significant  amount  of 
abrasive. 

True  chips  are  formed  in  the  lapping  process  until  the  abrasive  particle 
size  approaches  the  8-micron  dimension.  With  smaller  sizes,  it  is 
believed  that  the  process  is  limited  to  plastic  deformation  without  chip 
foimiation  (Eef . 53  )•  However,  recent  e^qieriments  (Eef . 54  and  55  ) sug- 
gest a mechanism  for  cutting  at  this  level. 

The  most  commonly  used  abrasives  are  manufactured  silicon  carbide  and 
aluminum  oxide  which  are  preferred  over  natural  abrasives  since  they  have 
low  impurity  level  and  exhibit  definite  hardness,  toughness,  and  friabil- 
ity properties.  Aluminum  oxide,  for  instance,  is  available  in  as  many  as 
five  types  varying  in  the  noted  properties.  Other  natural  abrasives  pre- 
dominantly used  are  corundum,  emery,  and  garnet  (Eef.  45). 

In  the  lapping  process,  the  abrasive  is  suspended  in  a carrying  agent  or 
vehicle  which  is  designed  to  suspend  the  abrasive  particles,  cool  the 
working  surfaces,  float  or  lubricate  the  workpiece,  and  carry  off  spent 
abrasive  and  chips  produced  by  the  operation.  The  vehicle  is  generally 
a petroleum  base  of  low  viscosity  with  additives  which  increase  body, 
strength,  and  cohesion  to  keep  the  abrasive  in  suspension.  Water-soluble 
vehicles  are  also  used  (Eef.  44). 

Abrasive  size  grading  is  based  on  National  Bureau  of  Standards  criteria 
and  specified  by  a number  which  represents  the  approximate  number  of  open- 
ings per  linear  inch  in  the  screen  or  mesh  used  for  grading.  Grades 
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smaller  than  400-^nesh  size  are  specified  in  micron  ranges  (Hef . 44  ). 

(An  elutriation  process  is  used  for  smaller  size  grading  where  mesh 
straining  or  sieving  is  impractical.  Diamond  compound,  for  instance,  is 
available  in  the  0-  to  0.1-micron  range.  Shape  grading  is  apparently  a 
function  of  industry  competition.)  An  indication  of  potential  surface 
roughness  and  the  relationship  of  grain  size  and  grade  for  diamond  abra- 
sive is  shown  below  (Ref.  56  ): 


Grade 

No. 

Grain  Size, 
micron 

Grit  Size 
Mesh, 

equivalent 

Microinch  AA 

Metal  Lap 

Soft  Lap 

(For  fast  stock  removal) 

60 

35  to  85 

230 

20  to  25 

3 to  4 

45 

30  to  60 

325 

10  to  15 

2 to  3 

30 

20  to  40 

600 

6 to  8 

1 to  1.5 

(General  purpose) 

15 

8 to  22 

1,200 

4 to  5 

0.5  to  0.75 

9 

6 to  12 

2,000 

3 to  4 

0.5 

6 

4 to  8 

3,000 

3 

0.4 

(Finest  select  work) 

3 

1 to  5 

8,000 

2 

0.2 

1 

0 to  2 

14,500 

1 

0.0+ 

1/2 

0 to  1 

50,  000 

0.5 

0.00 

Polishing 

It  is  common  practice  to  brighten  metal  surfaces  by  rubbing  them  against 
a series  of  successively  finer  abrasives,  generally  by  machine  operations. 
The  resultant  surface,  however,  depends  largely  upon  the  way  the  abrasive 
is  used.  If  the  abrasive  is  firmly  bonded  to  a cloth,  paper,  or  similar 
backing,  a surface  containing  obvious  scratches  which  diffuse  light,  caus- 
ing a somewhat  dull  appearance,  is  generally  produced;  this  is  considered 
an  abraded  surface.  If,  however,  the  same  abrasive  is  used  as  an  unbonded 
slurry  on  a soft  cloth  pad,  it  may  produce  a bright  mirrorlike  appearance. on 
the  polished  surface  (Ref.  54  and55)» 
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The  nature  of  the  polished  surface  and  the  mechanism  of  producing  it  is 
still  subject  to  discussion.  Beilby  postulated  that  material  wiis  smeared 
over  the  surface  to  fill  in  the  pre-existing  irregularities,  leaving  a 
surface  covered  with  an  amorphous-like  layer.  This  Beilby  layer  theory 
has  for  some  time  been  the  accepted  mechanism  of  polishing.  Bowden  and 
Hughes  refined  the  theory  by  proposing  a thermally  activated  process 
where  asperities  are  locally  melted  and  deposited  in  adjacent  depressions, 
thus  gradually  filling  them  and  leveling  the  surface, 

Samuels  (Ref.  54  and  55)  in  reporting  these  developments,  however,  sug- 
gests that  new  evidence  indicates  polishing  is  primarily  a cutting  mecha- 
nism. This  theory  considers  plastic  shearing  of  surface  layers,  gradually 
cutting  away  the  irregularities,  and  replacing  them  by  a set  of  much  finer 
ones.  The  resultant  surface  is  compression-plastically  deformed  and  fully 
crystalline;  a Beilby  layer  is  not  fomed. 

It  should  be  noted  that,  while  polishing  with  soft-cloth  pads  can  improve 
a metal  surface,  unlike  lapping  on  a precision  flat  surface,  it  will  not 
correct  errors  of  form. 


NEAR-SEATED  TESTS 


Parjunetric  test  data  were  obtained  for  comparison  with  theoretically  pre- 
dicted flow  and  force  balance  characteristics  of  parallel  plate  poppet  and 
seat  models.  These  investigations  included  leakage  measurement  of  nitrogen, 
helium,  and  argon  gases  for  the  nozzle,  turbulent  channel,  laminar,  and 
transition-molecular  regimes  of  flow.  For  force-balance  analysis,  the  pres- 
sure profile  was  determine  in  the  nozzle,  turbulent  channel,  and  laminar 
flow  regimes. 

Flow  and  pressure-distribution  tests  were  performed  using  the  flat  poppet 
and  1-inch  seat  configuration  of  Test  Model  A.  Land  dimensions  for  this 
model  are  nearly  identical  with  those  used  for  the  sample  calculation  in 
the  Leakage  Flow  Analysis  section.  Interpreted  surface  texture  and  land 
dimensions  for  Model  A are  presented  in  Table  4.  The  multidirecti onally 
lapped  texture  of  the  seat  is  illustrated  in  Fig.  105.  Seat  corner  con- 
ditions along  with  a typical  pressure  tap  used  in  pressure  distribution 
tests  are  show  in  the  microinterference  photo  (Fig.  106).  The  diamond- 
lapped  and  polished-poppet  surface  texture  is  shoAm  in  Fig.  107.  These 
surfaces,  having  a combined  average  PTV  roughness  of  less  than  10  micro- 
inches, are  thus  suitable  for  correlation  tests  doim  to  the  electrical 
contact  leakage  nominal  (hp)  value  of  20  microinches. 


NEAR-SEATED  FLOW  TESTS 

-14  / \ 

Leakage  flow  from  10  to  10  scim  was  measured  for  poppet  stroke  (h  ) 

P 

ranging  from  approximately  20  microinches  to  0.006  inch.  Data  were 
obtained  at  30-,  100-,  300-,  and  1000-psig  inlet  pressure  levels  with 
nitrogen  and,  for  comparison,  tests  were  also  performed  at  100  psig  with 
helium  and  argon  gases.  All  test  results  were  corrected  to  standard  con- 
ditions of  14.7  psia  and  70  F. 

The  correlation  of  test  and  theoretical  data  is  shoivn  in  Fig.  381  through 
389  by  an  overlay  of  test  data  points  on  computed  curves.  Data  for  prep- 
aration of  these  curves  were  presented  in  the  noted  sample  calculation. 
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Gas  properties  assumed  are  tabulated  below;  hydrogen  gas  has  been  included 
for  correlation  use  in  the  next  section.  As  gas  viscosities  do  not  change 
appreciably  with  pressure,  the  values  shown  are  based  upon  70  P and  500  psia 
which  is  the  average  for  the  1000-psig  inlet  pressure  test  condition  used 
predominantly  in  the  test  program. 


Gas 

K 

E,  in./B 

H,  Ib-min/in.^ 

Figure  Number 

Nitrogen 

1.4 

663 

4.40  X 10"^^ 

381,  382,  and  383 

Bielium 

1.66 

4630 

4.70  X 10“^^ 

384  and  385 

Argon 

1.67 

464 

5.66  X 10"^^ 

386  and  387 

Hydrogen 

1.4 

9210 

2.15  X 10"^^ 

388  and  389 

To  minimize  confusion,  the  theoretical  curves,  computed  from  the  equations 
outlined  in  the  Leakage  Flow  Analysis  section,  are  continuously  plotted 
while  the  actual  test  data  points  are  represented  by  symbols.  Because 
the  theoretical  trend  of  the  nozzle  to  the  laminar  transition  (turbulent 
channel  regime)  is  sufficiently  shoivn  by  the  30-  and  100-psig  data  of 
Fig.  381,  these  curves  were  not  computed  for  the  300-  and  1000-psig 
nitrogen  tests  nor  for  the  other  gases. 

The  reference  used  in  all  of  the  flow  data  is  the  point  where  electrical 
contact  occurs.  This  position  represents  approximately  20  microinches 
height  when  equated  to  flow  between  two  flat  plates.  The  physical  deter- 
mination of  this  point  in  the  test  setup  involves  some  error.  Based  on 
comparative  measurement  with  the  Merz  (and  other  instruments),  it  was 
determined  that  the  micrometer  adjustment  for  position  is  sensitive  to 
approximately  ±2  microinches.  In  addition  to  this,  there  is  a possible 
error  because  of  an  out-of-parallel  condition  between  the  poppet  and  seat; 
however,  experiments  have  sho™  that  this  error  can  be  controlled  to  less 
than  10  microinches.  Contamination  can  also  introduce  error  into  the 
evaluation  of  electrical  contact.  Contamination  is  an  elusive  variable 
which  is  relatively  easy  to  detect  but  extremely  difficult  to  accurately 
evaluate.  Generally,  the  test  setup  was  torn  down  and  the  poppet  and 
seat  cleaned  (or  refinished)  when  contamination  liras  detected.  In  summary, 
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Figure  381*  Nitrogen  Flow  Data,  Part  1 
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GASEOUS  NITROGEN  FLOW,  SCIM 
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FLOW  TEST  DATA 

P|N  » O 30  PSIG 
» A 100  PSIG 
» □ 300  PSIG 
» O 1000  PSIG 

Pout  ^ psia 

TEMPERATURE*  70  F 
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LAND  WIDTH  *0.060  INCH 


POPPET  P/N  99-556528-5,  S/N  02 
SEAT  P/N  99-556527-31 


)2  10' 
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Figure  3F2.  Nitrogen  Flow  Data,  Part  2 
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Figure  383.  Nitrogen  Flow  Data,  Part  3 
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Fifcure  384.  Helium  Flow  Data,  Part  1 
412 


1 


1 

1 

1 

1 

1 

I 

1 


1 

) 

i 

1 

) 

I 

1 


HELIUM  FLOW,  SCIM 


lO^  - 


HEIGHT,  MICROINCHES 

Figure  383.  Helium  Flow  Data,  Part  2 
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Figure  386.  Argon  Flow  Data,  Part  1 


414 


i = swm  ' 


" ««W^||i:|iiSjjil|j|||nH 


HH^snnniii: 

»••••  M tjrfiMmi  <at*i  ■ •■•>•••••■■>>■  niaa  ••■tiaaaaaaasaaoivMBS 

••■ja  '»aHMa*«  ttaaaaajaa  aa  a 'aiaatjlAMta  ay  a a»ai»  ■«•  js  a*it«  (laja  aaaaa  mmm 

-:•  nil*"  ininifliliilii 


ix; 


•irliijilliiliiiii 

la3aXS??»a5»5SS5SS 


llllHi*  *T-“  iiflfS 

i.>  iHiiiiiiil 

“ 4|iili|if|l 
»^‘'in|:  < ’■  ?^llliii5#s=| 

:t::  .::::  mivsssr? 

. .aaaa  aa«««  (SSSS  "t* -!T'  ”7Tt  JIJSS  SSSg**^^** 

• 'tMa  ••••!  *a|M  !!«**aaa^  aSSSS  SSSSS 

iisi  . I : I 

• ••  sirs  •’::;‘?t:r*s5?:5li|5lS5S*l 


Q*tT*iWR^!sc;mimn»isa8aB8S';;;^'iKj 

yMiMttaMauMMttMiuaMMtflaaasBaM  wn-ia  aati 
WMiafiwMNiMMiiMiiattaaaaiBMMB  wiaa.iMi 


i'*<aaaSISSS88SSS5S  ' 

aataaiaaaaaaasSMM  • 
liattaaaaaaaaaaaMaa*  • 

‘‘tmirnrnmmmmm  a. 


U|;::;:::::::8sss:sssl 

M>M»aaaa|  aS^SSSSSS  I 


iHilllMtltatti 


•a  Maaataaaattaaaaaa' 


ill  illliiill 


liifiiiwittMiNitiiii 

iiiiiitwiiMiitiiiiiiHiaiiitiiaattini 

if  fsm 


i*«n  laaia  aa*a«  tataaat*!  ••«Maataa*«aaiaa 

^ aMiiiiHiHiiifMtiiBtaiHmtutHiiititMa' 

..  iH.'alMlMHH«inMHfllat>M«IIMim(*Ma«*at 

aiiiiiiiiiiMt-MtiaiMn«ta(iaaaaaaaaaaflBaai  «a  . _ 

||||l•a■fll^lilMtHml•MM«aa■■B■■■  <n  >iMaM><mimint«taitiirn»atiMMiaatf»aiaaaaBBa 
"‘llllliaMUMIIIIIIIIIII  !■••■■■■■■  

liuiiH 


• taaaiaaaBaaaa  I 
aaaiaaaaasB  I 

• aaiaaaaBBa  I 
aaaiaa»aaMal 


iimr 


iiiuitnii 
Mti 


iiiiiiiMimHmiiiiiiiiaiiiiBi 

miti 


«BMtlMnil|ll|lliWtliUiHiHlllllllil 

iiiitiitii  If  •iiBMaa  IK  wMiiStiiiiiiniu  «« ittK  imiiiiim  iiii 


iMiiHINimii 


. imm 

l^ai 


iiiiilisiiil 


8SX3S8;:;::sr:isr:t 

iiHiil 
ssasxs  ssstsB 
iHHiiif; 

iiSHS 

iiiyif” 

IlHiiiiili 


im 


%-asiia 


zssxsi 

HHai 


(ssr-  ! n’niiHilii 
ISf HI,  siHklfmH! 

III  , -X  JhilHi  . illiHliiiailiilii 

“ lillpigapiiilliilll 


.j:»Sa:8t;frK:aujulitt»S8isa8: 

SicssiisKSKiissssssxs  r:r»:»;;;un:n:i«BBai!;;i::::::::n::3sx= 
iiii!!i!is^2{3228  •a88888SS8  « w«MMM«2aS8!nM*«S|iM«*<**SS888a888S8Sw 

a««*88«  •aaa8a«aSaB»  ^M*aMtiMaa8a<**a«Mit<M«**a*a«  ••••••««&« 

«s;s8issi8ss;7'r::ss8;nnin;a;u;uu;»B:u8:8U|ISil 

laa^^aigggga 


10°  - 


jaiaa USSm  * S Imn X StS aMN««i  iUii a aiii  am 
aaaaSBBaaa  i«'ita8tM»«imMaiiaaiaa*aiNtaiiaMiaaaaaaB888Baaaa  I 
••■■•■■•■a  ai<'tM«MaiiiiaMntiH^NNtMiMiiu|a|Mi«aaaa  I 

iiiiiiiiiiMaiiMiitHiMiiiMHiatiitiiiiiiiiiiiiiuhiiaaal 




liiti 

,jj, »~WWK  " ‘ 


niMiimiul 

,i»  ;HJ;  :;!!i  iil'HIIMtiaSi 

ii| 


ELECTRICAL  CONTACT- 


It  ^ iin:  un:33«  sssss^ssss 


iiiillilllliiisiSHl!: 


hr  :£!!sijimsiS|HH 


iillliii 

^ ^ WM  Tmnati  Mia!  tuaS  aSSSaSSSSa^ 

aaitsisi;!;  twittnlmuSKSlSttlKUS  iSS 

«"ia»i:!ias 

H fSiiiiiiiiUBiH  4SiaiHfiBnfiyiiiii|i'^  i jSiiiifisiiifiiSiiiiiaiHeiHii 
iiijsilililltBHiigliiiwiRffliraiailli: 
liiiiiiliKiliillitlHillHgiiiiiiiiy 


lUii 


■ wwHHiaaiiafitfi 

I aaw  Ml  Manual  II 
|n«MiiMM|iii 
I nuuMiiMIMiMII 


4ili 


IS 

111 


»••  aMTiIWi  aaM*  (MM  »••••  1 

• -mt  a«Mi  taw  Htaa  lyata  -a 
••  w mm  will  Mail  liiM  w 

“ HIlilMfifllS 

HitllllMNia' 


ilSSsi 


fiil 

"i'SS 


M«iia8g 
wMMyi  > 
maiBI 


:nr:u:iumy;r"vrp;»itttt»ht«m885gSi 

aatta  aa«a«  MfU  fUa  tiataSfSai 

liliiiiiil 

: ==»;»«  sasgiiiiiiiiiinKinssi 

m MiiaiiBi  HIM  itHi  MuaiM  llliiiiitl 
■c  a*  X MM  mil  Mill  MiHin  imi  iiHi 
HI  MMIMH  lint  liliiMIMIU  HIIMIIH  l■iiii■■■■ 

; ■■  ;;ii!!:|i!am  .’iilllltlllHiaB#* 

>.  "jj  isiU'ijkin-iimmiMtlltltHI 

. vimisifi 

H fil!;  !!!il  liill  k niHiiiiilllljlHli  iiiii 

e:spM  - 


FLOW  TEST  DATA 
P|N*  100  PSIG 
Pout  *'4-7  psia 
TEMPERATURE  * 70  F 
SEAT  (OD)  *1.0  INCH 
LAND  WIDTH  » 0.060  INCH 

POPPET  P/N  99-556528-5,S/N02 
SEAT  P/N  99-556527-31 
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Figure  387.  Argon  Flow  Data,  Part  2 
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FLOW  TEST  DATA 


"OUT  •' 

TIMPLRATURE  = 70  F 

SEAT(OD)  =1.0  INCH 

LAND  WIDTH  = 0.060  INCH 


POPPET  P/N  99-556258-5,  S/N  02 
SEAT  P/N  99-556527-31 


HEIGHT,  MICROINCHES 

Figure  388.  Hydrogen  Flow  Data,  Part  1 
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Figure  389.  Hydrogen  Flow  Data,  Part  2 
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it  appears  that  the  point  of  electrical  contact  could  vary  by  as  much  as 
10  microinches.  An  examination  of  the  test  data  showed  a range  from  20 
to  27  microinches.  These  data  points  were  determined  by  placing  the  flow 
at  electrical  contact  on  the  theoretical  flow  curve  to  establish  the 

smooth  plate  height  (h  ). 

P 

Except  for  the  reference  point  of  electrical  contact,  the  experimental 
and  theoretical  flow  data  are  plotted  independent  of  each  other.  Within 
the  5-percent  plot  and  test  accuracy  there  is  a high  degree  of  correlation 
between  experimental  and  theoretical  data  through  several  orders  of  mag- 
nitude of  flow.  The  correlation  was  found  throughout  the  pressure  range 
and  gas  media  investigated.  The  flow  regimes  covered  include  nozzle, 
turbulent  channel,  laminar,  and  approaching  the  region  of  molecular  flow. 

(a  detail  examination  of  these  flow  regimes  appears  in  the  Leakage  Flow 
Analysis  section  where  a specific  example,  illustrating  how  each  flow 
regime  blends  into  the  next  to  build  the  overall  flow-leakage  character- 
istic curve,  is  presented.)  Some  data  scatter  resulted  at  the  high- 
pressure  conditions  (3OO  and  1000  psig)  because  of  the  difficulty  in  con- 
trolling poppet  position  with  the  micrometer  head  at  these  higher  pressures 
and  resultant  loads.  In  the  1000-psig  condition,  control  pressure  was 
necessary  to  enable  the  adjustment  of  the  micrometer.  Consequently,  no 
electrical  contact  point  was  established  because  of  the  difficulty  in  main- 
taining a sufficiently  precise  load  balance. 

If  the  near-seated  test  data  are  examined  for  the  significant  flow  char- 
acteristic, laminar  flow  is  selected  as  being  the  most  representative 
regime.  When  the  laminar  flow  curves  are  compared  for  each  of  the  three 
gases,  the  flow  does  not  vary  by  more  than  30  percent  for  any  given  height 
(h  ).  This  is  verified  by  the  laminar  equation  for  volumetric  flow  which 

It 

shows  that  flow  is  a function  of  viscosity  only.  (Viscosity  for  the  com- 
mon gases  varies  by,  at  most,  2:1  for  any  given  pressure  and  temperature.) 
The  significance  of  this  observation  is  that  if  leakage  data  are  known  for 
one  particular  gas,  it  will  serve  as  an  estimate  for  most  any  other  gas  of 
interest.  As  the  predominant  characteristic  for  system  leakages  is  laminar 
flow,  the  rate  of  change  of  bottle  storage  pressure  will  be  a function  of 
gas  viscosity  and  thus  essentially  the  same  for  most  gases. 
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LIQUID  ROCKET  VALVE  ASSEMBLIES.  NASA  SPACE  VEHICLE 
DESIGN  CRITERIA  (CHEMICAL  PROPULSION).  NASA  SP-8097, 
1973. 
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The  purpose  of  this  monograph  is  to  oiganize  and  present,  for  effective  use  in  design,  the 
significant  experience  and  knowledge  accumulated  in  development  and  operational 
programs  to  date.  It  reviews  and  assesses  current  design  practices,  and  from  them  establishes 
firm  guidance  for  achieving  greater  consistency  in  design,  increased  reliability  in  the  end 
product,  and  greater  efficiency  in  the  design  effort.  The  monograph  is  organized  into  two 
major  sections  that  are  preceded  by  a brief  introduction  and  complemented  by  a set  of 
references. 

The  State  of  the  Art,  section  2,  reviews  and  discusses  the  total  design  problem,  and 
identifies  which  design  elements  are  involved  in  successful  design.  It  describes  succinctly  the 
current  technology  pertaining  to  these  elements.  When  detailed  information  is  required,  the 
best  available  references  are  cited.  This  section  serves  as  a survey  of  the  subject  that  provides 
background  material  and  prepares  a proper  technologicaj  base  for  the  Design  Criteria  and 
Recommended  Practices. 

The  Design  Criteria,  shown  in  italic.';  in  section  3,  state  clearly  and  briefly  what  rule,  guide, 
limitation,  or  standard  must  be  imposed  on  each  essential  design  element  to  assure 
successful  design.  The  Design  Criteria  can  serve  effectively  as  a checklist  of  rules  for  the 
project  manager  to  use  in  guiding  a design  or  in  assessing  its  adequacy. 

The  Recommended  Practices,  also  in  section  3,  state  how  to  satisfy  each  of  the  criteria. 
Whenever  possible,  the  best  procedure  is  described;  when  this  cannot  be  done  concisely, 
appropriate  references  are  provided.  The  Recommended  Practices,  in  conjunction  with  the 
Design  Criteria,  provide  positive  guidance  to  the  practicing  designer  on  how  to  achieve 
successful  design. 

Both  sections  have  been  organized  into  decimally  numbered  subsections  so  that  the  subjects 
within  similarly  numbered  subsections  correspond  from  section  to  section.  The  format  for 
the  Contents  displays  this  continuity  of  subject  in  such  a way  that  a particular  aspect  of 
design  can  be  followed  through  both  sections  as  a discrete  subject. 

The  design  criteria  monograph  is  not  intended  to  be  a design  handbook,  a set  of 
specifications,  or  a design  manual.  It  is  a summary  and  a systematic  ordering  of  the  large  and 
loosely  organized  body  of  existing  successful  design  techniques  and  practices.  Its  value  and 
its  merit  should  be  judged  on  how  effectively  it  makes  that  material  available  to  and  useful 
to  the  designer. 
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U)  Piston -Ktuitod  dirtct-acting  pin. 


(b)  Bellows -actuated  latch. 


Figure  21  - Cross-section  drawings  of  latching  mechanisms  for  a butterfly  disk. 


2.3.8  Filtering 


Filtering  of  pneumatic  and  hydraulic  supplies  for  engine  control  systems  is  accepted  practice 
in  all  propulsion  systems.  Filters  are  also  preferred  in  pneumatic  actuator  vent  ports 
upstream  of  control  orifices  to  ensure  that  the  orifice  does  not  become  plugged.  The  rating 
of  filters  in  pneumatic  and  hydraulic  systems  in  some  present  propulsion  systems  is  shown 


System 

Components  Protected 

Filter  Rating 

J-2  pneumatic-control  package 

Regulator  and  solenoid  valves 

10  pm 

LMDE  tank  pressurization 

Regulator  and  solenoid  valves 

15  pm 
absolute 

LMAE  tank  pressurization 

Regulator  and  solenoid  valves 

15  pm 
absolute 

Filters  also  are  used  to  catch  the  debris  from  explosive-actuated  valves.  Such  filters  are 
installed  either  integral  with  the  valve  in  the  downstream  section  of  the  housing  or  in  the 
downstream  line  upstream  of  any  critical  components. 

In  present  boosters,  in  which  exposure  of  valves  is  relatively  short  and  only  one  engine  burn 
is  required,  filters  generally  are  not  employed  in  the  propeiiant  feed  system;  instead,  reliance 
is  placed  on  system  cleanliness  and  filtering  of  propellants  as  they  are  transferred  to  the 
vehicle.  Valves  in  such  unfiltered  systems  must  be  tolerant  of  contamination. 

In  upper-stage  vehicles  and  landing  craft,  where  the  propulsion  system  is  designed  for  restart 
capability.  Or  in  reaction  control  systems  with  long  coast  periods  between  engine  burns, 
leakage  requirements  are  very  stringent  (on  the  order  of  5 cm^/hr  helium).  To  ensure 
reliable  valve  operation  and  engine  performance,  filters  must  be  provided.  Filter  selection  is 
based  on  minimum  clearances  in  the  valve  and  the  tolerance  of  the  seating  material; 
however,  the  filter  micron  rating  is  selected  to  provide  an  adequate  margin  of  safety.  For 
example,  filter  ispecifications  for  RCS  engines  in  the  25-  and  50-Ibf  (1 1 1 and  222  N)  thrust 
range  were  based  on  minimum  diametral  clearances  of  0.002  to  0.003  in.  (0.05  to  0.08  mm) 
in  the  poppet  guides.  The  304C-mesh  filters  [ 10  p (10  pm)  nominal,  25  p (25  pm)  absolute] 
were  installed  integral  with  the  valve  inlet  housing.  However,  valve  sticking  occurred,  and  it 
was  necessary  to,  expand  the  poppet  guide  (armature  bore)  clearances  to  0.008  to  0.009  in. 
(0.20  to  0.23  mm)  to  ensure  reliable  valve  operation.  Filters  for  the  LMDE  feed  system  have 
a filtration  rating  of  40  p (40  pm)  nominal  (60  p [60  pm]  absolute)  and  are  located 
upstream  of  the  quad-redundant  valves.  On  the  LMAE,  the  inlet  filters  for  the 
quad-redundant  propellant  valve  have  an  absolute  filtration  rating  of  200  p (200  pm). 

I 

The  optimum  filtef  for  a given  liquid  or  pneumatic  flow  system  is  dependent  on  (I)  the 
largest  particle  size  <hat  can  be  tolerated  by  system  components  such  as  valves  and  injectors, 
(2)  the  amount  of  contaminant  and  the  particle  size  of  the  contaminants  that  the  filter  must 
stop  during  the  service  life,  and  (3)  the  maximum  pressure  drop  that  can  be  tolerated  by  the 
flow  system  during  i|s  mission  life.  Detailed  design  information  for  filters  is  presented  in 
reference  41.  Filters  (isually  are  considered  separate  components;  however,  they  are  often 
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incorporated  into  the  body  of  a valve  to  reduce  weight  and  envelope  and  to  provide  positive 
exclusion  of  contaminants  from  critical  areas  of  tire  valve  when  the  system  is  open.  The 
benefit  gained  by  filters  in  a flow  system  must  be  evaluated  against  the  weight,  envelope, 
and  pressure-drop  penalties  to  the  system. 


Incorporation  of  ports  and  fittings  in  the  body  housing  of  the  valve  assembly  to  purge, 
drain,  or  flush  may  be  a system  requirement  as  well  as  a valve  requirement.  Valve  actuators 
may  require  special  draining  provisions  if  the  actuation  fluid  is  propellant  and  the  control 
system  utilizes  a pressure-ladder  sequence.  On  engine  shutdown,  the  closing  side  of  the 
actuator  will  be  filled  with  propellant.  All  propellant  from  the  closing-side  actuator  cavity 
must  be  drained,  since  any  residual  propellant  remaining  in  the  actuator  will  affect  valve 
timing  on  subsequent  valve  operation.  A pretest  check  to  ensure  complete  drainage  is  made. 

On  the  H-1  engine,  erratic  closing  time  on  the  thrust-chamber  main  valves  was  traced  to 
residual  fuel  remaining  in  the  closing  side  of  the  actuators.  When  the  engine  \<'as  vertical, 
drainage  was  complete.  When  the  engine  was  gimbaled  and  thus  tilted  off  the  center  line, 
residuals  were  not  drained;  these  residuals  caused  the  valve  to  close  more  rapidly  on  the 
subsequent  test.  Procedures  were  revised  to  ensure  complete  draining.  The  importance  of 
locating  the  drain  port  or  line  to  prevent  trapping  residuals  in  any  possible  engine  position  is 
evident. 

In  propulsion  systems  using  toxic  or  corrosive  propellants,  draining  or  flu^ng  is  necessary 
to  ensure  persoimel  safety  and  reliable  operation  of  the  valve  on  subsequent  tests.  Although 
special  fittings  may  not  be  included  in  a small  RCS  valve  assembly,  the  valve  assembly  is 
flushed  and  purged  through  the  valve  inlet  fitting  to  eliminate  residuals  after  the  valve  is 
exposed  to  propellant.  Special  fixtures  are  used  to  hold  the  valve  in  the  proper  position,  and 
the  flushing  or  purging  systems  are  maintained  at  acceptable  cleanliness  levels.  These 
flushing  and  purging  operations  are  a post-test  procedure  and  are  not  part  of  the  engine 
n.'ssion  duty  cycle. 

On  the  LOX  valve  for  the  F-1  gas  generator,  an  accumulation  of  water  around  the  bellows 
used  for  loading  the  ball  seats  froze,  and  the  resulting  high  seal  load  and  friction  affected 
valve  timing.  A routine  vacuum-dry  cycle  on  the  engine  bootstrap  system  was  required  to 
prevent  condensed  moisture  in  the  system  from  accumulating  in  the  valve. 

System  purges  at  engine  start  or  shutdown  may  be  directed  through  a valve  housing,  since 
the  volume  just  downstream  of  the  valving  element  often  represents  the  extreme  end  of  a 
line  to  be  cleared  of  residuals.  The  orientation  of  the  inlet  or  outlet  port  on  the  housing 
usually  is  determined  by  the  position  of  the  valve  in  the  normal  engine  test  position  or 
position  on  the  vehicle,  because  these  ports  often  are  located  at  a low  point.  On  the  main 
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Manned  Spacecraft  Center 
Crew  Systems  Division 
2101  MSA  Boulevard 
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SUBJECT 


Silicone  0 seals  - PI«oS  and  OPS  High  Pressure  Og  Applications 


REFERENCE  M-SS-3552  Ifeted  February  6,  1969 


1.0  INTRODUCTION 

Due  to  the  Apollo  I3  flight  malfunction,  Hamilton  Standard-  was  directed  to 
conduct  a review  of  critical  hardware  used  in  the  IMO.  As  part  of  this 
study,  the  use  of  silicone  rubber  ”0"  seals  was  rereviewed  to  verify  its 
acceptability.  Silicone  rubber  meets  all  of  the  criteria  defined  by  NASA 
document  MSC-PA-D-67-I3  (Category  ”D")  for  selection  of  nonmetallics  for 
the  Apollo  spacecraft  except  that  of  GOX  Pneumatic  and  Mechanical  Impact. 
This  requirement  has  been  waiver ed  via  the  ‘ ref erence  Engineering  Memorandum. 

This  engineering  memorandum  summarizes  the  rationale  including  the  test 
background  used  to  select  silicone  “O”  seals  for  the  PISS  and  OPS  applica- 
tions . 


2.0  SEAL  APPLICATIONS 


Silicone  rubber  “O"  rings  are  used  throughout  the  OPS  and  in  numerous  loca- 
tions within  the  high  pressure  Og  portions  of  the  PLSS.  Figures  1,  2 and  3 
are  cirass  sectional  drawings  which  show  all  high  pressure  sealing  areas  with- 
in the  OPS.  Figures  h and  5 psxjvide  an  enlarged  cross  section  of  the  typical 
static  sealing  application  within  the  OPS  and  the  typical  dynamic  sealing 
applications  within  the  OPS  and  PLSS.  Figures  6,  7 and  8 are  cross  sectional 
drawings  which  depict  the  high  pressinre  sealing  areas  within  the  PLSS  which 
utilize  silicone  "0"  seals  and  Figure  9 is  an  enlarged  cross  section  of  the 
typical  static  sealing  applications  within  the  PLSS. 


3.0  SEAL  MATERIAL  SELECTION 


During  the  early  phases  of  the  Apollo  program  silicone  "0"  seals  were 
utilized  for  the  high  O2  pressure  applications  in  the  PLSS  and  Energency 
Oxygen  system.  The  material  was  selected  because  of  the  favorable  ex- 
perience gained  during  the  Mercury  and  Gemini  programs  Tdiere  silicone  rubber 
was  utilized  for  high  pressure  O2  applications,  Subseiquent  to  the  Apollo 
7 fire  and  imposition  of  the  NASA  specifications (MSA  non-metallic  specifica- 

Nothing  contained  herein  shall  be  deemed  to  alter  the  terms  of  any  Purchase  Order  or  Contract  between  Hamilton 
Standard  and  the  addressee.  This  EM  is  not  a Contract  Change  Commitment.  Changes  in  contracttask,  schedules, 
prices  or  specifications  that  may  result  from  this  EM  require  further  written  agreement  and  authorization  by  an 
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3.0  Continued 


tions  KSC-PA-D-66-3A  and  ASPO-RQ70-D67-5A)  all  of  the  silicone  seals  in  the  high 
pressure  PLSS  and  OPS  applications  were  replaced  by  viton  A.  The  viton 
seals  v;ere  found  to  be  functionally  unsuitable  and  silicone  rubber  "0"  seals- 
were  re-instituted. 


3ol  Viton  Seal  Experience 

Table  1 provides  a seal  failure  summary  for  viton-A  "O”  seals  incurred  on 
the  OPS  program.  The  failures  were  characterized  by  seal  swelling,  blister- 
ing, splitting  and  extrusion.  Seal  failure  was  attributed  to  gas  saturation 
of  the  Viton  and  its  subsequent  inability  to  rellsre  internal  seal  pressure 
during  OPS  depressurization,  resulting  in  seal  rupture. 


3.2  Seal  Materials  Survey 


Following  the  viton  seal  malfunctions  a materials  search  was  conducted  to 
find  a replacement  material.  The  following  materials  were  considered: 

Viton  D-80  - rejected  because  of  similarity  to  Viton  .A. 

Fluorel  - rejected  because  of  similarity  to  Viton  A and  because  of  similar 
failures  when  used  in  the  OPS  Test  Stand. 

Fluorosilicone  - rejected  because  of  lack  of  experience  and  test  data  for 
high  02  pressure  applications. 

CNR  - rejected  because  of  poor  compressive  set  characteristics  and  lack 
of  test  background  in  high  02  pressure  applications. 

Silicone  - recommended  because  of  extensive  experience  in  applications 

similar  to  the  OPS  and  because  of  successful  performance  in  a 
series  of  ignition  tests  conducted  at  Hamilton  Standard.  In 
addition  the  OPS  was  designed  for  minimum  ignition  potential 
as  the  nonmetallics  (seals)  are  heat  sinked  and  are  not  exposed 
directly  to  the  gas  stream. 

3*3  Experience  with  Silicone  Seals 

Table  1 presents-  a summary  of  curnmuJative  operating  experience  with  gas 
pressures  of  5000  psi  or  greater  recorded  at  the  time  of  the  seal  material 
change.  Since  then  the  OPS  has  accumulated  an  additional  501  hours  of 
operation  at  pressure.  There  have  been  no  functional,  leakage  or  ignition 
anomalies  experienced  with  high  pressijre  oxygen  system  configurations 
using  silicone  seals. 
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3*^  Silicone  Seal  Off  Dssign  Tests 

3.4,1  Because  of  the  viton  seal  failures  experienced  during  OPS  Regulator  DVT 
PDft.  and  Qualification  (Ref.  Table  2),  Hamilton  Standard  initiated  a pro- 
gram to  determine  the  cause  of  the  seal  degradation.  At  the  outset  of  liie 
. investigation  it  was  hypothesized  that  the  failures  were  due  to  nitrogen 
saturation  of  seals  and  subsequent  inability  of  the  seal  to  release  en- 
trapped gas  during  rapid  depressurization.  The  initial  seal  evaluation 
tests  were  inconclusive  as  to  the  cause  of  the  failure;  therefore,  the 
DVT  regulator  was  rebuilt  after  seal  failure  using  Viton  seals  and  .was 
tested  under  strii^gent  controls  of  test  gas  (oxygen)  and  depressurization 
rates.  The  DVT  unit  failed  after  approximately  70  hours  of  operation  with 
oxygen.  The  failure  was  characterized  by  low  regulation,  increased  regula- 
tion hysteresis,  and,  as  the  investigation  continued,  excessive  leakage  at 
the  shut-off  valve. 


These  results  revealed  that  failure  could  occur  even  on  units  exposed  only 
to  oxygen  and  depressurization  rates  consistent  with  those  obtained  during 
normal  operation.  The  seal  evaluation  test  program  was  modified  to  run 
comparison  tests  between  Viton  A and  silicone  seals.  The  test  results 
(ref.  Table  3)  indicate  that  the  Viton  seals  are  susceptible  to  damage  under 
test  conditions  which  simulate  actual  usage,  whereas,  the  silicone  seals 
are  undamaged  when  exposed  to  the  same  conditions.  Figure  10  defines  the 
test  fixture  used  during  the  seal  evaluation  tests. 

To  further  verify  the  performance  of  the  silicone  seals,  the  DVT  regulator 
was  completely  rebuilt  after  the  second  failure  of  the  Viton  seals,  using 
silicone  seals  and  the  unit  was  subjected  to  the  regulator  flow  cycling 
(1010  cycles),  shut-off  valve  cycling  (500  cycles,  minimum  functional  and 
leakage  tests.  Test  results  indicate  there  was  no  damage  to  the  silicone 
seals. 


With  functional  performance  of  the  silicone  seals  verified,  additional  test- 
ing was  conducted  to  demonstrate  that  the  silicone  seals,  as  used  in  the 
OPS,  were  acceptable  from  an  ignition  standpoint. 

3.4.2  The  off  design  ignition  test  program  evalxiated  the  static  and  dynamic  seal- 
ing configuration  utilized  in  the  OPS.  Exe  test  set  up  for  this  series  of 
tests  is  shown  in  Figure  11, 


3.4,2.! 


Four  test  fixtures  duplicating  typical  internal  OPS  sealing  configurations 
as  shown  in  Figure  12  were  used  to  conduct  a total  of  19  static  seal  tests. 
The  fixtures  were  assembled  with  silicone  seals  less  the  ^ seal  rings  and 
the  back-up  ring  normally  used  in  the  flight  configuration.  Each  test  was 
conducted  by  subjecting  the  fixture  to  a sudden  pressure  increase  of  10,000 
psi  oxygen  vs  a nominal  5880  psi  OPS  pressure  with  an  estimate  pressuriza- 
tion time  of  .008  sec  to  7000  psi  (Reference  Appendix  I,  Figure  3. 

The  test  series  included  increasing  the  diametral  seal  clearance  beyond 
allowable  drawing  tolerances  xmtil  severe  extrusion  of  the  seal  occurred 
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3. ^.2.1  Continued 

with  resiiltant  gas  leakage.  Test  results  are  shown  in  Table  h.  There  was 
no  evidence  of  ignition  during  all  of  the  tests. 


3. if, 2. 2 The  dynamic  seal  configuration  was  evaluated  using  an  OPS  regulator,  A total 

of  3 tests  were  conducted  on  the  OPS  regulator  stem  seal  modified  by  removing 
the  teflon  cup  seal  (chevron  seal)  and  both  backup  rings  f3rom  the  lower 
valve  stem.  The  stem  was  also  reworked  to  increased  diamet3?al  clearance 
between  the  valve  stem  and  regulator  body  6 times  larger  than  noimal  part 
tolerance  to  allow  seal  extrusion.  The  regulator,  with  the  shut-off  valve 
--  "open,  was  subjected  to  a sudden  oxygen  pressure  increase  of  85OO  psi  vs  a 
nominal  OPS  working  pressure  of  5880  psi  with  an  estimated  pressurization 
time  of  0.122  sec  to  6300  psi,  (Reference  Appendix  I,  Figure  ), 

The  test  rig  solenoid-pneumatic  piston  valve  (Vi),  reference  Figure  11, 
used  for  this  test  series  had  an  opening  time  of  0,1  second.  The  test 
• results  are  presented  in  Table  h.  The  regulator  was  subseq.uently  disassembled 
and  examined  for  evidence  of  ignition.  Seal  extrusion  was  noted;  however, 
there  was  no  evidence  of  ignition, 

3.5  Pressurization  Mode  Analysis 


The  current  review  of  silicone  seal  applications  consisted  of  reviewing  the 
seal  test  program,  specifically  the  seal  ignition  test  series,  to  substantiate 
the  adequacy  of  silicone  seal  when  exposed  to  high  pressure  oxygen.  The  re- 
view included  (l)  an  analysis  of  normal  OPS  pressurization  rates  vs  Imposed 
pressurization  rate  during  the  seal  ignition  testing  to  insure  the  test 
conditions  were  more  severe  than  actual  flight  conditions,  and  (2)  a study 
to  determine  any  failure/operational  modes  which  could  result  in  a more 
rapid  pressurization  rate  downstream  of  the  OPS  shut-off  valve  than  previously 
tested  or  exposed  during  flight  operation. 


3«5»1  Appendix  I provides  the  analytical  comparison  of  pressurization  rate  for 
normal  OPS  operation  and  for  the  seal  ignition  tests.  The  results  verify 
that  the  test  conditions  Imposed  were  more  severe  than  under  actual  OPS 
useage. 


3,5,2  The  failure/operational  mode  analysis  consisted  of  reviewing  all  possible 
combinations  of  single  point  anomalies  that  could  result  in  an  increase  to 
the  pressurization  rate  experienced  downstream  of  the  shut-off  valve. 
Specifically,  the  areas  considered  were  as  follows! 

A,  Increase* Valve  Actuation  Rate 

The  actuation  rate  considered  in  the  analysis  (ref,  enclosure  l)  was 
based  on  one  second  being  required  to  go  from  the  full  off  to  the  full 
on  position  of  the  OPS  actuator.  This  is  believed  to  be  conservative. 
While  this  is  not  a failure  mode,  it  is  a means  by  which  more  rapid 
pressurization  could  be  Induced  and  was  considered  as. part  of  this  study. 
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3,5.2  Continued 

B«  ' ”0“  Seal  Leakage  Around  OPS  Shut-Off  Valve 

Pressure  buildup  rate  would  be  less  than  that  experienced  during  normal 
actuation  as  the  flow  area  around  the  shut-off  valve  with  seals  and 
backup  rings  removed  is  less  than  the  flow  area  of  the  full  open  valve. 

C,  Clogged  Heater  Passage 

^essurization  rate  would  be  greater  if  the  heater  passage  downstream  of 
— — the  OPS  shut-off  valve  was  clogged  significantly.  Clogging  is  not  con- 
sidered possible  as  the  assembly  is  cleaned  to  "no  paorbicles  greater 
. than  90  micron"  and  the  porting  leading  to  the  passeige  contains  a 12 
micron  absolute  filter. 

D,  Shut-Off  Valve  Open  Due  to  Impact  or  Shock  Loading 

i This  is  not  possible  as  the  valve  is  spring  loaded  and  pressure  loaded 

I closed  with  resulting  closing  forces  far  in  excess  of  any  that  shock 

loading  could  induce, 

E,  Primary  Static  Seal  Falling  Suddenly  and  Grossly 

This  condition  would  result  in  a rapid -pressure  increase  at  the 
secondary  seal.  This  failure  is  not  possible  as  tests  have  shoiim  that 
the  seals  cannot  fail  in  this  manner  with  the  closely  controlled 
clearances  utilized  in  tlie  OPS  design. 

« 

The  preceding  review  did  not  reveal  any  operational/failure  mode  which 
would  result  in  a pressurization  rate  downstream  of  the  shut-off  valve 
more  rapid  than  experienced  during  normal  operation  of  the  OPS, 


U.O  SUMMARY  * 

Silicone  "0"  seals  are  suitable  for  the  OPS  and  PLSS  high  pressure  oxygen 
applications.  This  conclusion  is  based  on  the  following: 

A.  Unable  to  induce  seal  ignition  even  with: 

1)  seal  backup  rings  removed 

2)  plug. to  housing  diametrical  clearance  increased  to  5 times  the 
nominal  or  2 times  the  maximum  allowed  for  flight  hardware 

3)  oxygen  pressurization  rates  up  to  20  times  the  rates  predicted 
during  mission  usage 

oxye  n pressure  levels  1.4  times  the  maximum  mission  levels 
5)  • seal,,  extrusion  and  leakage  occurring 

B,  Total  logged  and  estimated  operating  experience  with  silicone  "0" 
seals,  at  operating  pressures  in  excess  of  5OOO  psi  for  the  Mercury, 
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Gemini  and  Apollo  space  programs,  exceeding  19,500  hours,  with  no 
ignition  failures  attributable  to  the  use  of  silicone  rubber. 

’ C.  The  seals  in  the  OPS  and  PLSSsre  heat  sinked  and  are  not  exposed 
directly  to  the  flow  stream. 


D.  The  OPS  and  PLSS  high  pressiire  oxygen  storage  subsystems  utilize 
redundant  "0”  seals. 
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Predicted  Seal  Pressurization  Rates 


Oxygen  pressure  versus  time  for  OPS  seail  mission  conditions  and  silicone  seal  igniuion 
tests  were  calculated  to  verify  that  testing  vas  more  severe  than  mission  use.  The 
results  of  the  analysis  indicate  that  the  pressurization  rates  experienced  during  the 
seal  ignition  tests  were  approximately  20  times  greater  than  the  rates  predicted  for 
mission  use. 


OPS  System  Noimal  Operation 

The  OPS  high  pressure  oxygen  system  is  defined  by  the  following  schematic: 


High  pressure  oxjrgen  is  stored  in  the  bottles  (U)  and  at  588O  psi  and  70°F,  the  shut- 
off valve  is  normally  in  the  closed  position  and  pressure  in  chamber  D is  ambient. 


1.0  seconds  was  assumed  for  full  travel  of  the  shut-off  valve  actuator  and  0.12 
seconds  of  that  time  is  required  to  produce  maximum  flow  area  for  the  shutoff 
valve. 
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Hixee  iterations  vere  utilized  to  obtain  the  curve  of  Figure  1 which  shows  pressure 
vs  time  at  the  regulator: 


. I.  For  the  first  0.12  seconds  the  shut-off  valve  area  is  varying  linearly  from 

0.000  to  0.00126  in^.  During  this  phase  gas  flow  throii^  the  valve  is  always 
sonic  and  the  flow  rate  is  increasing. 


II.  With  the  valve  area  a constant,  sonic  flow  continues  to  time  0.13^2  seconds 
(pressure  in  chamber  D = 4120  psi)  and  flow  rate  is  constant. 

III.  From  0.1342  seconds  till  volume  D pressure  is  588O  psi  the  gas  flow  is  subsonic 
and  _the  flow  rate  is  decreasixig. 


Asstmrptions 

1.  Bottle  pressure  is  constant  at  588O  psi 

2.  Isothermal  process 

3.  Passageway  pressure  (Px)  is  constant. 


Ignition  Test  With  Simulated  Fill  Valve 

The  test  item  and  system  are  defined  by  the  following  schematic: 
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High  pressure  oxygen  is  stored  in  the  rig  supply  at  10,000  psi,  the  rig  solenoid 
valve  is  closed,  chamber  Y is  at  ambient  pressure  and  the  fill  valve  is  attached  to 
the  rig  line. 


The  rig  solenoid  valve  fully  opens  in  0,10  seconds  with  the  valve  area  varying  15nearly 
with  stroke.  / ‘ ' 

Two  iterations  were  utilized  to  obtain  the  curve  of  Figure  2 which  shows  pressure  vs 
time  at  the  fill  valve. 


I,  For  0.1  ^econds  the  rig  solenoid  valve  area  is  varying  linearly  from  0.000  to 
0.05^  in*^.  During  the  part  of  this  phase,  gas  flow  through  the  valve  is  sonic 
and  the  flow  rate  is  increasing,  ‘(By  referring  to  Figure  2,  it  will  be  seen 
that  the  pressure  of  climber  Y will  be  equal  to  rig  presstire  before  the  valve 
is  fully  open.) 

II,  . With  the  rig  solenoid  valve  area  still  increasing  the  critical  pressure  in 
chamber  Y will  be  reached  and  the  gas  flow  will.be  subsonic, 

! ; ■ ■ . 

Assumptions 


1.  Rig  supply  pressure  constant  at  10,000  psi 
Isothermal  process 


Ignition  Test  with  OPS  Regulator 


The  test  item  ^d  system  are  defined  by  the  following  schematic: 
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High  pressure  oxygen  is  stored  in  the  Rig  Supply  at  85OO  psi,  the  rig  solenoid  valve 
is  closed,  the  shut-off  valve  is  open  (Ae  = .00126  in2)  and  chambers  Y,  X and  D are 
at  ambient  pressure. 

!Hae  rig  solenoid  valve  fully  opens  in  0.1  seconds  with  the  valve  area  varying  linearly 
with  stroke, 

% 

Three  iterations  were  utilized  to  obtain  the  curve  of  Figure  3 which  shows  pressure 
vs  time  at  the  regulator: 

I.  For  0,1  seconds  the  rig  solenoid  valve  area  is  increasing  from  .000  to  .054 
in2.  During  part  of  this  phase  gas  - flow  thru  the  valve,  the  shut-off  valve 
inlet  restriction  and  the  shut-off  valve  is  sonic. 

H,  With  tte  rig  solenoid  valve  area  still  increasing,  the  critical  pressure  will 
be  reached  in  chamber  Y and  the  gas  flow  across  the  rig  solenoid  valve  will  be 
subsonic.  However,  the  flow  across  the  two  restrictions  downstream  will  still 
, be  sonic . 

Ill,  With  the  rig  solenoid  valve  fully  open  (Ae  = ,054  in^)  flow  at  all  restrictions 
is  changing  from  sonic  to  subsonic. 

Assumptions  " 

1.  Rig  supply  pressure  constant  at  85OO  psi 

2,  Isotheimal  process  . • 
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PLSS  STATIC  SEALS 


SILICONE 
“O'SEALS 


SILICONE 

“O'SEALS 


HIGH  PRESSURE  LINE/BOTTLE 

INTERFACE  pm  VALVE/ADAPTER 

AND 

AOAPTER/REGULATOR 

INTERFACES 


HIGH  PRESSURE  LINE/REGULATOR 
INTERFACE 


FIGURE  8 
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PLSS  TYPICAL  STATIC 


SEAL  APPLICATIONS 
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‘*0“SEAL  TEST  FIXTURES 


(61,B2,E3,e4) 


FIGURE  10 
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static  seal  test  Fixture 

CROSS  SECTION  - SCALer/, 

(REPEREWCe  MA-SS-3052,  FIXTURES  A-l, A-2,A*3.A-4) 


FIGURE  /£ 
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mBLE  1 

Total  logged  and  estimated  hours  of  operating  experience 
vlth  gas  pressures  at  5000  psl  or  greater 


System 

Seal  Material 

Dynamic 

Static 

Mercury 

Silicone 

900 

1,400 

Gemini 

Silicone 

3,500 

10,000 

OSS 

Silicone 

150 

240 

EOS 

Silicone 

865 

1,444 

OPS 

Silicone 

264 

301 

OPS 

Vlton  A 

■*13 

1,532 

NA-SS-U37 
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De«cription  and  Total  Test  Time 


Test 

1)  Vsndor  Excessive  leakage  of  Seale  re- 

PIT  suited  In  pressure  build  up 

under  -Heh  Pressure  fape  eaue- 
Inf  Radiator  Bod^  failure  at 
the  pafs. 

(20  hrs.) 

2}  H80  Excessive  external  leakage  at 

T>7T  pressure  ^ape 

(flO  hrs.  - initial  test) 

(30  hrs.  after  replaoinf  seals) 


3)  NBO  Leakage  at  Repulator  Valve 

nVT  Stem 

(110  hrs.) 


Ii)  Leakage  at  Shut-off  Valve  Stem 

nVT  (61  hrs.) 


C)  Rerulstion  Oepradation 

OITtL/TTFSirN  (37  >irs.) 

001 


( 


STABLE  2 


VITON  SEAL  FAILURE  SUMMARY 


Observations 


Remarks 


'O'  ueal6  were  swollen  and 
ruptund  - Theory:  Seal  dam- 

age caused  by  rapid  depressur- 
ization. 


Test  procedures  were  revised  to 

limit  depressurization  rate.  . 

Pressure-relief  portinp  was  pro- 
vided at  gape. 


A rings  were  split,  'O'  rings 
swoTlen,  Ic  ruptured,  one  ring 
found  "nibbled"  by  split  in 
A ring,  one  'O'  ring  bad 
at  assy.  - Theory:  Improper 

A ring  Mat'l,  Improper  inspec- 
tion, seal  damage  due  to  use 
of  112  and  Rapid  depressuriza-  • 
tion. 

Several  A rings  were  Split 
'O'  rings  were  swollen, 
blistered  and  deformed 
Theory:  Improper  A ring 

Mat'l,  Seal  Damage  due  to 
use  of  N2  and  Rapid  depres- 
surization. 

‘O'  rinps  exhibited  cracking, 
blistering  and  extrusion, 
extrusion  of  Backup  Ring. 

<hie  to 

-ml  Mill  I 

'O'  rings  exhibited  extrusion, 
nipture,  blistering. 

A rings  were  fractured. 

Theory:  failures  due  to  Real 

Mat'l. 


Inspection  procedures  ware  re- 
vised - Teet  Plans  were  re- 
vised to  ellmirute  use  of  N2  and 
to  limit  depressurization  rate. 
Analysis  of  A rings  was  Initiated. 


Seal  evaluation  program  initiated 
- DVT  unit  was  rebuilt  and 
tested  with  only  0^  and  controlled 
depressurization. 


U:iit  Rebuilt  with  Silicone  Seals 
and  KEl-F  A rings  and  Backup 
Rings. 

Unit  completed  DVT  usin(  O2  with 
no  failures. 

Design  Ravliv  cf  'O'  rlnrs  and  A 
rings  indicates  change  should  be 
made  to  Silicone  'O'  rings  and 
KEl-F  A rtngs. 


C 
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Te«t  Description  end  Total  Test 

6)  WD  Hifh  FUfulatlon  Pressure 

PDA  (30  hrs. ) 


7)  W Seal 

Evalu&tloo  (See  Table  3) 


fl)  Rif  >i9  Repeated  Leakage  of  Filter 
Seals  and  Regulator  Seals 
(1^-30  hrs.) 


. C 

TABLE  2 (Cont’d) 

VITOW  SEAL  FAILURE  SUMMARY 
Time  Observations 

Unit  dlsassenbled  - Seal  in 
regulator  found  swollen  - 
onlj  anomaly 

Theory I Swollen  Seal  ra> 
strioted  lower  ralve  stem 
movement. 


Viton  Seals  exhibit  blisters, 
splits,  pressure  setting  and 
swelling  regardless  of  test 
gas  or  depressurisation  rate. 

Seal  damage  - Split,  tears, 
blisters  and  swelling. 


( 


Remarks 

Regulators  with  Silicone  Seals 
did  not  exhibit  siailar  failures. 


Silicone  Seale  did  not  exhibit 
sinilar  failures. 


failures  occur  with  Viton  or 
Flourel  Seals  > N2  or  02  as  test 
gas. 


August  12,  1970 


bv-ss-U-St 
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OPS  Seal  Tests 


Table  3 

0 

Fixture  Press  Time  Bleed  Down  Rate  Seal  No. 


rate 

No. 

Gas 

Psi  

Cycle 

psi/min 

Mat'l. 

Cycle 

10/12 

B1 

N2 

10,360 

5 min 

1000 

Viton 

. 1 

N2 

[T,000 

12  hr 

1000 

A 

1 

10/12 

B2 

N2 

10,360 

5 min 

1000 

Viton 

1 

N2 

7,000 

12  hr 

200 

A 

1 

10/12 

B3 

N2 

10,400 

5 min 

200 

Viton 

1 

N2 

7,000 

12  hr 

1000 

A 

1 

10/12 

B4 

N2 

10,400 

5 min 

200 

Viton 

1 

N2 

7,000 

12  hr 

200 

A 

1 

10/15 

B1 

N2 

10,500 

5 min 

1000 

Viton 

1 

02 

7,000 

12  hr 

1000 

A 

1 

10/15  . 

B2 

N2 

10,500 

5 min 

1000 

Viton 

1 

02 

7,000 

12  hr 

200 

A 

1 

10/15 

B3 

N2 

10,500 

5 min 

200 

Viton 

1 

02 

7,000 

12  hr  • 

1000 

A 

1 

■A" 

B4 

N2 

10,500 

5 min 

200 

Viton 

■ 1 

W 

02 

7,000 

12  hr 

200 

A 

1 

10/18 

B1 

N2 

10,150 

5 min 

1000 

Viton  A 

1 

10/18 

B2 

N2 

10,350 

5 min 

700 

Viton  A 

1 

10/18 

B3 

N2 

10,350 

5 min 

400 

Viton  A 

3 

Jo/18 

B4 

N2 

10,350 

5 min 

200 

• Viton  A 

1 . 

I0/18 

B1 

N2 

10,350 

5 min 

1000 

Viton 

1 

02 

7,050 

4 hr 

1000 

A 

6 

10/18 

B2 

N2 

10,350 

5 min 

1000 

Viton 

1 

O2 

7,000 

4 hr 

200 

A 

6 

10/18 

B3 

N2 

10,350 

5 min 

200 

Viton 

1 

02 

7,000 

4 hr 

1000 

A 

6 

CO 

b4 

N2 

10,350 

5 min 

200 

Viton 

1 

1 

02 

7,000 

4 hr 

200 

A 

6 

• • • 
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Table  3 ( Continued ) 


Fixture  Press  Time  Bleed  Dovu  Rate  Seal  Ro. 


No. 

Gas 

psi 

Cycle 

psi/min 

Mat'l. 

Cycle 

Damage 

10/2k 

B1 

N2 

10,350 

5 min 

1000 

Viton 

1 

N2 

7,000 

8 hr 

1000 

A 

6 

10/24 

B2 

N2 

10,350 

5 min 

1000 

Viton 

1 

N2 

7,000 

8 hr 

200 

A 

6 

• 

10/24 

B3  . 

N2 

10,350 

5 min 

200 

Viton 

1 

N2 

7,000 

8 hr 

1000 

A 

6 

10/24 

B4 

N2 

10,350 

5 min 

200- 

Viton 

1 

N2 

7,000 

8 hr 

200 

A 

6 

10/29 

B3 

N2 

10,350 

6 min 

1000 

Silicon 

3 

None 

10/29 

B2 

N2 

10,350 

6 min 

1000 

Silicon 

1 

None 

10/29 

B4 

N2 

10,350 

6 min 

200 

Silicon 

1 

N2 

7,000 

8 hr 

200 

Silicon 

6 

None 

10/29 

B1 

N2 

10,350 

6 min 

1000 

Silicon 

3 

11/5 

N2 

10,000 

^ hr 

1500-2000 

97 

11/5 

B3 

N2 

10,000 

^ hr 

1500-2000 

Viton  A 

97 

Minimal 

110 

B2 

02 

7,000 

8 hr 

6000-7000 

Silicon 

5 

None 

U/18 

B4 

02 

7,000 

8 hr 

6000-7000 

Viton  A 

5 

Minimal 

11/20 

B1 

_ O2 

7,000 

12  hr 

5000-10,000 

1 

. I5O-I55TO2 

7,000 

36  hr 

5000 

Silicon 

1 

None 

• 

02 

7,000 

8 hr 

5000 

1 

' 11/20 

B3 

. O2 

7,000 

12  hr 

5000-10,000 

1 

Shi.  seal  svoUen 

165-163T02 

7,000 

36  hr 

5000. 

Viton  A 

1 

Ig.  seal  starting  to 

02 

7,000 

8 hr 

5000 

1 

extrude  at  ID  & OD  of 

A seal 

B1 

O2 

7,000 

4l  hr 

Viton 

1 

&n.  seal  svoUen,  many 

26  hr  15 

No  vacu.  bake 

A 

busters  & one  split 

• 

Ig.  seal  press,  set 

against  A seal 

11/23 

B3 

O2 

7,000 

4l  hr 

Viton 

1 

Skn.  seal  swollen  & one 

1 

26  hr  15 

A 

buster.  Ig.  seal  press 

1 

set  against  A seal 

: U/29 

B1 

02 

7,000 

70.5  hr 

7000 

Silicon 

1 

None 

' 11/29 

B3 

02 

7,000 

70.5  hr 

7000 

Viton 

1 

anaJl  seal  swollen  & 

A one  blister 


0 


@ k 9 


•^ILICOtre  'O'  'FAl.  lONITIOM  TESTING 


T«et  No. 

Teat  Item 

Test  Description 

Pressure  (03) 

Diametral  Clewance 
Large  Seal/Small  Seal 

Results 

1 

Fixture  k\ 

Small  and  large 
'O'  Seals  installed 
less  A Seals  and 
Backup  ring 

Sudden  appli- 
catloD  of 
10,000  pel 

.0025/. 0016 

No  Damage 

2 

Fixture  k2 

Small  and  large 
'O'  Seals  installed 
less  A Seals  and 
Backup  ring 

Sudden  appli- 
cation of  10,000 
psi 

.0021/.0023 

Ho  Damage 

3 

fixture  ^3 

Snail  and  large 
'O'  Seals  installed 
less  A Seals  and 
Backup  ring 

Sudden  appli- 
cation of. 
10,000  psi 

,00b0/.0026 

Ridge  on  small 
•O'  Seals  only. 

1 

Fixture 

Small  and  larg** 

'O'  Seals  installed 
less  A Seals  and 
Backup  ring  . 

Sudden  appli- 
cation of 
10,000  psi 

.0025/.0025 

Nc  Damage 

5 

Fixture  Aj 

Small  'O'  Seal 
deleted.  Large 
'O'  Seal  installed 
less  A Seal  and 
Backup  ring 

Sudden  appli- 
cation of 
10,000  pel 

.0056 

% 

Ridge  on  'O'  Seal 

6 

Fixtiu*e 

Small  'O'  Sial 
deleted.  Large 
'O'  Seal  installed 

Sudden  appli- 
cation of 
10,000  psi 

.OOliO 

Rid;»e  on  'O'  Seal 

lesfi  ^ Senl  and 
Backup  ring 


( 


( 
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h (Cont'd) 

: 

© 

• 

SILICON*-  'O'  SFAL  ignition  TESTING 

Teat  No. 

Teat  Item 

Teat  Description 

Pressure  (O2) 

Diametral  Clearance 
Large  Seal/Snall  Seal 

Results 

7 

Flature 

Si&all  '0>  Seel 
deleted.  Large 
'0*  S«el  Installed 
Ifea  A Seel  end 
Backup  ring 

Tudden  appli- 
cation of 
10,000  pal 

,00U8/ 

Ridge  on  'O'  Seal 

6 

nxtoe 

SmU  'O'  Seal 
deleted.  Large 
'0*  Seal  inaUlled 

leee  Aleal  and 

Baclrap  ring 

Sudden  appli- 
cation of 
10,000  pel 

.0057/ 

Sldfre  on  'O'  Seal 

9 

Pljctvra  ki 

Large  *0*  Seal 
deleted.  Small 
*0*  Seal  Installed 
less  Asaala  and 
Backup  rlr^a 

Sudden  appli- 
cation of 
10,000  pel 

/.0029 

Snail  gou{re  - Ridge 
on  'O'  Seal 

10 

Fixture  K2 

Large  'O'  Seel 
deleted.  Small 
'O'  Seal  Installed 
len  A Seale  and 
Backup  rings 

Sudden  appli- 
cation of 
10,000  pel 

/.OOliO 

Ridge  on  'O'  Seal 

11 

Fixture  A3 

Lar,e  'O'  Seal 
deleted.  Small 
'O'  Seal  Installed 
less  A Seals  and 
Backup  rings 

Sudden  appli- 
cation of 
10,000  psi 

/.OOI49 

Ridge  on  'O'  Seal 

1? 

Fixture  Aj^ 

Large  'O'  Seal 
deleted.  Small 
•O'  Seal  Installed 
leas  A Seale  and 
*^901010  rings 

Sudden  appli- 
cation of 
10,000  psi 

/.00$7 

> 

Ridge  Sc  slight  cut  £ 

on  'O'  Seal  - possible  5 
beginning  of  extrusion.*^ 

R 

% 

August  12 


U (Cont'd)  Q 

SILICONF  'O'  SR\L  ICNITIDN  TKSTINC 


Tent  Mo. 

Test  Item 

Test  Description 

Pressure  (O2) 

Diametral  Clearance 
Large  Seal/Small  Seal 

Results 

13 

Fixture  k\ 

Lerge  'O’  Seel 
deleted.  Snell 
•O'  Seel  Instelled 
less  A Seel  and 
Backup  ring. 

Sudden  appli» 
cation  of 
10,000  psi 

/.OlUi 

4pprox.  360*  ring 
torn  out  of  'O'  seal 
(the  ridge  extruded). 
Pressure  decay  Indl- 
_ cates  seal  daxeloped 
' leak.  No  ignition. 

111 

Fixture  42 

Large  'O'  Seal 
deleted.  Small 
'O'  Seal  ioetalled 
less  A Seal  and 
Bacl'iip  ring. 

Sudden  appli- 
cation of 
10,000  pel 
« 

/.0U6 

4pprox.  360*  ring 
tom  out  of  'O'  seal 
(the  ridge  extruded }• 
Preeeu;s  deeejr  indi- 
catee  eeal  developed 
leak.  No  ignition. 

15 

1 

Fixture  43 

Large  'O'  Seal 
deleted.  Smll 
'O'  Seal  Installed 
lees  A Seal  and 
Backup  ring. 

Sudden  appli- 
cation of 
10,000  psi 

/.0116 

4pprox.  360*  ring 
tom  out  of  'O'  aaal 
(the  ridge  extruded). 
Preeeure  decay  indl- 
catee  eeal  daveloped 
leak.  No  ignition. 

16 

Fixture 

Large  'O'  Seal 
deleted.  Small 
'O'  Seal  installed 
less  A Seal  and 
Backup  ring. 

Sudden  appli- 
cation of 
10,000  psi 

/.0116 

4pprox.  360*  ring 
torn  out  of  'O'  eeal 
(the  ridge  extruded). 
Preesure  decay  indi- 
cates seal  developed 
leak.  No  ignition. 

17 

Fixture  4j 

Small  'O'  Seal  deleted. 
Larp»»  'O'  Seal  irstalled 
less  A Seal  and  F«ckup 
ring. 

Sudden  appli- 
cation of  10,000  psi  .0113/ 

Approx.  360*  ring 
tom  out  of  'O'  seal 
(the  ridge  extruded). 
Pressure  decay  indi- 
cates se"l  developed 
leak.  No  ignition. 

IP 

• 

( 

Fixture  4j 

Small  'O'  Seal 
deleted.  Large 
'O'  Seal  installed 
less  A Seal  and 
Backup  ring. 

Sudden  appli- 
cation of 
10,000  psi 

( 

.0110/ 

Approx.  360*  ring 
torn  out  of  'O'  seal 
(the  ridge  extruded).". 
Prescure  decay  indi- 
cates seal  dr 
leak.  No  igV  .Ion. 
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TABLE  U (Cont'd) 

SIUCCKE  'O'  SEAL  IGNITION  TESTING  1 

rianetrsl  Clearance 

0 

Test  No. 

Test  Item 

Test  Oesorlption 

Pressure  (O2)  Larfe  Seal/Small  Seal 

Results 

19 

Fixture  k\^ 

Small  'O'  Seal 
deleted.  Larpe 
'O'  Se$il  Installed 
less  A Seal  and 
Backup  rinf. 

Sudden  appli- 
cation of 
10,000  pel 

.0117/ 

Approx.  360*  rin{ 
tom  out  of  'O'  seal 
(the  ridfe  extruded). 
Pressure  decay  indi- 
cates seal  developed 
leak.  No  ignition. 

?0 

Rsfulster 

OynSAle  Seal  at  refu« 
lator  Stem  Installed 
less  Backup  Rln^s 

Sudden  to  8^00  pel 

/.012 

Seal  extruded.  No 
eridence  of  Ipnltion. 

?1 

Rsfulator 

OjritAMic  Seal  at  refu- 
lator  Stem  Installed 
less  Backup  Riocs 

Sudden  to  8$00  pel 

/.012 

Seal  extruded.  No 
eridence  of  ignition. 

?? 

1 

Rsfulstor 

Dynamic  Seal  at  regn* 
lator  Stem  Installed 
less  Backup  Rinfs 

Sudden  to  8500  psi 

/.012 

Seal  extruded.  No 
. evidence  of  ignition.' 

( 
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Bellows  Vibration  With  Internal 
Cryogenic  Fluid  Flows' 

The  flow-iml need  vihrulions  o f metal  bellows  with  Uitcrnal  cryogenic  flow  are  examined 
experimentally,  and  aiuilylical  techniques  are  given  to  predict  vibration  suppression 
characteristics.  Heat  transfer  is  shown  to  create  local  vaporisation  inside  the  convolutes 
which  kills  the  primary  source  of  bellows  vibration,  vortex  shedding.  The  reduction  in 
vibration  amplitude  is  shown  to  be  a function  of  the  state  properties  of  the  liquid  inside 
the  bellows  ami  the  heat  transfer  rate  into  the  liquid.  External  damping  from  frost, 
ice,  or  condensed  liquid,  which  can  appear  on  the  bellows  exterior,  is  discussed,  and  a 
method  for  estimating  the  reduction  in  vibration  severity  with  external  condensation  is 
presented. 


introdsictEon 

FiiOW-induced  vibrations  in  fluid  ducting  .systsms 
sucii  as  luetal  bellows,  have  for  some  time,  been  a problem  for 
aerospace  applications.  There  are  known  instances  where  flow- 
induced  vibrations  of  bellows  have  resulted  in  fatigue  failures 
which  forced  the  premature  shutdown  of  critical  fluid  systems. 

A great  deal  of  the  current  knowledge  of  bellows  flow-induced 
longitudinal  vibrations  is  presented  in  references  [1  and  2J,® 
where  the  flow  e.\citation  phenomena  re.sponsible  for  bellows 
vibration  has  been  established  as  a dynamic  coupling  between  a 
vortex  shedding  process  and  the  bellows  convolute  motion.  The 
proces.s  of  periodic  vortex  formation  and  shedding  is  a boundary 
laj'er  instability  which  causes  a corresponding  periodic  pre.ssure  to 
be  e.xerted  on  the  bellows  convolutions.  The  amplitude  of  the 
alternating  pressure  is  proportional  to  the  free-stream  .stagnation 
pressure  (l/2p/V,“)  and  its  ctfect  is  considered  as  a net  force  ap- 
plied at  the  tip  of  each  convolution.  If  the  frequency  of  the 
vortex  shedding  coincides  with  some  bellows  longitudiiia]  mode 
frequency,  then  a resonance  occurs  and  the  bellows  convolutions 
experience  an  axial  vibratory  displacement.  This  convolution 
vibratory  displacement  causes  a corresponding  stress,  and  the 
magnitude  of  this  stress  is  dependent  on  the  convolution  geom- 
etrj'. 

In  reference  [1],  an  analysis  is  presented  for  determining  bellows 
vibratory  stresses  and  a special  “Stress  Indicator,”  developed  to 
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.aid  in  rapidly  judging  the  severity  of  liellows  flow-induced  vibra- 
tions, is  discussed.  This  p:irameter  is  e.ssenfially  an  approxima- 
tion of  a more  exact  form  for  bellows  vibrations  and  is  given  by 

Stress  Indicator  = (VsP/^V)  (1) 

Using  values  for  f^,  a vortex  force  coefficient,  and  Q,  a dynamic 
ampliflcation  factor,  the  stress  indicator  can  be  quickly  calcu- 
lated for  any  .situation.  Bellows  fatigue  life  as  a function  of 
Stress  Indicator  iias  also  been  compiled  as  an  aid  to  the  de.sigiier. 

This  stule-of-the-arl.  of  bellows  vibrations  was  derived  from 
experimental  and  analytii-al  studies  of  free  bellows  and  flex  hose, 
and  resulted  in  the  development,  of  an  .acceptable  analytical 
model  of  bellows  flow-induced  vibrations.  However,  the  work  is 
not  complete  in  llnit  (a)  the  results  are  not  adequate  for  gas 
flows  where  acoustical  resonances  have  a significant  influence  and 
(b)  where  cryogenic  liquids  are  the  flow  media,  so  that  heat 
transfer  and  'or  external  damping  play  an  important  role. 

The  importance  of  cryogenic  flow  effects  was  discovered  from 
investigiitinns  into  the  cause  of  a flex  hose  failure  (J-2  engine, 
ASI  fuel  line)  on  S.atiirn  flight  AS-.'i02;  this  is  retiorted  by  Daniels 
mid  Fargo  in  reference  l.’l].  Their  results  raised  ({uestions  about 
the  relative  importance  of  heat  transfer  and  external  damping 
caused  by  liquid  condensation  on  the  liellows  flow  excitation 
process. 

With  cryogenic  liquids,  heat  transfer  effects  as  well  as  other 
influei'ces  must  be  con.sidered  so  tliat  an  understanding  of  the 
flow-induced  vibrations  in  flexible  metal  bellows  cun  be  obtained. 
The  con.sequences  of  heat  transfer  in  the  <-ase  of  cryogenic  flow 
in  bellows  are  of  particular  interest,  since  large  temperature  dif-- 
ferences  exi.st  between  the  flowing  liquid  and  the  bellows  en- 
vironment which  cun  lend  to  a phase  change  near  the  inside 
bellows  wall  creating  a change  in  the  bellows  flow  re.sponse.  In 
addition  to  vapor  effects,  frost  buildup  or  liquid  condensation  on 
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Fig*  I Cryogsnie  flow  loop  with  insulation 


the  outside  bellows  siirfiire  will  iifTeet  the  heatiiit!;  rate  and  add 
dampint;  to  the  bellows  stnietiire,  iiifliieneiiig  its  operat- 
ing eharaeteristies.  Also,  the  change  in  the  bellows  structural 
characteristics  at.extreinely^low  temperatures,  in  contrast  to 
conditions  tested  in  air  and  water  at  near  rmbient  conditions, 
must  be  considered. 

The  remainder  of  this  paper  is  devoled  to  a discussion  summa- 
rising the  residts  of  an  investigation  into  the  factors  that  alter  the 
■vibration  characteristics  of  bellows  flowing  a cryogenic  liquid. 
Details  of  this  work  are  given  in  reference  [41. 

% 

Experimental  Program 

Experimental  Facility  and  Initrumentiition.  A special  cryogenic  flow 
loop  shown  in  Fig.  1 was  designed  and  fabricated  for  the  puriioses 
of  this  study.  All  bellows  installed  in  the  cryogenic  flow  loop 
were  instrumented  to  monitor  1 the  upstream  fluid  tempera- 
ture, 2 the  downstream  fluid  temperature,  2 the  bcllo\vs  metal 
or  skin  temperature,  and  4 the  surrounding  temperature  of  the 
environment  in  which  the  bellows  were  placed. 

Bellows  static  pre.ssurc  and  pre.ssure  drop  were  also  recorded 
during  the  tests.  Dynamic  strain  was  monitored  through  the 
use  of  constantan  foil  gagas,  calibrated  for  low-temperature  con- 
ditions and  mounted  on  the  flist  convolution  tip  of  each  bellows. 

Experimentai  Raiulls.  The  cryogenic  flow  loop  was  utili:!cd  to 
study  bellows  flow  excitation  for  a number  of  fluid  and  surround- 
ing conditions.  To  obtain  a comparison  of  bellows  response  with 


Tabla  1 Test  bellows'— dimansional  dalu  (in  in.) 

BpUowti  # I ' ^ Boliowa  ^<S 

I.D.  3|.49  ha.3U  I.D.  al.49  he.36 

O.  O.  « 2.  22  \ . 345  O.  O.  e 2. 22  \ . 187 

Dm  » 1.85  as,  125  Dm  a 1. 85  a » . 125 

N “ 7 * s .013  N “ 7 t » .013 

N ol  LL«2.75  N®  a I LL*  1.5 

P P 

nrllowM  If  1 Bellows  # 4 

t.  D.  al.-ib  hs.27  1,0.  el.  46  h«.25 

O.  D.  =2.02  ^e.22  O.  O.  s2.02  Xe.2B2 

Dins  1.74  os.  144  Dm  » 1.74  a e . 144 

N - 8 e e .013  Nee  t » .013 

e I LLel,52  N®  a 1 i.Lel.95 

p p 

Ballnwa  9 5 Bellows  9 6 

t.l>.  el.46  he.  28  1.0.  el.  49  h « . 345 

O.D.  =2.02  \e,iS6  O.  O.  e2.22  \e.250 

Dm  a 1.74  ae,i25  0ms.  1,85  a s . 125 

N a 8 t a .013  N a 7 t a .013 

M®  a 1 LL  a 1.25  N®  e I LL  a2.0 

P P 


ID  e internal  diameter 

OD  e outside  diameter 

Dm  a , mean  diameter 

N a number  of  convoiutes 

N®  a number  of  plys 

e convolute  height 

K a convolute  pitch 

a s convolute  tip  width  (into  rnal) 

t a ply  thickness 

Lit  a live  length 

li(|uid  nitrogen  (LN.)  versus  water,  te.sts  were  conducted 
with  identical  bellows  using  both  mediums,  and  with  heat  transfer 
effects  maintained  at  a rninimiim.  Heat  transfer  effects  with 
LN»  were  then  studied  by  controlling  the  bellows  environmental 
conditions  (temperature,  frost  buildup,  and  convection  rate),  and 
recording  the  .strain  levels  at  different  flow  r.atas  and  pre.s.siires. 
Six  different  test  bellows  were  utilized,  and  dimensional  data  for 
thase  bellows  are  given  in  Table  1. 

Testing  of  bellows  with  liquid  nitrogen  revealed  that  the 
bellows  vibrational  amplitudes  were  dependent  on  the  bellows 
operating  static  pre.ssure.  In  order  to  induce  vibrations  of  the 
lower  modes,  the  bellows  pressure  had  to  be  increased  such  that 
the  state  of  the  fluid  in  the  bellows  was  adjusted  into  the  liquid 
phase  aw.ay  from  the  liquid-vapor  line. 

The  effect  of  increasing  the  bellows  static  pressure  can  be  seen 
in  Fig.  2.  The  maximum  strain  level  was  recorded  versus  the 
bellows  prassure  at  various  values  of  the  tank  .sj-stem  vapor  pres- 
sure (Pr).  In  all  c.ase.s,  it  can  be  seen  that  the  .strain  increased 
with  increasing  hollows  pras.surc  (Pg)  up  to  a maximum 
where  it  leveled  j)ff  and  became  invariant  with  further  increases 
in  bellows  pressure. ' The  rastdts  in  Fig.  2 were  typical  of  all 
bellows  te.sted  with  liquid  nitrogcti. 

A direct  cnniparistm  of  flow-induced  vibritUnn  phenomena  be- 
tween LNj  and  water,  in  wiiich  iieat  transfer  effects  were  mini- 
mized, was  obtiiincd  for  identical  test  bellows.  The  resultant 
tliitii,  therefore,  reflect  basically  .'uiy  possible  difference  in  the 
vibrations  because  of  differences  in  the  two  flow  tnediti  or  be- 


>Noni8nclature<« 


Cy  = vortex  force  <'oeflicicnl 
/ = bellows  vibriition.-il  frequency 
Aj  = inside  convection  coefficient 
ho  = outside  convection  coefficient 
Kf  = thermal  eonditctjvity  of  fro.sl 
K„  = thermal  conductivity  of  wall 
I = bellows  length  for  heat  trans- 
fer model 

Pb  — bellows  pre.ssure  ■ 

Pb  muK  = bellows  pre.ssure  at  nuiximiim 
stvaiti 


= bellows  pre.s.sure  at  zero  strain 
P„  = vapor  pre.ssure 
Pr  = tank  vapor  pre.ssure 
Pi  — stream  dyntitnic  pre.ssure 
Q = dymimleamplifiratioii  factor,  a 
measure  of  damping 
q = heat  transfer 
r„  = mean  bellows  radius 
It  = resistance  t(j  heat  tran.sfer 
(/  = frost  thicknc.ss 
/„  = wall  thickness 
Tft  = otitside  frost  temperature 


T,  = stream  temperature 
T„  = widl  temperature 
V,  = flow  velocity 
p,  = condensate  fluid  density 
Pf  = internal  fluid  density 
tr„  = cavitation  niimbor  at  maximum 
strain 

ffo  = cavitation  number  lit  zero 
strain 

e = empirical  con.stnnt  (e  = 0.2.')) 

5 = space  between  convolute  tips 
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Fig.  2 Pressure  sensilivily  of  flow  excited  bellow  (#4)  wilh  LNi  flow 


Fig.  3 Comparison  of  flowindueed  vibration  with  water  and  LNri 
bellows  #6 


cause  of  bellows  material  property  chauKes  with  temperature. 
Each  bellows  was  tested  with  conditions  sufficient  to  ensure  maxi- 
mum vibriition  strain  and  typical  flow-induced  vibration  test  re- 
sults for  the  first  longitudinal  mode,  with  both  water  and  LNz 
flows,  are  given  in  Fig.  3.  The  data  presented  in  Fig.  3 show  good 
agreement  of  the  peak  flow-induced  strain  levels  for  the  two  test 
liquids.  In  each  case,  the  maximum  strain  is  greater  for  water 
flow  than  for  the  LNj  flow.  This  is  to  be  expected  since  LNj 
is  less  dense  than  the  water;  hence,  the  o.xcitation  force,  which  is 
proportional  to  VsP/F,*,  is  reduced.  Comparing  the  results  for 
all  bellows  geometries  tested,  the  agreement  is  sufficiently  good 
to  conclude  that  there  are  no  major  discrepancies  between  flow 
induced  vibration  results  for  water  and  LNz,  if  no  cavitation  sup- 
pression occurs  and  no  external  damping  media  are  allowed  to  form. 

Quantitative  information  on  the  eilects  of  heat  addition  during 
operation  of  flow-a\cited  bellow.s  was  obtained  by  passing  hot  air 
over  the  bellows  convolutes  and  recording  bellows  strain  versus 
heating  rate.  With  the  bellows  operating  at  a velocity  which  pro- 
duced maximum  excitation  of  the  first  mode,  the  he.iting  rate  was 
increased  wilh  time,  and  the  resulting  strain  amplitude  was  re- 
corded. I’csults  shown  in  Fig.  4 indicate  that  increasing  the 
heating  rate  produced  a corresponding  decrease  in  strain  until  the 
vibration  was  completely  suppressed.  The  results  in  Fig.  4 for 
large  transient  heating  rates  are  not  typical  of  bellows  environ- 


Fig.  S Eifecis  of  heal  transfer  on  bellows  pressure  al  xero  and  maximum 
strain 


mental  conditions,  since  bellows  usually  operate  under  conditions 
of  approximately  steady-state  heat  transfer,  but  do  indicate  the 
possible  effects  from  heat  transfer. 

Additional  tests  were  conducted  to  determine  the  bellows 
strain  re.sponse  with  constant  heat  input.  Three  conditions  of 
heating  were  utilized  by  producing  three  levels  of  environmental 
temperature  (To).  For  each  environmental  temperature,  the 
bellows  were  operated  at  flow  velocities  corresponding  to  peak 
excitation  of  the  first  vibrational  mode,  and  strain  data  were  ob- 
tained over  a range  of  operating  pressures.  No  frost  or  conden- 
sation was  allowed  to  build  up  on  the  bellows  external  surface. 
The  strain  re.sponse  versus  operating  pre.ssure  shown  in  Fig.  5 
indicated  that  there  is  some  minimum  pressure  at  which  the 
bellows  vibrated  and  produced  maximum  flow-induced  strain. 
This  pressure  is  indicated  as  PBmax  in  Fig.  and  is,  then,  the 
lowest  operating  pressure  at  which  maximum  strain  occurs.  As 
the  pressure  is  decreased  below  Powm  the  strain  amplitude  de- 
creases rapidly  until  zero  strain  is  recorded  at  Pemia,  the  highest 
operating  pressure  for  no  flow-induced  vibration.  Below 
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Psmioi  no  condition  of  flow  excitation  is  observed.  These  results 
indicate  that  under  conditions  of  constant  heat  transfer  there  is  a 
minimum  operating  pressure  which  allows  flow  excitation  to 
occur  and  produce  vibrational  strains  in  the  bellows  structure. 
The  results  in  Fig.  5 also  show  that  as  additional  heat  is  added  to 
the  bellows,  i.e.,  increasing  To,  the  values  of  Pflm.i  and  Pemia  are 
also  increased. 

The  bellows  flow  velocities  required  to  produce  peak  flow-in- 
duced strain  remained  unchanged  with  the  different  heat  transfer 
rates  used  in  this  study.  An  inve.stigation  of  the  theoretical 
bellows  frequency  change  with  large  structural  temperature 
changes  supported  the  experimental  results,  showing  that  no  fre- 
quency shift  occurred  with  different  levels  of  bellows  temperature 
since  insignificant  changes  in  Young’s  modulus  and  the  elemental 
model  mass  occurred. 


Analifsis 

Keal  Transfer.  The  experimental  results  presented  in  the  pre- 
ceding section  indicate  that  heat  transfer  to  a flowing  cryogen 
through  a bellow.s  wall  can  change  the  flow-induced  response  of  the 
bellows.  In  order  to  gain  a better  undenstanding  of  the  heat 
transfer  effects,  and  to  obtain  a method  for  predicting  the  operat- 
ing conditions  at  which  the  bellows  response  ehar{icteri.stic.s  are 
altered,  a heat  transfer  model  wits  developed  to  predict  tempera- 
ture distributions  across  the  bellows  between  the  environment  and 
the  flowing  medium.  A knowledge  of  this  distribution,  com- 
bined with  a defining  cavitation  number,  allowed  the  operating 
pre.ssures  at  the  initial  points  of  maximum  and  minimum  dynamic 
strain  to  be  correlated  and  predicted.  The  effect  of  frost  forma- 
tion of  the.se  pressures  was  also  obtained,  and  a limiting  frost 
thickness  was  determined  for  different  environmental  conditions. 

The  bellows  geometry,  for  purposes  of  setting  up  the  heat  trans- 
fer model,  was  assumed  to  be  a thin-walled  cylinder  of  radius,  r„, 
equal  to  the  mean  radius  of  the  bellows  and  of  length,  /,  corre- 
.sponding  to  the  actual  expanded  length  along  the  convoluted 
surfaqe. 

The  heat  transfer  was  lussumed  to  be  one-dimen.sional,  steady- 
state  conduction  and  convection  in  the  radial  direction  of  the 
thin-walled  cj’linder,  with  no  conduction  along  its  length. 

The  heat  transferred  between  the  bellows  environment,  at 
temperature  To,  and  the  flowing  liquid  at  is  given  by 


? = 


To  - T. 


R 


(2) 


where 


= fli  -I-  -f-  ff3  -t-  R4  (3) 

is  the  total  resistance  to  heat  transfer.  The  resistances  are  (Ri) 
the  convection  resistance  between  the  environment  and  the  out- 
side surface  (frost  or  wall),  (A*,)  the  conduction  resistance  of  the 
frost  at  thickne.ss  atid  having  a thermal  conductivity  AT/,  (A’j) 
the  conduction  resistance  of  the  wall  at  thickness  t„  with 
thermal  conductivity  A'„,  and  (A’<)  is  the  convection  resistance 
bet  we<‘u  the  inside  wall  and  the  free  stream. 

In  order  to  obtain  heating  rates  and  temperatures,  a knowledge 
of  the  iiKsidc  and  outside  convection  coefficients,  /(,•  and  ho,  are 
rc<iuircd  as  well  as  the  bellows  geometry,  and  thermal  conduc- 
tivity, A'„,  and  the  frost  conditions,  tf  and  Kf.  One  of  the  most 
diflicult  parameters  to  estimate  is  the  inside  heat  transfer  coef- 
licient,  A,-,  which  depends  on  the  state  of  the  cryogenic  fluid  in  tlie 
convolutes.  The  experimental  heat  transfer  results  for  I.Na  show 
that  wall  temperatures  remain  within  1 to  .Ideg  Fof  the  cryogenic 
liquid  saturation  temperature  for  heat  transfer  rates  typical  of 
those  to  be  e.xpected  in  actual  situations.  Therefore,  forced  con- 
vection heat  tratisfer  with  minimum  boiling  was  used  to  repre.sent 
the  heat  transfer  between  the  inside  bellows  wall  and  the  flowing 
cryogen,  and  the  work  of  Nunner  (reference  [o])  was  tised  to 
estimate  A,-.  Iteference  [.ll  is  considered  ideal  for  estimating  A,- 
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since  results  are  shown  to  fit  experimental  data  taken  on  pipes 
artificially  roughened  by  attaching  various  sizes  of  rings  to  the 
inside  surface.  The  rings  are  directly  analogous  to  the  convoluted 
section  of  a beUows.  If  excessive  rates  of  heat  transfer  result  in 
large-scale  nucleate  or  film  boiling,  then  other  methods  of  estimat- 
ing must  be  used. 

The  outside  convection  coefficient,  ho,  can  be  determined  from 
corrdations  for  the  forced  flow  of  air  over  cylinders  or  from  the 
literature  when  natural  convection  or  condensation  is  considered. 

Prauure  at  Peak  and  Zero  Strain.  The  bellows  inside  wall  tem- 
perature!. determined  by 

= T.  + qRt  (4) 

Knowing  T„t,  an  estimate  of  the  bellows  operating  pressure  at 
peak  anr’t  zero  strain  can  be  obtained  from  a set  of  cavitation 
numbers  defined  os 

_ Pbvux  — P,  ® Tqj  (Cavitation  number  at  peak 
~ Pj  strain) 

Pamin  — Py.®  T„(  (Cavitation  number  at  zero 
~ strain) 

where  P„  at  is  th  j vapor  pre.^sure  corresponding  to  tlie  inside 
wall  temperature,  and  P^  is  the  stream  dynamic  pre.s.siire.  The 
cavitation  numbers  at  peak  and  zero  strain,  together  with  the 
inside  wall  temperature,  flow  velocity,  and  density,  allow  Pjima 
and  Ffimin  to  be  calculated. 

A knowledge  of  the  cavitation  number  is  required  so  tliat  an 
estimate  of  the  operating  pre.ssures  at  peak  and  zero  strain  may 
be  made.  The  experimental  Pnmox  and  Pemia  data  together  with 
the  heat  transfer  model  (whicli  yields  P„  at  T„i)  allow  o-„  and  ffo 
to  be  determined. 

Vapor  pressures  corresponding  to  calculated  from  the 
model,  and  combined  with  e.xperimental  values  of  Pamox  and 
Pamin,  were  used  to  determine  ffo  and  tr„,  from  equations  (b)  and 
(6).  The  results  are  presented  in  Fig.  6.  The.se  cavitation 
numbers  are  rea.sonable  when  considering  that  initial 
cavitation  usually  occurs  between  zero  and  one.  The  results  in- 
dicate that  when  operating  conditions  are  such  that  tiie  cavitation 
number  nears  ff„  initial  cavitatioti  begins  and  vibrations  are 
damped,  and,  when  ffo  is  approached,  vilirutional  amplitudes 
are  completely  suppressed. 

The  cavitation  numbers,  together  with  the  lieat  transfer  analy- 
sis, have  been  used  to  predict  Pamax  and  Pamia  under  more  general 
conditions  than  those  tested.  Tlie  results  shown  in  Figs.  7 and  8 
indicate  that  the  largest  resistance  to  heat  transfer  from  the 
environment  to  the  fluid  flowing  in  a bellows  occurs  from  the 
outside  convection  characteristics,  Ao,  and  from  the  insulating 
effect  from  the  frost.  The  thin  bellows  wall  oilers  little  resistance 
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Fig.  7 Bellows  pressure  at  zero  and  maximum  strain  with  no  frost  on 
wall 


Fig.  S Bellows  pressure  at  zero  and  maximum  strain  with  frost  Built-up 


to  heat  flow,  miii  Uu>  iii.side  couvccliou  i'(.>.si!«liiiicu  is  .siimll  bciaiiiso 
of  the  forced  flow  over  (lie  rotit;h  eouvoliiled  surfiiee. 

Tile  results  of  this  iiiiiilysis  fur  no  frost  fornmtiuii  arc  presented 
in  Fig.  7 for  a bellows  flowing  LN.  at  a velocity  eorrespotiding  to 
the  first  mode  frequency,  and  with  no  frost  formation  on  the 
bellows  e.xtei’ior  surface.  The  results  indicate  that  promoting 
heat  transfer,  by  increasing  7 o or  /lo,  will  result  in  a corresponding 
increase  in  the  bellows  pressure  to  insure  vibrational  straii..,. 

The  effects  of  frost  formation  are  presented  in  Fig.  S for  the 
.same  flow  conditions  as  for  the  no-frost  case.  In  this  case,  en- 
vironmental temperature  is  held  constant  at  M)  deg  F,  and  the 
effects  of  frost  thickness  with  varying  outside  convection  con- 
ditions are  presentisi.  The  limiting  frost  thickness  is  determined 
by  examining  the  frost  temperature  at  the  outside  .surface  as 
given  by 

7/a  = + gR,.  (7) 

When  the  frost  tliickne.ss  has  increased  to  a point  where  the 
temperature  drop  across  the  frost  is  such  that  7’/o  = deg  F, 
then  no  additional  frost  buildup  will  occur.  The  limiting  thick- 
ne.ss  will  depend  on  the  total  heat  transfer,  g,  as  determined  from 
the  environmuntal  and  stream  conditions.  This  maximum 
thickness  is  shown  in  Fig.  S.  The  results  indicate  that;  1 for 
a given  convection  coefficient,  ht,  frost  buildup  signiffcaiitly  in- 
sulates the  bellows,  reducing  Pemia  and  Pjjmnx  and  2 increasing 
A)  at  a given  frost  tiiicknc.ss  results  in  an  increase  in  Pamux  and 
Psala* 

All  results  pre.sented  in  this  paper  are  for  velocities  correspond- 
ing to  the  first  vibrational  mode.  No  data  have  been  taken  at 
higher  mode  frequencies  to  confirm  the  accuracy  of  this  analysis. 
In  general,  the  analysis  should  be  adequate  to  yield  an  accurate 
estimate  of  operating  pre.ssures,  to  insure  that  cavitation  does  not 
occur  under  a given  environmental  situation.  ' 

In  the  ca.se  of  condensation  on  the  bellows  exterior,  the  heat 
transfer  may  be  increased  over  that  for  typical  forced  convection 
rates  alone.  This  results  from  an  increase  in  the  outside  heat 
transfer  coefficient,  //o,  due  to  the  condensation  process.  While 
the  re.siilts  presented  in  Figs.  7 and  8 represent  heat  transferrates 
for  both  natural  and  ioiced  convection,  the  present  analysis  is 
also  valid  for  condensation  if  the  outside  convection  coefficient  is 
determined  apiiropnately.  In  this  case,  no  frosting  will  occur 
and  large  opetational  static  pressures  will  be  required  to  insure 
maximum  strain  levels.  However,  when  the  liquified  gases  are 
allowed  to  collect  on  the  outside  of  the  convolute.s,  external  damp- 
ing can  create  a significant  reduction  in  vibrational  response  even 
when  the  flow  in  the  bellows  is  .supercritical  and  no  cavitation  can 
occur. 

Extarnal  Bsmping.  The  prior  discu.ssions  have  been  devoted 
primarily  to  one  mechanism,  heat  transfer,  which  can  suppress 
bellows  flow  excital  ion  where  cryogenic  liquids  are  the  flow  media. 
Another  passible  suppres.sion  mechanism  where  cryogens  are  the 
flow  media  is  the  extra  damping  introduced  by  the  external 
buildup  of  some  cunibinatiou  of  ice,  frost,  or  condensed  air. 

Frost  buildup  alone  on  a bellows  with  an  internal  cryogen  flow 
has  a minor  to  negligible  effect  on  the  amplitude  of  flow-induced 
vibrations.  Several  exiieriments  were  condm-ted  to  determine  if 
the  vibration  was  suppre.ssed  by  fro.st  fornmtion,  and,  in  all  cases 
where  frost  afoiir  was  present,  no  truly  significant  reduction  was 
noted  even  for  heavy  frost  buildups.  Tlierefore  the  frost  buildup 
offers  negligible  resistance  to  convolute  motion  but  does  add 
thermal  insulation. 

External  ice  buildup  with  internal  cryogen  flow  may  or  may  not 
cause  suppression  of  the  flow-induced  vibrations.  If  the  ice 
buildup  is  of  sufficient  magnitude  so  that  the  .spaces  between  the 
convolutes  are  largely  filled  with  ice,  then  no  vibrations  will 
occur.  When  thinner  ice  coatings  are  present,  low  energy  vibra- 
tions are  completely  .suppressed,  but  high  energy  level  vibrations 
cause  the  ice  coating  to  craeJe  and  fall  off  .so  that  the  original  or 
undamped  (external  damping)  vibration  amplitude  is  re.stored. 
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Bellows  danipiiit;,  bormise  of  the  presence  of  itn  external  liqiiidi 
van  be  quite  significant,  and  Riivh  a comiition  generally  occurs 
when  air  condenses  on  the  bellows  exterior.  Experiments  were 
conducted  under  simulated  conditions  employing  external  water 
damping  on  bellows  flowing  water  and  air.  In  addition,  an 
analysis  was  perfornied  to  develop  a mathematical  model  for  this 
type  of  damping. 

Vibratory  motion  of  the  convolutes  canses  the  external  liquid 
to  be  periodically  forced  in  and  out  of  the  spiice  between  the  con- 
volutes,  and  the  external  period  fluid  mufion  produces  a damping 
force  on  the  vibrating  convolutes.  This  force,  because  of  tho 
turbulent  dissipation  mechanism,  is  proportional  to  the  convolute 
relative  velocity  to  the  second  power.  Based  on  this  hypothesis, 
a model  was  developed  for  the  convolute  vibrations  for  a case 
where  external  damping  alone  is  present  (no  conventional  damp- 
ing). The  results  have  been  formidatcd  in  terms  of  a Stre.ss  In- 
dicator equation,  to  be  compatible  with  earlier  rcsidts.  Since 
some  conventional  damping  is  always  present,  the  Stress  Indica- 
tor, SI,  for  external  damping  only,  does  not  indicate  the  true 
bellows  flow-induced  stre.ss  level,  bat  only  the  external  damping 
limited  part.  The  true  or  correct  Stress  Indicator  is  a conibina- 
tion  of  the  conventional  value  (equation  (D)  and  the  external 
damping  value  (SI,)  and  is  given  by  the  expression 

SI.=  (8) 

si'^'sr. 

where 

SI  = Stress  Indicator  for  Conventional  Damping  (equation 

(D) 

and 

The  use  of  equation  (S)  allows  an  accurate  estimate  of  the  redin^ed 
bellows  vibration  response  when  an  internal  cryogen  flow  creates 
condensation  on  the  bellows  c.xterior. 

Summary  and  Conclusions 

Results  of  the  present  investi^tiun  of  bellows  flow-induced 
vibrations  where  a cryogen  is  the  flow  media  liave  tlemonstrated 


that  the  plieitumeiia  are  predicfalile  by  tlie  method  presented  in 
reference  [II,  except  for  two  important  limiting  cases.  First, 
if  boiling  and/or  cavitation  occurs  in  the  bellows,  vibrations  will 
be  suppressed.  Second,  the  presence  of  an  external  buildup  of 
ice  or  condensing  liquid  can  also  suppress  the  vibrations.  The 
data  in  reference  [1[  provide  an  upper-limit  prediction  of  vibra- 
tion amplitudes,  and  the  phenomena  dcscriiied  herein  are  vibra- 
tion, suppression  mechanisms. 

From  the  standpoint  of  a de.slgner  or  test  engineer,  it  is  impor- 
tant tliat  tliese  pos.sibIe  suppression  mechanisms  be  recngiuEed  so 
that  the  worst-c.Tse  condition  i.s  examined  in  any  design  or  test 
activity.  The  case  history  reported  in  reference  [3]  is  dramatic 
evidence  of  the  importance  of  recognising  these  snpprc.ssion 
mechanisms. 

The  results  and  eoiuinsions  reported  lierein  are  based  on  a 
large  volume  of  experimental  data  and  observations  obtained  in 
tile  present  test  program.  However,  testing  did  not  include 
cnndetisation  heat  transfer  nr  supereriticai  flow  conditions.  While 
the  present  test  data  provide  valuable  information  in  an  area 
where  data  arc  limited,  additional  etlort  is  needed  to  more  fully 
understand  ail  aspects  of  bellows  flow  response  with  both  stib- 
and  supercritical  internal  (Tyogcnic  flows  undergoing  dilVerent 
forms  of  heating  and  dumping.  Present  re.siilts  which  relate 
bellows  flow  response  to  heat  transfer  rales,  e.xternal  liquid  damp- 
ing and  tile  internal  cryogenic  state  properties  should  prove 
valid,  regardless  of  tiie  mechanism  respon.sibie  for  heat  flow. 
Additional  experimental  data  should  substantiate  this  conclusion. 
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SUMARY 

An  analysis  was  made  of  the  dynamic  response  and  fluid  excitation  required  to 
characterize  flex  hose  fatigue  failures  associated  with  single  convolution  modes 
of  flow  induced  vibrations* 

The  essential  dynamic  consideration  presented  is  that  the  response  characteristics 
for  the  single  convolution  nodes  are  the  result  of  coupling  bet^v'ee'n  the  structural 
dynamics  of  the  convolutions  and  the  dynamics  of  the  fluid  within  the  convolutions. 

The  excitation  due  to  fluid  flow  vathin  the  flex  line  is  described  as  being  capable 
of  exciting  a band  of  response  frequencies  where  the  bovmdaries  of  the  excitation 
frequencies  are  proportional  to  velocity.  The  lower  frequency  excitations  are 
generally  associated  with  vortex  shedding  within  the  turbulent  bo\indary  layer.  The 
higher  frequency,  and  potentially  much  stronger  excitation,  is  associated  with  a 
convection  frequency  in  the  turbulent  boundary  layer.  The  convection  frequency  is 
defined  as  the  characteristic  frequency  associated  with  the  fluid  velocity  flowing 
past  equally  spaced  wall  irregularities,  (the  convolutions). 

If  a resonance  can  potentially  exist,  a discussion  is  presented  on  a technique  of 
estimating  the  energy  levels  associated  with  the  resonance;  the  energy  available 
can  then  be  translated  to  a stress  level  in  the  part,  V/hen  the  expected  stress 
level  is  knotm,  a quantitative  evaluation  can  then  be  made  to  determine  if  the 
stress  level  exceeds  the  alternating  stress  the  part  is  capable  of  withstanding 
without  experiencing  high  cycle  fatigue  failure, 

IMTRODUCTION 

The  t;v'o  flex  line  failirres  that  occurred  on  the  Apollo/Satum  502  flight  led  to  an 
extensive  program  of  testing  and  analysis.  The  testing  and  analytical  program  was 
initiated  in  an  attempt  to  understand  why  the  particular  flex  line  in  question 
vrould  experience  repeated  failure  in  flight  after  having  accumulated  an  extensive 
history  of  successful  ground  level  operation.  The  only  obvious  difference  betvreen 
ground  level  and  flight  operation  was  the  ambient  pressure;  the  14  psi  difference 
did  not  seem  to  be  a reasonable  explanation  for  the  cause  of  failure  in  a metal 
flex  line  with  approximately  1100  psi  internal  operating  pressure. 

In  support  of  the  total  failure  evaluation  effort,  a program  of  experimental  test- 
ing and  ^alysis  was  initiated.  The  objectives  of  the  program  were;  (l)  to  gain 
an  understanding  of  the  flex  line  failure  mode,  (2)  to  provide  insight  necessary  to 
interpret  the  test  data  obtained  from  flow  testir^g,  and  (j)  to  deteraine  if  all 
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flex  lines  needed  to  be  flow  tested  to  prove  their  reliability, 

DSFINITION  OF-  THE  SYSTEM 

The  flex  lines  that  failed  on  the  Apollo/Satum  502  flight  were  nominal  0,5  inch 
internal  diameter  convoluted  bellows  innercore  with  an  external  restraint  of  braided 
wire  as  shown  in  Figure  1,  The  fluid  flowing  through  the  flex  line  was  hydrogen  at 
approximately  50  degrees  R,(~410  degrees  F.)  and  a nominal  pressure  of  1100  psia. 

Initial  component  tests  (following  the  flight  failure)  were  at  first  unable  to  fail 
the  flex  line  at  flowrates  thought  to  represent  reasonable  flight  limits.  These 
tests  were  performed  with  ground  level  air  as  the  flex  line  environment.  The  inability 
to  produce  a flex  line  failure  mode  in  ground  level  testing  led  to  the  speculation 
that  the  only  reasonable  difference,  the  air  environment,  was  affording  some  means  of 
"protecting”  the  flex  line. 

Tests  were  then  made  with  the  flex  line  sealed  in  a vacuum  chamber,  (typical  external 
pressures  were  equivalent  to  less  than  50  microns  of  mercury).  V/hen  tested  in  a 
vacuum  environment,  the  flex  line  would  repeatedly  fail  at  flowrates  within  the 
expected  operating  range.  Accelerometers  mounted  on  the  ends  of  the  flex  line  indicated 
high  amplitude  vibration  would  develop  over  discrete  ranges  of  floOTate.  The  frequency 
of  vibration  was  typically  at  approximately  20,000  Ez;  20KHz  is  a frequency  typical 
of  the  nth  accordian  modes  of  the  bellows  or  one  of  the  single  convolution  modes  of 
the  bellows.  The  single  convolution  modes  of  bellows  motion  would  seem  reasonable  for 
braided  hoses  because  of  the  severe  mechanical  interference  that  exists  between  the 
braid  and  convolution  crown.  The  mechanical  interference  would  put  extremely  high 
damping  on  any  modes  of  vibration  that  required  motion  of  the  crown. 

Since  the  motion  of  concern  was  assumed  to  involve  the  single  convolution  modes,  the 
flex  hose  could  be  analyzed  by  considering  only  a portion  of  the  total  flex  line.  As 
a practical  compromise,  a system  as  illustrated  on  Kgure  2 was  analyzed;  this  system 
must  not  only  include  the  effects  of  the  structural  dynamics,  but  must  also  be  capable 
of  evaluating  the  dynamics  of  the  fluid  that  is  associated  with  the  structure.  The 
total  resnonse  characteristics  of  the  system  were  evaluated  by  analytically  analyzing 
the  combined  system  response  of  the  component  elements.  The  primary  components 
considered  were  the  structure  and  the  fluid  within  the  structure.  The  excitation 
characteristics  of  the  fluid  were  determined  by  evaluating  experimental  and  test  data; 
the  data  were  obtained  from  flow^  testing  of  actual  flex  lines  and  from  water  table 
testing  of  2-dimensional  models.  The  dual  role  played  by  the  fluid  in  effecting  both 
the  response  and  the  excitation  is  important  to  keep  in  mind  as  the  individual  elements 
of  the  system  are  discussed. 

System  Dynamic  Resuonse 

The  convolution  structural  dynamics  are  associated  with  the  mechanical  vibration  of 
the  convolutions  that  make  up  the  flex  line.  For  a braided  flex  line,  the  mechanical 
interference  between  the  convolution  crowns  and  the  braid  results  in  restricting  the 
relative  motion  of  the  crowns,  With  the  convolution  crown  motion  restricted,  the 
fundamental  vibration  characteristics  of  the  hellovra  can  be  adequately  approximated 
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by  the  vibration  characteristics  of  a single  convolution  or  a differential  equation 
as  illustrated  in  Pig.  3* 

The  forcing  function  to  the  mechanical  motion  results  from  convolution  root  drag  (as 
a result  of  the  boundary  layer  disturbance),  and  any  pressure  oscillation  that  may 
exist  in  the  convolution  cavity  (Pig.  3).  ’ 

The  points  to  keep  in  mind  concerning  the  mechanical  vibration  are  that: 

1.  The  structural  dynamics  can  be  characterized  by  an  equivalent 
mechanical  spring-mass  system,  and  thus  have  a resonant  frequency, 
and 

2.  That  the  mechanical  motion  can  be  influenced  by  the  fluid  trapped 
in  the  convolution  spaces. 

The  convolution  fluid  d-'/naaics  are  associated  with  flow  in  and  out  of  the  space  between 
the  bellovrs  convolutions  as  vrell  as  pressure  oscillations  within  the  convolution.  Por 
the  high  frequency  fluid  dynamics  of  interest,  the  effective  compressibility  in  the 
cavity  is  important.  The  effective  compressibility  of  the  cavity  results  from  a com- 
bination of  the  fluid  compressibility  and  the  elasticity  of  the  cavity  walls.  The 
effective  mass  of  the  fluid  is  characterized  by  the  inertance  of  the  fluid- flow  as 
the  fluid  is  accelerated  in  and  out  of  the  convolution  cavity,  Vfnen  the  walls  of  the 
cavity  are  fixed,  the  fluid  dynamics  are  characterized  by  the  classical  Helmholtz 
resonant  cavity.  The  expressions  relating  fluid  flow,  pressure,  compressibility, 
and  mass  are  presented  in  Pig.  4»  V<hen  the  walls  of  the  cavity  are  allowed  to  move, 
the  influence  of  the  rate  of  change  in  cavity  volume  can  be  expressed  by  including 
wall  motion  in  the  expression  that  relates  a change  in  cavity  pressure  to  flowrate 
into  and  out  of  the  cavity  (see  the  first  equation  in  Pig,  4). 

The  points  to  keep  in  mind  concerning  the  convolution  fluid  dynamics  are  that: 

1,  The  fluid  can  be  characterized  by  an  equivalent  spring  mass  system 
and  thus  has  a resonant  frequency. 

d 

2.  Thst  the  fluid  dynamic  behavior  can  be  influenced  by  motion  of  the 
structural  system. 

How  after  some  discussion  of  the  fluid  and  structural  elements,  the  combined  fluid- 
structural  system  can  be  examined. 

The  dynamic  system,  made  up  of  a combination  of  the  convolution  structural  dynamics 
and  the  convolution  fluid  dynamics,  can  be  represented  by  an  equivalent  spring  mass 
analogy.  The  analogy,  as  presented  in  Pig,  5,  illustrates  how  the  fluid  spring-mass 
elements  are  related  to  the  structural  spring-mass  system.  The  resulting  tifo-degree 
of  freedom  fluid-structural  system  indicates  how  the  response  of  the  total  system  can 
be  influenced  by  elements  of  the  system  or  by  changes  in  these ^elements,  A character- 
istic of  a two-degree  of  freedom  system,  as  illustrated,  is  that  the  observed  system 
resonant  frequencies  are  not  the  same  as  the  frequencies  characteristic  of  the 
resonant  systems  analyzed  individually. 

The  fluid-structural  response  frequencies  associated  ;nth  the  combined  system  are  the 
resonant  frequencies  of  concern  with  respect  to  a fluid  flow  excitation.  Once  the 
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resonant  response  frequencies  have  been  computed,  the  next  step  is  to  compute  the 
excitation  frequencies  expected. 

System  Excitation 

The  excitation  frequencies  are  a result  of  boundary  layer  disturbance.  The  tjrpe  of 
boundary  layer  disturbance  is  not  fully  understood,  but  present  evidence  indicates 
thf.t  at  least  U'o  types  of  boundary  layer  disturbances  can  be  expected. 


V/crk  by  Dr.  Gerlach,  at  Southwest  Research  Institute,  has  indicated  the  importance  of 
vortex  shedding  to  the  excitation  of  bellows  vibrations  (Ref.  l).  The  vortex  shedding 
frequency  will  fall  in  a frequency  range  characterized  by  Strouhal  Numbers  in  the 
range  of  0.1  to  0.5.  The  vortex  shedding  frequency,  fg  can  be  related  to  the  Stroxihal 
Humber  Hg,  by  the  fluid  velocity  v,  and  some  characteristic  dimension  of  the  convolu- 
tion geometry,  OJ" , thus 


N V 
s 

or 


From  Dr.  Gerlach' s range  of  Hg  = 0.1  to  0.5j  and  his  suggestion  of  using  d]_  as  illustrated 
on  Pig.  6 for  07,  the  vortex  shedding  frequency  range  becomes 


a 


Work  at  Rocketdyne,  that  includes  testing  and  analysis  of  a large  number  of* braided 
flex  hoses  and  testing  of  a model  in  a t^^o-dimensional  water  table,  has  resulted  in 
establishing  that  an  excitation  frequency  exists  in  addition  to  the  ones  associated 
with  vortex  shedding.  The  frequency  relationship  established  by  the  Rocketdyne  effort, 
and  will  be  referred  to  as  the  convection  frequency,  can  be  characterized  by  an 
oscillation  wave  length  that  is  t:^ice  the  convolution  pitch  distance.  The  convection 
frequency  has  consistently  resulted  in  exciting  higher  vibration  levels  in  braided 
flex  lines  than  have  the  vortex  shedding  frequencies.  Definitions  of  the  pitch  distance, 
dgj  as  well  as  the  convolution  dimension,  dj_,  are  given  in  Pig.  6.  With  the  oscilla- 
tion wave  length  equal  to  twice  the  pitch  distance,  the  excitation  frequency  becomes; 


0.1  V to  0.5  V 


f _ ^ - . 

E " 2 dg  (where:  v = stiean  velocity 

dg  = bellows  pitch  distance) 

The  observed  frequency  results  from  the  rate  at  which  the  wave  length  that  corresponds 
to  the  distance  between  2 convolutions  is  "convected”  or  moved  past  a convolution  root; 
the  frequency  is  thus  a function  of  the  stream  velocity,  vi  An  equally  likely 
convection  frequency  would  be  associated  with  a wave  length  equal  to  the  distance 
between  convolutions,  but  the  only  system  response  likely  would  be  "in  phase"  flow  in 
and  out  of  adjacent  cavities.  In  phase  flow  of  all  cavities  is  unlikely  from 
continuity  considerations,  therefore  this  mode  is  believed  to  be  non-existent i 

In  addition  to  the  possible  excitation  frequency  defined  above,  the  fluid-structural 
response  frequencies  have  been  foimd  to  be  potentially  excited  at  twice  the  excitation 


I,:..  8U2-3175 
rage  Koo  5 


frequencya  The  "double  frequency"  response  results  from  the  non-linearities  associated 
with  the  drag  force  being  a function  of  velocity  squared  (ilg.  6).  Thus,  to  include 
the  possibility  of  "double  frequency”  response  to  the  convection  frequency  excitation, 
the  effective  excitation  frequency  ra:^e  must  be  extended  to  f^  = 2.0  To  l^e 

consistent  with  the  potential  excitation  frequencies  associated  with  vortex 

shedding  frequency  and  fluid  "convection"  frequency,  the  excitation  frequency  limits 
are  assumed  to  be: 

O.lv  V 

fg  = to  fg  = 2.0  ( 2^^-  ) 

A convenient  method  of  detenafmng  the  existence  of  a potential  resonance  is  through 
use  of  an  "interference  chart".  Typical  "interference  charts"  are  illustrated  in 
Fig.  7.  These  charts  are  constructed  by  plotting  the  response  and  excitation  frequency 
limits  on  a grid  of  frequency  vs  fluid  velocity.  If  both  the  response  and  excitation 
frequencies  interfere  with  the  operating  velocity  range,  a potential  resonance  is 
defined  to  exist. 

The  existence  of  a resonance  does  not  automatically  mean  that  the  flex  line  will  fail 
when  "on  resonance".  The  part  will  fail  only  if  the  endurance  limit  of  the  material 
is  exceeded  for  the  number  of  cycles  accumulated.  Therefore,  to  evaluate  if  a flex 
line  can  potentially  fail  when  a flow  induced  resonance  is  experienced,  the  fatigue 
failure  potential  must  be  determined# 

Endurance  Limit  Analysis 

The  endurance  limit  analysis  compares  the  maximum  alternating  stress  expected  by  a 
flex  line  to  the  endurance  limit  of  the  flex  line  material.  The  technique  of  computing 
the  maximum  alternating  stress  must  assume  that  the  maximum  load  conditions  exist.  As 
an  initial  step,  an  alternating  fluid  velocity  is  assumed  to  exist;  the  velocity  assumed 
has  a maximum  dynamic  velocity  that  is  twice  the  mean  fluid  velocity  (Fig.  S) . The 
load  due  to  dynamic  or  an  alternating  velocity  is  computed.  The  computed  load,  resulting 
from  drag  force  and  pressure  oscillations,  is  a function  of  (l)  the  convolution  geometry, 
(2)  the  fluid  density,  and  (3)  the  fluid  velocity.  Next,  the  stress  per  unit  load  is 
computed.  The  stress  per  unit  load  is  a function  only  of  the  convolution  geometry. 

The  above  computations  are  of  a static  nature  and  do  not  accoiuit  for  any  dynamic  gain. 
Ii/hen  a resonant  system  is  operated  "on  resonance",  the  system  d.amping  plays  a role 
in  defining  the  maximum  potential  amplitude.  Unless  otherv;ise  specified,  a dynamic  gain 
of  100  (corresponding  to  a damping  ratio  of  O.OO5)  was  assumed  for  computations  made 
at  Eocketdyne. 

The  maximum  alternating  stress,  if  on  resonance,  is  computed  as: 


(P  = (Force)  s (stress/Unit  Force)  x 100 


The  resulting  stress  is  then  compes'ed  to  a "design  value"  of  material  endurance  limit 
The  design  value  being  used  is  a value  that  is  50  percent  of  the  average  high  cycle 
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fatigue  failTire  value  for  the  material  and  the  temperature  of  concern.  If  the  computed 
stress  is  less  than  the  design  endurance  limit  stress,  the  flex  line  is  considered  to 
he  satisfactory  even  though  a resonance  may  exist. 

There  is  some  indication  from  experimental  data  that  the  dynamic  gain  term  for  single 
ply  bellows  could  he  as  high  as  200}  for  multiple  ply  bellows  the  dynamic  gain  could 
he  in  the  range  of  30  - 50.  More  data  need  to  he  obtained  before  definite  dynamic 
gain  terms  can  be  stated. 

Explanation  of  Flex  Line  Failure  on  Apollo  Saturn  502 

The  anomaly  of  the  flex  line  that  would  fail  in  a vacuum  environment,  but  would  not  fail 
in  an  environment  of  ground  level  air,  can  now  be  explained.  As  was  subsequently 
determined,  a major  difference  between  ground  level  and  altitude  operation  was  that- with 
a normal  ground  level  environment,  liquid  air  would  condense  on  the  exterior  surface 
of  the  flex  line.  The  hydrogen  flowing  within  the  flex  line  was  at  a temperature  of 
-410  degrees  P and  is  a temperakire  well  below  that  required  to  condense  nitrogen  or 
oxygen  out  of  the  air. 

Water  table  testing  of  a flex  line  cross-sectional  model  indicated  that  very  little 
circulation  existed  between  the  fluid  within  the  convolutions  and  the  main  stream  fluid. 
In  the  presence  of  heat  transfer  the  "trapped"’ fluid  within  the  convolutions  would 
stabilize  at  a fluid  state  different  than  v;hen  no  heat  transfer  existed,  (as  in  a 
vacuum).  The  change  in  hydrogen  fluid  properties  due  to  the  difference  in  heat  transfer 
was  shown  analytically  to  result  in  a change  in  the  convolutions  fluid-structural  - 
response  dynamics.  The  resulting  vibration  response  was  significantly  more  severe 
when  no  heat  transfer  (associated  with  condensing  air)  was  present;  thus  the  condensing 
air  resulted  in  "_protecting"  the  flex  line  in  air  testing.  The  difference  in  flex 
line  response  amplitude  could  be  simulated  even  though  the  boundary  layer  excitation 
phenomena, were  the  same  for  both  air  and  vacuum  testing.  The  frequency  of  the  excita- 
tion phenomena  correlateL.  exactly  with  the  "double  " frequency  response  of  the  coupled 
fluid-structural  system  to  the  convection  frequency. 

For  the  particular  flex  line  involved  in  the  Apollo/Satum  502  failure,  the  environment 
of  air  in  ground  level  development  testing  had  afforded  a means  of  "protecting"  the 
flex  hose  by  reducing  the  response  amplitude.  For  flex  lines  in  general,  a clarification 
should  be  made.  Flex  line  vibration  response  can  be  effected  by  external  influences 
such  as  condensation  or  heat  transfer,  but  the  resulting  changes  in  observed  vibration 
response  amplitude  may  have  different  trends  for  different  flex  lines.  Since  the  change 
in  response  amplitude  is  the  result  of  a change  in  the  dynamic  "tuning"  of  the  flex 
line,  the  change  in  response  could  either  increase  or  decrease  when  the  external 
influence  (such  as  heat  transfer,)  becomes  significant. 

CONCLUSIONS. 

The  analysis  performed  was  accomplished  by;  (l)  formulating  and  mechanizing  an  analog 
computer  model  of  the  fluid-structural  dynamics  associated  with  a bellows  convolution, 
and  by  (2)  analyzing  experimental  data  obtained  from  controlled  testing  of  braided 
flex  hoses.  The  analysis  resulted  in  verifying  that  the  failTires  were  due  to  resonant 
response  characteristics  of  the  bellows  convolutions  being  excited  by  a boundary  layer 
disturbance  that  had  frequency  content  proportional  to  the  fluid  velociiy. 


I.L.  8112-3175 
Page  No*  7 


The  resonant  response  characteristics  were  found  to  he  a function  of  both  the  structural 
dynamics  associated  with  the  convolutions  themselves,  and  the  fluid  dynamics  associated 
with  the  fluid  "trapped"  in  the  spaces  between  the  convolutions  (Figure  2)*  The 
excitation,  or  energy  input,  results  from  the  unstable  fluid  boundary  layer  that  is 
established  as  a function  of  the  convolution  geometry  and  the  fluid  velocity*.  Thus, 
as  illustrated  in  Figure  2,  the  fluid  in  the  bellows  plays  a role  in  defining  both 
the  response  characteristics  of  the  fluid-structural  system,  and  in  defining  the 
excitation  occurring  as  a result  of  the  boimdary  layer  phenomenon* 
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WHERE 
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p.  • = PRESSURE  AT  NODE  i,  LB/IN 


i.W 

2 


(REE) 


W.  = FLOWRATE  BETWEEN  NODES  i & j , LB/SEC 

• J 

f|^  = RESONANT  FREQUENCY  OF  FLUID  IN  CAVITY,  HZ 

/3  = effective:  bulk  a/iodulus  at  node  i,  lb/in^ 

W = AVERAGE  WEIGHT  OF  FLUID  AT  NODE  ! LB 

= CONVOLUTION  ROOT  DISPLACEfciENT,  IN  ’ 

Cj  = COlfSTANT  RELATING  WALL  MOTION  & FLUID  DISPLACED 

A = EFFECTIVE  FLOW  AREA  IN  AND  OUT  OF  CONVOLUTION 


i = EFFECTIVE  LENGTH  OF  CAVITY 

R “FLUID  DAMPING  TERM 
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@ ROCKESDYira  TEST’  EXEERISNCE  HAS  DEMONSTRATED  ’ 
. CONVECTION  HffiQDENCI  EXCITATION  IS  LIKELY  AT 
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® ROCKETDYNE  TEST  EXPERIENCE  AND  ANALYSIS  INDICATES  POTENTIAL  RESPONSE  AT  TrilCE  EXCITATION.  FREQUENCY 
DOUBLE  FREQUEIICY  RESPONSE  CAN  BE  ILLUSTRATED  BY  RELATING  DRAG  FORCE  TO  THE  SQUARED  VELOCITY  OSCILLATION 


V CG  sin  wt 

2 2 
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FIGURE  6.  DEVELOPI^SKT  OF  EXCITATION  FREQUENCY  SPECIFICATION 
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PRSQU3NCY 


® POTENTIAL  EESONANCB  CAN  BE  EVALUATED  BY  COMPARING  THE  FOLLOWING 
© OPERATING  RANGE  OP  VELOCITIES 
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® EXCITATION  FREQUENCIES  AS  A FUNCTION  OP  VELOCITY  . 
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© EVALUATE  FATIGUE  FAILURE  POTENTIAL  IP  RESONANCE  CONDITION  IS  POTENTIAL 


® COMPUTE  STATIC  FORCE,  P = fCgeoraetry,  fluid,  V) 


® COMPUTE  STRESS  PER  UNIT  FORCE,  ’ = f(  geometry) 


« DEFINE  DYNAMIC  GAIN  FOR  OPERATING  "ON  RESONANCE" 


® COMPUTE  MAXIMUM  EXPECTED  STRESS  IP  "ON  RESONANCE;'  CT  = F x Vp  X - 

® COMPARE  COMPUTED  STEESS  TO  "DESIGN  VALUE"  OP  MATERIAL  ENDURANCE  LIMIT 

FIGURE  .80  SUMMARY  OP  STEPS  REQUIRED  FOR  THE  ENDURANCE  LIMIT  • 
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INTRODUCTION 


At  the  direction  of  NASA,  an  analysis  was  conducted  on  all  F-1  engine 
flexible  lines  to  determine  their  susceptibility  to  flow-induced  vibra- 
tion fatigue  failures  in  the  convoluted  bellows  sections.  Tliis  report 
summarizes  the  results  of  the  analysis  and  subsequent  test  programs 
conducted. 


SUNMARY 

All  flexible  lines  on  the  F-1  engine  were  categorized  according  to  oper- 
ating environment  and  failure  criticality,  i.e.,  (I)  risk  to  astronaut, 

(11)  risk  to  vehicle,  (III)  delay  in  launch,  and  (IV)  noncritical.  Those 
lines  identified  in  categories  I and  II  which  had  operating  environments 
that  possibly  couid  produce  flow  vibrations  (as  mutually  agreed  upon  by 
NASA  and  Rocketdyne)  were  flow  tested.  These  lines  were  flol^^  tested  to 
either  10  percent  beyond  the  3-sigma  minimum  and  maximum  engine  operating 
range  or  to  model  specification  requirements,  whichever  was  greater. 

Of  the  41  different  flexible  lines  on  the  F-1  engine  10  lines  were  selected 
for  flow  test.  All  flow  tested  lines  satisfactorily  completed  the  tests. 
The  results  of  the  program  led  to  the  conclusion  that  no  evidence  of  det- 
rimental flow-induced  beliov^?s  oscillations  exists  for  F-1  engine  flexible 
lines  on  Vehicle  503  and  subsequent. 

CONCLUSIONS  AND  RECONMENDATIONS 

1.  No  detrimental  flow-induced  bellows  oscillations  exist  in  any  of 
the  flexible  lines  on  Vehicle  503  and  subsequent. 

2.  The  design  analysis  described  in  Appendix  C should  bo  used  in 

the  design  analysis  of  all  new  F-1  engine  flexible  lines  to  ensure 
that  they  are  not  susceptible  to  flow-induced  fatigue  failures. 
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APPENDIX  B,  SUPPLEMENT  A 

HEAT  EXCHANGER  GASEOUS  OXYGEN  OUTLET  AND 
HELIUM  OUTLET  LINES,  FLOW  ANALYSIS 
RELATIVE  TO  FLOW- INDUCED  BELLOWS  VIBRATION 

BASIC  VELOCITY  CHARACTERISTICS 

Average  velocity  across  the  bellows  inside  diameter  is  of  prime  considera- 
tion, relating  directly  to  flow- induced  vibration  excitation  frequency. 

(See  Appendix  C for  an  analysis  of  flow-induced  resonant  vibration.)  In 
syste:  3 having  a liquid  flow  mediiam,  the  flowrate  relates  proportionally 
to  velocity;  therefore,  the  flowrate  is  an  adequate  parameter  to  control 
during  resonance  dwell  tests.  On  the  other  hand,  in  a gas  system  which 
includes  a heat  exchanger  that,  due  to  flowrate  changes  and  carbon  accumula- 
tion, continually  changes  the  amount  of  heat  added  to  the  gas,  velocity 
cannot  be  considered  directly  proportional  to  the  mass  flowrate. 


where 

V = velocity 
w = weight  flowrate 
p = density 
A = area 

density  is: 

P = Cf)  P,  T 

where 

P = pressure 
T = temperature 
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If  the  heat  input  to  the  heat  exchanger  and  the  flowrate  are  held  constant, 
outlet  gas  temperature  continually  decreases  with  time  due  to  carbon  fouling 
of  the  heat  exchanger  coils.  The  resultant  increase  in  outlet  density  causes 
a decreasing  velocity  vs  accumulated  time  on  the  heat  exchanger.  If  a point 
of  flow-induced  vibration  is  experienced  at  a particular  flowrate  it  would 
not,  therefore,  be  expected  to  exist  at  that  same  flowrate  with  increasing 
test  time. 

It  can  be  seen  that  if  flow-induced  vibration  occurs  at  a flowrate  near  the 
high  end  of  the  flowrate  range  when  a new  or  clean  coil  heat  exchanger  is 
used,  the  resonant  condition  would  not  be  maintained  as  heat  exchanger  test 
time  was  accumulated  if  the  prescribed  flowrate  range  was  held  constant. 

Another  point  of  consideration  is  the  rate  of  flowrate  increase.  If  a 
rapid  rate  of  flowrate  increase  occurs,  the  outlet  velocity  increases  signi-^ 
ficantly  for  a short  period  of  time.  The  relatively  warm  outlet  gas,  caused 
by  the  initial  low  flowrate,  is  accelerated  until  \he  cooler  gas,  caused  by 
the  higher  gas  flowrate,  displaces  it  and  approaches  a new  steady-state 
condition.  This  temperature  lag  temporarily  causes  a higher-than-normal 
outlet  gas  velocity  during  flowrate  increasing  transient  periods,  making 
rate  of  flowrate  change  an  important  consideration  in  searching  for  flow- 
induced  vibration.  It  was,  therefore,  concluded  that  the  vehicle  flight 
conditions  should  be  simulated  during  the  flow  tests. 

HEAT  EXCHANGER  OUTLINE  VELOCITY  CHARACTERISTICS  AT  STAGE  INTERFACE 

Vehicle  flight  data  showed  an  increasing  gaseous  oxygen  mass  flowrate 
during  flight;  however,  volumetric  flowrate  was  calculated  for  flight  and 
found  to  be  approximately  constant.  (Figure  3 shows  a 17-percent  increase 
in  V with  a 57-percent  increase  in  w.)  This  means  that  the  gaseous  oxygen 
bellows  velocity  on  a vehicle  is  approximately  constant  during  flight  even 
though  w is  increasing. 

V = --  = vA  V = volumetric  flowrate 

P 
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Assuming  ? to  be  a constant  and  A is  a constant  area,  then  velocity,  v, 
must  also  be  constant. 

Relating  this  to  heat  exchanger  operation,  ☆ must  increase  to  maintain  a 
constant  velocity  as  heat  exchanger  time  is  accumulated. 

Figure  3 shows  actual  flight  data  demonstrating  this  condition  during 
Vehicle  AS-502  flight  on  the  gaseous  o^o^gen  pressurization  system. 

GASEOUS  OXYGEN  LINE  BELLOWS  FLOW  ANALYSIS 

The  resonance  search  and  dwell  flow  tests  established  the  threshold  of 

3 

flow-induced  vibration  at  approximately  215  ft/sec  velocity,  or  1.9  ft  /sec 
volymetric  flowrate.  Figure  4 is  a chart  of  response  vs  gaseous  oxygen 
Vwxocity.  Maximum  response  occurred  at  about  235  ft/sec  velocity  or  2.07 
ff^/sec  volumetric  flowrate. 

The  maximum  velocity  was  142  ft/sec,  and  maximum  volumetric  flowrate  in 
'the  line  was  1.26  ft  /sec  for  any  one  heat  exchanger  during  steady-state 
flight  conditions  on  Vehicle  AS-502.  Average  total  volumetric  flowrate 
required  for  Vehicle  AS-502  was  5.9  ft  /sec,  or  1.18  ft  /sec  from  each 
heat  exchanger.  Differences  in  heat  exchanger  volumetric  output,  neglect- 
ing differences  in  system  heat  exchanger  outlet  pressure  due  to  configura- 
tion, is  caused  by  the  difference  in  accumulated  test  time  and  resultant 
carbon  fouling  and  carbon  accumulation  rate  of  the  heat  exchangers.  If 
all  new  or  carbon  cleaned  heat  exchangers  were  used  on  a vehicle,  they 
would  tend  to  balance  and  produce  an  average  of  approximately  1.18  ft  /sec 
volumetric  flowrate  for  each  heat  exchanger. 

c 

If  all  the  heat  exchangers  had  heavily  carbon  fouled  coils  with  approxi- 
mately the  same  accumulated  test  time,  a balanced  condition  would  again 

3 

exist  and  an  output  flowrate  of  approximately  1.18  ft  /sec  for  each  heat 
exchanger  would  prevail.  The  extreme  flowrate  condition  would  occur  if 
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one  new  or  clean  coil  heat  exchanger  were  used  along  with  four  heavily 
carbon  fouled  heat  exchangers.  Heat  exchanger  outlet  pressures  must 
equalize,  neglecting  system  differences,  on  all  heat  exchangers  because 
they  are  all  connected  to  a common  stage  manifold.  The  maximum  heat  ex- 
changer pressure  drop,  which  controls  the  flowrate,  experienced  on  Vehicle 

3 

AS-502  would  produce  a volumeti'ic  flowrate  of  1.8  ft  /sec  and  a gas  velocity 
of  204  ft/sec  in  the  outlet  lines  bellows  of  a new  or  carbon  cleaned  heat 
exchanger  if  only  one  new  heat  exchanger  were  used.  This  is  on  the  thres- 
hold of  flow-induced  resonant  vibration,  but  would  not  produce  a signifi- 
cant response. 

HELIUM  OUTLET  BELLOWS  FLOW  ANALYSIS 

The^  resonance  search  and  dwell  flow  tests  established  that  flow-induced 
vibration  could  occur  at  gas  velocities  above  2S0  ft/sec  in  the  helium 
outlet  line  bellows;  however,  the  vibration  acceleration  amplitude  in  all 
cases  was  comparatively  low,  below  80  g P-P.  This  low  acceleration  ampli- 
tude confirms  the  analysis  on  the  helium  outlet  bellows,  which  indicates 
low  acceleration  amplitude  flow- induced  vibration  with  gas  velocities  below 
1000  ft/sec.  A review  of  Vehicle  AS-502  flight  data  shows  velocities 
no  greater  than  850  ft/sec.  These. velocity  data  are  approximated,  how- 
ever, since  only  total  flowrate  from  all  five  heat  exchangers  was  recorded. 

To  obtain  this  flowrate  the  total  flowrate  was  assumed  to  be  evenly  divided 
between  the  heat  exchangers.  Also,  the  outlet  parameters,  temperature 
and  pressure,  necessary  to  calculate  velocity  vjere  recorded  for  only  two 
heat  exchangers. 

The  highest  velocity  recorded  during  the  EFL  flow  test  program  was  650  ft/sec 
as  compared  to  850  ft/sec  for  Vehicle  AS-502  dven  though  the  flowrate  was 
in  excess  of  1.0  Ib/sec  as  compared  to  0.4  to  0.75  Ib/sec  in  flight. 
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The  reason  for  the  velocity  differences  is  the  helium  inlet  pressure  and 
resultant  gas  density  used  in  the  flow  tests  as  compared  to  the  flight 
values.  The  flow  test  pressures  were  controlled  within  the  model  speci- 
fication limits,  whereas  the  Vehicle  AS-502  operated  below  these  limits 
(Fig.  5). 

Since  the  analysis  technique  developed  and  confirmed  during  the  flow  test 
program  indicated  that  these  lines  were  not  susceptible  to  flow- induced 
vibration  even  at  the  higher  velocities  experienced  in  flight,  it  was 
concluded  that  additional  flow  tests  were  unnecessary. 
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MODEL  SPECIFICATION  NOMINAL  CALIBRATION  REQUIREMENTS; 

FLOW  RATE  0.6  LB/SEC 

INLET  TEMPERATURE  -3^5  F 
INLET  PRESSURE  250  PS  I A 

MODEL  SPECIFICATION  REQUIREMENTS  RELATED  TO  INLET  TEMPERATURE  OF  -315  F 
WHICH  IS  THE  APPROXIMATE  CONDITION  DURING  FLIGHT  AT  0.6  LS/SEC  ARE; 

FLOWRATE  0.6  LB/SEC 

INLET  TEMPERATURE  -315  F 
INLET  PRESSURE  305  PS  I A 


Figure  5.  Helium  Inlet  Pressure  vs  Flight  Time 
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APPENDIX  C 


ANALYSIS  OF  FLOW-INDUCED  VIBRATIONS  ASSOCIATED  WITH 
BELLOWS  CONVOLUTIONS 


The  objectives  of  the  analysis  were:  (1)  to  gain  an  understanding  of  the 

flexible  line  failure  mode,  (2)  to  provide  insight  necessary  to  interpret 
the  test  data  obtained  from  flow  testing,  and  (3)  to  determine  whether  all 
flexible  lines  needed  to  be  flow  tested  to  prove  their  reliability. 


This  flow- induced  vibration  analysis  presentation  is  not  considered  ade- 
quate to  use  for  performing  a complete  analysis,  and  is  presented  here 
only  to  provide  the  reader  with  general  knowledge  of  the  methods  used  in 
analyzing  the  F-1  flexible  lines.  A complete,  detailed  report  on  flow- 
induced,  vibration-fatigue,  bellows  failure  analysis  is  being  prepared  and 
will  be  available  before  the  end  of  1969. 


The  analysis  performed  was  accomplished  by  Cl)  formulating  and  mechanizing 
an  analog  computer  model  of  the  fluid-structural  dynamics  associated  with 
a bellows  convolution,  and  by  (2)  analyzing  experimental  data  obtained 
from  controlled  testing  of  braided  flexible  hoses.  The  analysis  resulted 
in  verifying  that  the  failures  were  due  to  resonant  response  characteris- 
tics of  the  bellows  convolutions  being  excited  by  a boundary  layer  dis- 
turbance that  had  a frequency  content  proportional  to  the  fluid  velocity. 

The  resonant  response  characteristics  were  found  to  be  a function  of  both 
the  structural  dynamics  associated  with  the  convolutions  themselves,  and 
the  fluid  dynamics  associated  with  the  fluid  "trapped"  in  the  spaces  be- 
tween the  convolutions  (Fig.  6 ).  The  excitation,  or  energy  input,, 

results  from  the  unstable  fluid  boundary  layer  that  is  established  as  a 
function  of  the  convolution  geometry  and  the  fluid  velocity.  Thus,  as 
illustrated  in  Fig.  6»  the  fluid  in  the  bellows  plays  a role  in  defining 
both  the  response  characteristics  of  the  fluid-structural  system,  and  in 
defining  the  excitation  occurring  as  a result  of  the  boundary  layer  phenomenon. 
The  dual  role  played  by  the  fluid  in  effecting  both  the  response  and  the 
excitation  is  important  to  keep  in  mind  fis  the  individual  elements  of  the 
system  are  discussed. 
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SYSTEM  DYNAMIC  RESPONSE 


Convolution  Structural  Dynamics 


The  convolution  structural  dynamics  are  associated  with  the  mechanical 
vibration  of  the  convolutions  that  make  up  the  flexible  line.  For  a 
braided  flexible  line,  the  mechanical  interference  between  the  convolution 
croivns  and  the  braid  results  in  restricting  the  relative  motion  of  the 
convolution  crowns. 

With  the  convolution  crown  motion  restricted,  the  fundamental  vibration 
characteristics  of  the  bellows  can  be  adequately  approximated  by  the 
vibration  characteristics  of  a single  convolution  or  a differential  equa- 
tion, as  illustrated  in  Fig.  1). 

The  forcing  function  to  the  mechanical  motion  results  from  convolution 
root  drag  (as  a result  of  the  boundary  layer  disturbance) , and  any  pres- 
sure oscillation  that  may  exist  in  the  convolution  cavity  (Fig.  7)  . 

The  points  to  keep  in  mind  concerning  the  mechanical  vibration  are  that: 

1.  The  structural  dynamics  can  be  characterized  by  an  equivalent 
mechanical  spring-mass  system,  and  thus  have  a resonant  frequency. 

2.  The  mechanical  motion  can  be  influenced  fay  the  fluid  trapped 
in  the  convolution  spaces. 

Convolution  Fluid  Dynamics 


The  convolution  fluid  dynamics  are  associated  v/ith  flow  in  and  out  of  the 
space  between  the  bellows  convolutions  as  well  as  pressure  oscillations 
within  the  convolution.  For  the  high-frequency  fluid  dynamics  of  interest, 
the  effective  compressibility  in  the  cavity  is  important.  The  effective 
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d^X 

dt" 


d X 
dt 


♦ V = ®1-Pdrag 


B - F 
2 pres° 


where: 


'^drag  “ 

X = convolution  root  displacement,  inches 
t = time 

= damping  coefficient 
A2  = frequency  coefficient 

= constant  relating  root  drag  to  motion 

'"drag  = 

B2  = constant  relating  convolution  pressure  to  motion 

F = force  due  to  convolution  pressure  differential 
pres 


P 

V 


= fluid  density 
= fluid  velocity 

Figure  7.  Convolution  Structural  Motion 
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compressibility  of  the  cavity  results  from  a combination  of  the  fluid 
compressibility  and  the  elasticity  of  the  cavity  walls.  The  effective 
mass  of  the  fluid  is  characterized  by  the  inertance  of  the  fluid  flow 
as  the  fluid  is  accelerated  in  and  out  of  the  convolution  cavity.  When 

c 

the  walls  of  the  cavity  are  fixed,  the  fluid  dynamics  are  characterized, 
by  the  classical  Helmhotz  resonant  cavity.  The  expressions  relating 
fluid  flow,  pressure,  compressibility,  and  mass  are  illustrated  on  Fig.  8 
When  the  walls  of  the  cavity  are  allowed  to  move,  the  influence  of  the 
rate  of  change  in  cavity  volume  can  be  expressed  by  including  wall  motion 
in  the  expression  that  relates  a change  in  cavity  pressure  to  flowrate 
into  and  out  of  the  cavity  (see  the  first  equation  on  Fig.  8). 

The  points  to  keep  in  mind  concerning  the  convolution  fluid  dynamics  are 
that: 

1.  The  fluid  can  be  characterized  by  an  equivalent  spring-mass 
system  and  thus  has  a resonant  frequency. 

2.  The  fluid  dynamic  behavior  can  be  influenced  by  motion  of  the 
structural  system. 

Now  after  some  discussion  of  the  fluid  and  structural  elements,  the  combined 
fluid-structural  system  can  be  examined. 

Dynamic  System 


The  dynamic  system,  made  up  of  a combination  of  the  convolution  structural 
d)maraics  and  the  convolution  fluid  dynamics,  can  be  represented  by  an 
equivalent  spring  mass  analogy.  The  analogy,  as  presented  in  Fig.  9 , 
illustrates  how  the  fluid  spring-mass  elements  are  related  to  the  structural 
spring-mass  system.  The  resulting  two-degree  of  freedom  fluid-structural 
system  indicates  how  the  response  of  the  total  system  can  be  influenced 
by  elements  of  the  system  or  by  changes  in  these  elements.  A character- 
istic of  a two-degree  of  freedom  system,  as  illustrated,  is  that  the 
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Figure  8 


PRESSURE  AT  NODE  i,  LB/IN^ 

FLOWRATE  BETWEEN  NODES  i & j , LB/SEC 
RESONANT  FREQUENCY  OF  FLUID  IN  CAVITY,  HZ 
FLUID  BULK  AWDULUS  AT  NODE  I.  LB/IN^ 

AVERAGE  WEIGHT  OF  FLUID  AT  NODE  I,  LB 
CONVOLUTION  ROOT  DISPLACEA/IENT,  IN 
CONSTANT  RELATING  WALL  MOTION  & FLUID  DISPLACED 
EFFECTIVE  FLOW  AREA  IN  AND  OUT  OF  CONVOLUTION 
EFFECTIVE  LENGTH  OF  CAVITY 
FLUID  DAMPING  TERM 

Convolution  Fluid  Dynamics 
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CONVOUTION 
SPRING  I 


CONVOLUTION 

HASS 


FLUID 

MASS 


SPRING 


DRAG 

INPUT 


LOWER  SYSTEM' 


VELOCITY 


© SYSTEM  ANALOGY 


FREQUENCY  RELATIONSHIPS 


Figure  9.  Combined  Fluid-Structural  Syst( 


observed  system  resonant  frequencies  are  not  the  same  as  the  frequencies 
characteristic  of  the  resonant  systems  analyzed  individually. 

The  fluid-structural  response  frequencies  associated  with  the  combined 
system  are  the  resonant  frequencies  of  concern  with  respect  to  a fluid 
flow  excitation.  Once  the  resonant  response  frequencies  have  been  com- 
puted, the  next  step  is  to  compute  the  excitation  frequencies  expected. 

SYSTEM  EXCITATION 

The  excitation  frequencies  are  a result  of  boundary  layer  disturbance. 

The  type  of  boundary  layer  disturbance  is  not  fully  understood,  but  present 
evidence  indicates  that  at  least  two  types  of  boundary  layer  disturbance 
can  be  expected. 

Work  by  Dr.  Gerlach  at  Southwest  Research  Institute  has  indicated  the 
important  of  vortex  shedding  and  that  the  vortex  shedding  frequency  will 
fall  in  a frequency  range  characterized  by  Strouhal  numbers  in  the  range 
of  0.1  to  0.5.  The  vortex  shedding  frequency  is  a function  of  the  Strouhal 
number,  the  fluid  velocity,  and  the  convolution  geometry. 

Work  at  Rocketdyne,  which  includes  testing  and  analysis  of  a large  number 
of  braided  flex,  hoses  and  testing  of  a model  in  a two-dimensional  water 
table,  has  resulted  in  establishing  that  an  excitation  frequency  exists 
in  addition  to  the  ones  associated  with  vortex  shedding.  The  frequency 
relationship  established  by  the  Rocketdyne  effort  can  be  characterized 
by  an  oscillation  wave  length  that  is  twice  the  convolution  pitch  distance. 
(Definitions  of  the  pitch  distance,  6.2,  as  well  as  the  convolution  dimension, 
dj^,  are  given  in  Fig.  10.)  With  the  oscillation  wave  length  equal  to  twice 
the  pitch  distance,  the  oscillation  frequency  becomes : 

0 . 5v 
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® NASA  REQUIREMENTS 


ROCKETDYNE  TEST  EXPERIENCE  AND  ANALYSIS  INDICATES  POTENTIAL  RESPONSE  AT  TWICE 
EXCitATION  FREQUENCY 


V a s I n wt 

DRAG  FORCE  a a sin  ^wt 

THEREFORE,  LIMITS  USED  ARE 

r _ 0.1  V _ 2(0. 5v) 

* J -J 


Figure  10.  E.xcitation  Frequency 


VELOCITY 


where 


V = stream  velocity 

= bellows  pitch  distance 

The  observed  frequency  results  from  the  rate  at  which  the  wave  length  is 
"convected"  or  moved  past  a convolution  root;  the  frequency  is  thus  a 
function  of  the  stream  velocity  (v) . 


In  addition  to  the  possible  excitation  frequency  defined  above,  the  fluid- 
structural  response  frequencies  have  been  found  to  be  potentially  excited 
at  twice  the  excitation  frequency.  The  double  frequency  excitation  results 
from  the  non linearities  associated  with  the  drag  force  being  a function 
of  velocity  squared  (Fig.  10).  To  be  consistent  with  the  potential 
excitation  frequencies  associated. with  both  the  vortex  shedding  frequency 
and  fluid  "convection"  frequency,  the  excitation  frequency  limits  are 
assumed  to  be: 


0.  Iv 


to 


2.0  (0.5v) 


A convenient  method  of  determining  the  existence  of  a potential  resonance 
is  through  use  of  an  "interference  chart."  Typical  interference  charts 
are  illustrated  in  Fig.  11.  These  charts  are  constructed  by  plotting 
the  response  and  excitation  frequency  limits  on  a grid  of  frequency  vs 
fluid  velocity.  If  both  the  response  and  excitation  frequencies  interfere 
with  the  operating  velocity  range,  a potential  resonance  is  defined  to  exist. 


The  existence  of  a resonance  does  not  automatically  mean  that  the  flexi- 
ble line  will  fail  when  "on  resonance."  The  part  will  fail  only  if  the 
endurance  limit  of  the  material  is  exceeded  for  the  number  of  cycles 
accumulated.  Therefore,  to  evaluate  whether  a flexible  line  can  potentially, 
fail  when  a flow-induced  resonance  is  experienced,  the  fatigue  failure 
potential  must  be  evaluated. 
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FREQUENCY 


POTENTIAL  RESONANCE  CAN  BE  EVALUATED  BY  COMPARING  THE  FOLLOWING 
@ OPERATING  RANGE  OF  VELOCITIES 
@ RESPONSE  FREQUENCIES  OF  FLUID-STRUCTURAL  SYSTEM 
@ EXCITATION  FREQUENCIES  AS  A FUNCTION  OF  VELOCITY 


LINE  HAS  POTENTIAL  RESONANCE 


NO  RESONANCE  POSSIBLE 


Figure  11.  Frequency  Interference  Chart 
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ENDURANCE  LIMIT  ANALYSIS 


The  endurance  limit  analysis  compares  the  maximum  alternating  stress  ex- 
pected by  a flexible  line  to  the  endurance  limit  of  the  flexible  line 
material.  The  technique  of  computing  the  maximum  alternating  stress  must 
assume  that  the  maximum  load  conditions  exist.  As  an  initial  step,  an 
alternating  fluid  velocity  is  assumed  to  exist;  the  velocity  assumed  has 
a maximum  dynamic  velocity  that  is  twice  the  mean  fluid  velocity  (Fig.  12). 
The  load  due  to  dynamic  or  an  alternating  velocity  is  computed.  The 
computed  load,  resulting  from  drag  force  and  pressure  oscillations,  is  a 
function  of  (1)  the  convolution  geometry,  (2)  the  fluid  density,  and  (3) 
the  fluid  velocity.  Next,  the  stress  per  unit  load  is  computed.  The 
stress  per' unit  load  is  a function  only  of  the  convolution  geometry. 


The  above  computations  are  of  a static  nature  and  do  not  account  for  any 
dynamic  gain.  When  a resonant  system  is  operated  "on  resonance,"  the 
system  damping  plays  a role  in  defining  the  maximum  potential  amplitude. 
Unless  otherwise  specified,  a dynamic  gain  of  100  (corresponding  to  a 
damping  ratio  of  0.005)  was  assumed  for  computations  made  at  Rocketdyne. 

The  maximum  alternating  stress,  if  on  resonance,  is  computed  as: 


a = (Force)  x (Stress/Unit  Force)  x 100 

The  resulting  stress  is  then  compared  to  a "design  value"  of  material 
endurance  limit.  The  design  value  being  used  is  a value  that  is  SO  percent 
of  the  average  high  cycle  fatigue  failure  value  for  the  material  and  the 
temperature  of  concern.  f the  computed  stress  is  less  than  the  design 

endurance- limit  stress,  the  flexible  line  is  considered  to  be  satisfactory 
even  through  a resonance  may  exist. 


EVALUATE  FATIGUE  FAILURE  POTENTIAL  IF  RESONANCE  CONDITION  IS  POTENTIAL 
® ASSUME  EXCITATION 


COMPUTE  STATIC  FORCE,  F = f (GEOMETRY,  FLUID,  V) 
WHERE  V = AVERAGE  FLUID  VELOCITY 

COMPUTE  STRESS  PER  UNIT  FORCE,  ffj  /Fj=f  (GEOMETRY) 


@ DEFINE  DYNAMIC  GAIN  FOR  OPERATING  "ON  RESONANCE" 


i)  COMPUTE  MAXIMUM  EXPECTED  STRESS  IF  "ON  RESONANCE,"  a = F X /F,  x 100 


B COMPARE  COMPUTED  STRESS  TO  "DESIGN  VALUE"  OF  MATERIAL  ENDURANCE  LIMIT 


Figure  12.  Endurance  Limit  Analysis 
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SUMMARY  OF  F-1  FLEXIBLE  LINE  ANALYSIS 

Table  4 summarizes  the  resonant  frequency  analysis  performed  on  all 
F-1  flexible  hoses  and  bellows.  The  fuel  high-pressure  duct  bleed  line 
is  the  only  line  on  the  F-1  engine  deemed  marginal  by  this  analysis. 
Flow-induced  vibration  was  detected  during  flow  tests  as  predicted;  how- 
ever, the  lines  were  tested  at  maximum  response  for  2250  seconds  without 
failure. 
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TABLE  4 

F-1  FLEXIBLE  HOSES  AND  BELLOWS  RESONANT  FRE^jUENi' 
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ABS!ERACT 


A 2-1/2-year  progi?*m  has  been  undertaken  to  establish  analytical 
design  procedures,  stress-analysis  methods,  techniq.ues  for  manufacturing 
control,  and  other  factors  essential  to  the  successful  design  and  fabrication 
of  metallic  bellows  and  diaphragms.  The  initial  phase  of  the  program  has 
included  a state-of-the-art  survey  to  assist  in  the  determination  of  the 
best  means  of  accomplishing  the  over-all  program  objectives.  This  report 
summarizes  the  results  of  the  survey  and  presents  recommendations  for  the 
remainder  of  the  program.  An  annotated  bibliography  of  376  references  is 
included. 


FABRICATION  TECHNOLOGY 


The  extent  to  which  the  service  performance  of  hellows  and  diaphragms 
achieves  the  design  predictions  is  strongly  .dependent  upon  the  quality  of 
the  materials  from  which  they  are  fabricated  and  the  care  taken  in  their  manu- 
facture. Material  defects,  weld  discontimiities,  forming  irregularities, 
and  postf abricat ion  damage  can  all  result  in  locally  high  stresses  that  may 
lead  to  premature  failure.  In  this  section,  the  present  state  of  the  art  with 
respect  to  materials,  manufactvring  methods,  and  inspection  will  be  discussed. 

Materials 

Typical  materials  for  formed,  welded,  and  deposited  bellows  are  dis- 
cussed. So  many  materials  are  suitable  for  machined  bellows  that  they  are 
not  included.  Diaphragms  can  be  made  from  any  of  the  materials  listed  for 
formed,  welded,  and  deposited  bellows. 

Formed  Bellows  ifeterials 

Materials  for  formed  bellows,  shown  in  Table  3^  must  be  weldable 
and  formable.  Although  smaller  bellows  are  usually  made  from  seamless  tubing, 
most  bellows  over  an  inch  or  two  in  diameter  are  made  from  sheet  or  strip 
formed  into  a cylinder  and  longitudinally  seam  welded.  TfJhether  the  strip  or 
sheet  is  purchased  to  any  special  tolerances  depends  upon  the  end  application 
of  the  bellows.  When  the  spring  rate  is  not  critical — bellows  intended  for 
expansion  joints,  for  example — the  customary  id  percent  mill  thicltness  toler- 
ance is  satisfactory.  When  the  deflection  characteristics  must  be  more  care- 
fully controlled,  materials  may  be  selected  from  warehouse  stock.  In  this 
way,  thickness  may  be  controlled  to  within  about^  5 percent  on  a given  order. 
Rerolled  materials  from  specialty  metal  fabricators  provide  the  best  commer- 
cially obtainable  thickness  tolerances.  Bellows  manufacturers  using  rerolled 
materials  claim  thickness  tolerances  of  ±0.0001  inch.  A more  commonly  quoted 
tolerance  is  ±0.00025  inch  over  a 20-inch  strip  width. 


45 


TABLE  3.  TYPICAL  FORMED -BELLOWS  MATERIALS 


Alloy 

Solution- strengthened  alloys 


Alpha  brass 
Copper 

Stainless  steels,  Types  304,  321,  3^7 
Titanium,  commercially  pure  and  Alpha 
alloys 
Ipconel 

Precipitation-hardened  alloys 


Beryllium  copper 
Inconel  718 
Aluminum,  7075  alloy 

Transformation-hardened  alloy 


Titanium,  Alpha-Beta  alloys 


Crystal  Structure 


Pace-centered  cubic 

It 

It 


Hexagonal  close  packed 
Face-centered  cubic 


Face-centered  cubic 

tl 

tl 


Hexagonal  close  packed  - 
body-centered  cubic 


Opinions  differ  among  manufacturers  as  to  the  desirability  of  a 
bright  surface  finish  on  the  starting  material.  Some  manufacturers  note  an 
improvement  in  the  fatigue  life  of  bellows  produced  from  bright-finished 
material  (iJo.  2B  finish),  while  others  see  no  difference.  Some  manufactiarers 
also  claim  that  the  bright -finished  material,  containing  more  cold,  work  than 
the  dull,  or  matte-finished  material  (Ho.  2D  finish),  is  more  difficult  to 
form.  There  is  a trend  toward  the  use  of  bright-finished  material  arising  from 
the  alleged  tendency  of  inspectors  to  pass  shiny  bellows  and  reject  dull 
bellows. 

Although  there  is  some  disagreement,  most  manufacturers  see  no 

if  ( 

effect  of  "grain”,  or  preferred  orientation,  in  their  starting  material.  The 
common  materials  from  which  formed  bellows  are  fabricated,  when  produced 
under  good  control,  are  nearly  isotropic,  so  preferred  orientation  does  not 
appear  to  be  a serious  problem. 
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GEORGE  G.  MARSHALL  SPACE  FLIGHT  CENTER 
NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

STANDARD 

FITTINGS,  MC,  CLASSIFICATION  OF  DEFECTS 


1.  SCOPE 

1.1  This  standard  establishes  a classification  of  defects  applicable 
to  non-conforming  characteristics  of  MC  fittings  and  shall  be  used  as  the 
minimum  requirements  for  inspection  functions  responsible  for  acceptance 
inspection  operations. 

1.2  For  each  MC  fitting  this  standard  lists  characteristics  and 
applicable  code  numbers. 

2.  REFERENCED  DOCUMENTS 

2.1  The  following  documents  form  a part  of  this  standard  to  the 
extent  specified  herein.  Unless  otherwise  indicated,  the  issue  in 
effect  on  date  of  invitation  for  bids  or  request  for  proposals  shall 
apply. 

SPECIFICATIONS 

George  C.  Marshall  Space  Flight  Center 

MSFC-SPEC-143  Fittings,  Flared  Tube,  Pressure 

Connections. 

STANDARDS 

Military 

MIL-STD-105  Sampling  Procedures  and  Tables  for 

Inspection  by  Attributes. 

George  C.  Marshall  Space  Flight  Center 


MC 

124 

Nut,  Coupling. 

MC 

125 

Sleeve,  Flared  Tube  Fitting 

MSFC -STD-43 7 
February  11,  1965 


5.3  Classification  of  defects  for  Flared  Tube  Connection,  Fitting 
End,  MC  172. 


5.3.1  Sealing  surface. 
Classification  Code 


Critical  1 

Critical  2 

Critical  3 

Critical  4 

Critical  5 

Critical  6 

Major  101 


Major  102 

Minor  B 301 

Minor  B 302 

5.3.2  Threads . 

Classification  Code 


Characteristic 


Roundness  360°  - Maximum  deviation  shall 
not  exceed  0.0003  in  360° 

Roundness  60°  - Maximum  acceptable 
accumulative  deviation  shall  not 
exceed  0.00010  in  any  60°  of  arc 
Roundness  i5°  - Maximum  rate  of  devia- 
tion shall  be  less  than  0.00010  in 
15°  or  less  of  arc 
Concavity  (none  allowable) 


Surface  finish  - Steel  parts  - S / 
Aluminum  parts  - 16/  ^ 

Surface  imperfections  (Tool  chatter  marks, 
tool  runoff  marks,  steps,  offsets,  flat 
spots,  cracks,  checks,  scratches, 
ridges,  indentations,  etc.) 

Sealing  surface  shall  be  concentric  with 
thread  pitch  diameter  T within  0.003 
total  indicator  reading 
Angle  37°  +0°  15' 

Convexity  exceeding  0.0005 
Radius  0.015  + 0.005  (two  places) 


Characteristic 


Major 

Major 

Major 

Minor  A 
Minor  A 


Minor  A 
Minor  B 


103  Pitch  diameter 

104  Squareness  between  thread  axis  and  face 

of  hex  shall  not  exceed  H dimension 
107  More  than  two  partial  threads  (style  G 

only) 

201  Major  diameter 

205  F diameter  shall  be  concentric  with 

thread  pitch  diameter  T within  0,005 
total  instrument  reading  (style  E only) 
230  Length  of  full  thread  (style  E only) 

303  Angle  45°  + 5°  (two  places) 
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PIPING  AND  TUBING  TECHNOLOGY 


A COMPILATION 


: NATIOIVAL  AERONAUtiqS  AND  SPACE' ADMINISTRATION 


Foreword 

The  National  Aeronautics  and  Space  Administration  has  established  a 
Technology  Utilization  Program  for  the  dissemination  of  information  on  tech- 
nological developments  which  have  potential  utility  outside  the  aerospace  com- 
munity. By  encouraging  multiple  application  of  the  results  of  its  research  and 
development,.  NASA  earns  for  the  public  an  increased  return  on  the  investment 
in  aerospace  research  and  development  programs. 

This  publication  is  part  of  a series  intended  to  provide  such  technical  informa- 
tion. The  devices,  methods,  and  techniques  presented  have  resulted  from  the 
great  variety  of  requirements  that  have  been  encountered  in  the  aerospace  pro- 
gram. The  handling  of  fluids  has  encompassed  a wide  range  of  materials,  and 
has  covered  a spectrum  from  low  to  high  pressures  and  from  cryogenic  to 
elevated  temperatures. 

The  document  is  divided  into  four  sections.  The  first  section  includes  a num- 
ber of  fittings,  couplings,  and  connectors  that  have  been  useful  in  joining  tubing 
and  piping  and  various  systems.  Section  two  presents  a family  of  devices  used 
where  flexibility  and/or  vibration  damping  are  necessary.  The  third  section 
contains  a number  of  devices  found  useful  in  the  regulation  and  control  of  fluid 
flow.  In  the  last  section,  shop  hints  to  aid  in  maintenance  and  repair  procedures 
such  as  cleaning,  flaring  and  swaging  of  tubes,  etc.,  are  presented. 

Additional  technical  information  on  individual  tools  and  techniques  can  be 
requested  by  circling  the  appropriate  number  on  the  Reader  Service  Card  in- 
cluded in  this  compilation. 

Unless  otherwise  stated,  NASA  contemplates  no  patent  action  on  the  tech- 
nology described. 

We  appreciate  comment  by  readers  and  welcome  hearing  about  the  relevance 
and  utility  of  the  information  in  this  compilation. 

Ronald  J.  Philips,  Director 

Technology  Utilization  Office 

National  Aeronautics  and  Space  Administration 


NOTICE  • This  document  was  prepared  under  the  sponsorship  of  the  National  Aeronautics  and  Space 
Administration.  Neither  the  United  States  Government  nor  any  person  acting  on  behalf  of  the  United 
States  Government  assumes  any  liability  resulting  from  the  use  of  the  information  contained  in  this 
document,  or  warrants  that  such  use  will  be  free  from  privately  owned  rights. 

For  sale  by  the  National  Technical  Information  Service, Springfield,  Virginia  22151  —Price  $1.00 

i 


Section  1.  Fittings,  Couplings,  and  Connectors 


PIPE  JOINTS  REINFORCED  IN  PLACE  WITH  FITTED 
ALUMINUM  SLEEVES 


A new  technique  can  be  used  to  reinforce 
solder-sealed  ferrule  joints  in  installed  small-diam- 
eter aluminum  tubing.  A fitted  aluminum  sleeve 
is  placed  over  the  joint  using  specially  de- 
signed tools. 

The  reinforcement  sleeve  (see  fig.)  is  made  in 
two  longitudinal  halves  for  easy  installation  over 
the  joint  ferrule  and  a contiguous  section  of  tub- 
ing. Epoxy  cement  is  used  to  seal  and  bond  the 
sleeve  tightly  around  the  joint  assembly.  Snap- 
rings  inserted  in  circumferential  grooves  position 
and  hold  the  sleeve  halves  together.  Each  snap- 
ring  is  ground  to  a flat  at  the  crown,  allowing 
the  shield  metal  to  be  swaged  over  the  ring  at 
the  flat  area.  The  snaprings  are  quickly  and 
accurately  installed  in  one  of  the  sleeve  halves 
by  means  of  a special  die  and  swaging  punch, 
the  free  ends  of  the  rings  protrude  equally  beyond 
the  cut  edges  of  the  sleeve  half. 

The  inside  of  the  sleeve  is  machined  to  the 
contour  of  the  ferrule  joint,  with  clearance 
to  accommodate  the  epoxy  cement.  A sufficient 
length  of  sleeve  r . rovided  to  allow  an  ample  con- 
tact surface  for  sealing  and  bonding  between  the 
sleeve  and  tubing  on  both  sides  of  the  ferrule. 
Grooves  for  the  snaprings  are  cut  around  the 


outside  diameter  of  the  sleeve  near  each  end. 
The  sleeve  is  then  cut  in  half  lengthwise  with 
a 0.05  cm  (0.02  in.)  mill  saw  to  form  two  identi- 
cal shells. 

Immediately  prior  to  permanent  installation  over 
a joint,  both  shells  of  the  sleeve  are  completely 
coated  on  the  inside  cleared  surfaces  with  a com- 
mercial epoxy  resin.  The  clamping  action  of  the 
snaprings  aids  in  distributing  the  epoxy  resin,  and 
any  excess  expelled  from  the  sleeve  can  be 
removed  before  jelling  occurs  (within  8 hours  at 
room  temperature).  The  epoxy  resin  normally 
cures  to  standard  test  strength  in  approximately 
24  houis.  Centering  and  installation  of  the 
shielding  over  joints  in  constricted  working 
areas  are  greatly  facilitated  with  specially  designed 
centering  and  insertion  tools.  The  insertion  tool 
positions  the  sleeve  halves  over  the  tubing  joint 
and  locks  them  in  place  in  a single,  one-handed 
operation. 

Although  the  method  was  specifically  designed 
for  solder-sealed  ferrule  joints  in  small-diameter 
aluminum  tubing,  the  approach  is  adaptable  to 
a variety  of  tubing  sizes,  materials,  and  joints. 
Tubing  joints  reinforced  by  this  method  have  with- 
stood considerable  torsion,  tension,  and  vibra- 
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tion  stresses  at  moderately  elevated  temperatures. 
In  tests  for  resistance  to  mechanical  abuse,  tub- 
ing and  joint  assemblies  were  bent  to  failure.  All 
failures  occurred  in  the  tubing  rather  than  in  the 
reinforced  joint. 


Source:  I.  Cortex.  Jr.,  J.  Siegfried, 
and  O.  Wobig 
Manned  Spacecraft  Center 
(MSC-III09) 

Circle  I on  Reader  Service  Card. 


HIGH-PRESSLRE  COtPLlNG  FOR  UNTHREADED,  UNFLARED  TUBES 


A high-pressure  coupling  connects  to  any 
straight,  unflared,  and  unthreaded  tubing,  with- 
out deforming  or  otherwise  damaging  the  tubing. 
The  coupling  (see  fig.)  grips  the  tube  wall  tightly 


Standard  Screw 
Fitting 


Outer  Male 
Collar 


0-Rings 

Compression 
Sleeve 


Locking  Nut 

Hoi  low  Mandrel 

Tubing 

Outer  Female 
Col  lar 


Compression 
Ring 
Thrust 
Washer 


between  an  external  compression  sleeve  and  an 
internal  hollow  mandrel,  and  is  adaptable  to 
standard,  screw  fittings  for  test  stand  attachment. 

The  mandrel  portion  is  inserted  in  the  tubing 
with  two  0-rings  installed.  The  outer  female 


collar,  thrust  washer,  and  compression  ring  are 
then  placed  over  the  tubing.  The  tapered  and 
slotted  compression  sleeve  is  slid  onto  the 
tubing,  with  its  forward  taper  fitting  inside  the 
compression  ring  taper  and  the  tube  end  flush 
with  the  rear  portion  of  the  sleeve.  The  outer 
male  collar  is  threaded  onto  that  portion  of  the 
hollow  mandrel  which  extends  from  the  tube 
and  into  the  female  threads  of  the  outer  female 
collar. 

As  the  male  collar  advances  into  the  female 
collar,  its  internal  taper  forces  the  compression 
sleeve  to  deform  because  of  the  longitudinal  slots 
in  the  sleeve.  The  resultant  compressive  radial 
force  on  the  tube  outer  wall,  supported  from 
within  the  tube  by  the  hollow  mandrel, 
causes  the  tube  to  be  gripped  firmly  by  the  coup- 
ling. 

A locking  nut  is  then  threaded  onto  the  plug 
thus  formed,  and  the  test  stand  adapter  or  con- 
nector is  attached.  Pressure  is  transmitted  from  the 
test  apparatus  to  the  tubing  through  the  hollow 
mandrel. 

Source:  J.  A.  Stein  of 
North  American  Rockwell  Corp. 

under  contract  to 
Manned  Spacecraft  Center 
(M  SC-600) 

Vo  t tin  her  docinneniaiion  i\  availahle. 


METHOD  FOR  REINFORCING  TUBING  JOINTS 


A joint  repair  technique  permits  resealing  or 
reinforcing  leaking  or  weak  tubing  joints  without 
removing  the  failing  member  from  the  system. 
A split  longitudinal  aluminum  shield  with  an 


epoxy  resin  coating  is  used  in  conjunction  with 
sectioned  nuts  that  slip  over  the  tubing  and  mate 
with  the  threaded  ends  of  the  split  shield. 

The  shield  is  threaded  on  each  end  with  stand- 
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ard  pipe  threads  and  is  designed  with  a small  space 
adjacent  to  each  side  of  the  ferrule  location  to  en- 
sure a continuous  circumferential  epoxy  seal.  The 


Space  For  Epoxy 


aluminum  shield  is  halved  longitudinally  with  a 
slit  saw,  and  a generous  coating  of  epoxy  resin 
is  applied  to  the  inner  surfaces  of  each  half. 


Nuts  to  fit  the  pip^-threaded  ends  of  the  shield 
are  sectioned  (see  fig.)  to  just  slip  over  the  tub- 
ing, the  shield  halves  are  clamped  together 
over  the  joint,  and  the  nuts  are  attached  and 
drawn  up  on  the  shield  and  threads.  For  in- 
creased strength  and  clamping  action,  two  such 
nuts  can  be  applied  at  each  end  of  the  shield. 
In  this  case,  the  nuts  should  be  so  sectioned  that 
their  open  portions  lie  on  opposite  sides  of  the 
shield. 

Source:  W.  S.  Lee  and  J.  Kinzier 
Manned  Spacecraft  Center 
(MSC-III08) 

Circle  2 on  Reader  Service  Card. 


SELF-SEALIN(;  FITTING  FOR  INJECTION  AND  SAMPLING 

OF  LIQI  IDS 


A standard  AN  fitting  has  been  modified  to 
accept  a blunt-ended  hypodermic  needle  for  inser- 
tion into  a liquid  system  so  that  material  may  be 
either  introduced  into  or  withdrawn  from  the 
system  without  danger  of  contamination.  This 
technique  greatly  reduces  the  quantities  required  to 
obtain  representative  system  samples,  and  has  been 
successfully  used  for  taking  contamination  control 
samples  from  a fluid  system  located  in  an  unclean 
area. 

As  shown  in  the  sketch,  a standard  AN  fitting 
is  modified  by  the  introduction  of  two  compres- 
sion wafers  of  silicone  rubber  with  a durometer 
hardness  of  approximately  40.  Each  washer  is 
punctured  through  its  center  by  a vety  short 
slit.  The  wafers  are  then  installed  in  the  fit- 
ting so  that  the  slits  are  at  right  angles  to  each 
other  to  form  a cross.  A short  piece  of  flared 
thick-wall  tubing  is  inserted  into  the  fitting  on 
top  of  the  compression  wafers,  and  a standard 
AN  “B”  nut  is  installed  and  tightened  to  com- 
press the  wafers.  The  blunt  needle  is  then  in- 
serted through  the  wafer  slits,  without  per- 
mitting any  leakage  or  contamination. 


Hypodermic 
Syringe  and 
Blunt  Needle 


AN  Fitting 
Rewort.ad  to  accept 
Silicone  Wafers 


Flared 

Tbick-Wall  Tubing 


AN  "B"  Nut 


Silicone  Rubber 

Wafers 


mnnnnmi^ 


'///////////////////////////////////////A 


Source:  C.  W.  Overbey  of 
North  American  Rockwell  Corp. 

under  contract  to 


Manned  Spacecraft  Center 
(M  SC- 1 5005) 


No  further documenlalion  is  available. 


4 


PIPING  AND  TUBING  TECHNOLOGY 


A QUICK  DISCONNECT  FOR  CRYOGENIC  FLUID  LINES 


Poppet  Valve 


Quick 
Oiaoonneci 


Operating  Cam 


Check 

Valve* 


A cam-operated  valve  can  be  used  for  handling 
fluids  at  cryogenic  temperatures  and  at  very  low 
pressures.  The  valve  (see  fig.)  is  part  of  a quick- 
disconnect  coupling  designed  to  implement  the 
separation  of  a space  vehicle  liquid  fluid  system 
and  its  umb'lically  connected  ground  supply 
facility. 

The  cam-lever  actuated  poppet  valve  has  been 
used  in  conjunction  with  a ground  half-d<sconnect 
to  overcome  LOX  tank  ullage  pressure  decay 
caused  by  “cryo-pumping”  resulting  from  the 
temperature  differential  across  the  LH2/LOX 


tanks  and  He-pressurized  common  bulkhead.  The 
cam  actuates  the  normally  closed  airborne  half- 
poppet to  the  open  position  when  the  ground  half- 
disconnect  coupling  is  engaged,  and  maintains  an 
evacuated  system  while  providing  a thermal  bar- 
ier  in  the  disengaged  position. 

Source;  E.  J.  Castaldo  and  P.  J.  Formolo  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-16622) 

Circle  3 on  Reader  Service  Card. 


ELBOW  FITTING  WITH  SELF-LOCKING  COUPLING  NUT 

A ir/2  rad  (90*)  elbow  fitting  can  swivel 
2ir  rad  (360*)  in  one  plane  for  more  effective 
alignment  with  mating  hardware,  yet  may  be 
secured  in  place  without  the  usual  locking 
devices.  On  existing  elbow  assemblies,  the  fitting 
and  locknut  are  secu  xd  by  means  of  0 locking  wire 
inserted  through  a hoi«.  in  the  nut  and  a channel 
in  the  fitting.  When  torqued  beyond  a certain 
point,  such  an  arrangement  will  shear  the  wire, 
swage  the  fitting  groove,  or  mutilate  the  channel, 
all  of  which  are  undesirable. 

This  improved  technique  (see  fig.)  uses  a left- 
hand  threaded  locking  ring  to  ensure  secure 
attachment  of  the  locknut  to  the  fitting.  Suf- 
ficient surface  area  is  obtained  on  the  face  of  the 
locking  ring  to  support  the  compression  sur- 
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face  of  the  locknut,  thus  maintaining  a 2«'  rad 
(360°)  pressure  on  the  sealing  areas  of  the  fitting. 
This  eliminates  the  requirement  for  the  locking 
wire. 


Source:  F.  L.  Br'adwick  of 
The  Chrysler  Corp. 
under  contract  to 
Marshall  Space  Flight  Center 
(MFS- 14366) 

Circle  4 on  Reader  Service  Card. 


LIGHTWEIGHT  HOSE  ASSEMBLY  WITH  HIGH 
FLEXIBILITY  AND  STRENGTH 


Sallows 

(Flex.i-  8 Section) 


Collar 


Sleeve 


Tube  End 


A new  hose  design  incorporates  flexible  sections 
fastened  to  reinforcement  braid.  The  assembly 
is  lightwc'ght  and  flexible,  is  useful  in  high- 
and  low-pressure  oxygen,  helium,  and  hydrogen 
systems,  and  can  withstand  pressures  from 
689.5  kN/m2  (100  psi)  to  22,064  kN/m^  (3200 
psi)  and  temperatures  from  294.25  Tv  (70*  F)  to 
58.15  K( -423°  F). 

The  all-metal  hose  assembly  consists  of  a flex- 
ible section,  sleeves,  reinforcement  braid,  collars, 
and  tube  ends  (see  fig.).  The  flexible  section  is  an 
annular,  continuous  convoluted  bellows.  An  over- 
lapping, double-row  resistance  weldment  joins 
the  end  sleeves  to  the  bellows  neck,  which  fits 
snugly  wiihin  the  inside  diameter  of  the  sleeve. 
The  weldment  is  trimmed,  still  leaving  a pres- 


sure-tight joint,  and  the  resulting  end  is  sub- 
sequently butt  welded  to  the  tube  ends.  The 
stainless  steel  braid  is  then  assembled  over 
the  flexible  section  which  is  compressed  in  a 
fixture  to  its  required  length.  The  braid  is  formed 
over  the  sleeve  conical  shoulder,  and  a collar 
is  positioned  over  and  against  the  braid  at  the 
sleeve  cone  area.  This  provides  a clamping  action 
which  is  maintained  by  swaging  and  heliarc 
welding  the  collar  and  the  braid  to  the  sleeve. 

Source:  L.  L.  Bessing  of 
North  American  Rockwell  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-I83I) 

Circle  5 on  Reader  Service  Card. 
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PIPING  AND  TUBING  TECHNOLOGY 


FI  SIBLK  METAL  USED  IN  HIGH-PRESSt  RE  PIPE  JOINT 


A simple  method  increases  the  pressure  hand- 
ling capabilities  of  threaded  pipe  joints  and 
renders  them  practically  impervious  to  thermal 

Bleed  Hole 


transient  conditions.  Conventional  flanged  joints 
usually  fail  in  the  extremes  of  these  two  areas. 

In  this  application,  the  joi'.it  is  assembled 
dry  to  the  proper  seal  compr.-ssion  and  fusible 
metal  is  flowed  into  the  threaded  area,  filling 
the  void  space  between  the  threads.  A b'eed  hole 
b used  as  an  exit  for  any  gas  trapped  during 
the  filling  process.  The  j-^int  can  be  disassembled 
by  heating  it  while  expelling  the  fusible  metal  by 
applying  pressurized  gas  to  either  end  of  the 
threaded  joint.  For  joints  where  one  part  cannot 
be  rotated  relative  to  the  other,  or  where  a 
precise  angular  relationship  is  required,  a left- 
hand /right-hand  threaded  turnbuckle-type  double 
joint  can  be  used. 

Source:  R.  E.  Meyer  of 
Pratt  & Whitney  Aircraft 
under  contract  to 
Marshall  Space  Flight  Center 
(MFS-2II76) 

So  further  doainieiiiatioii  is  a \jilaMe. 


Section  2.  Flexible  Devicesand  Vibration  Damping 


PLASTIC  TI  BING  PROTECIS  FLEXIBLE  COPPER  HOSE 
Flexible  Copper 


Correction  to  Shrinl^ble  Plastic 

Water  Supply  Sleeving 

Reinforcing  flexible  copper  purge  and  coolant 
hoses  with  a sleeve  of  high-temperature  shrinkable 
plastic  has  proven  to  be  an  excellent  protective 
measure  in  a severe  vibration  condition,  such  as 
testing  a rocket  engine.  Similar  flexible  copper 
coolant  lines  can  be  used  in  automotive  ap- 
plications. 

The  flexible  copper  hose  is  inserted  into  a 
slightly  larger  plastic  tube.  Sufficient  heat  is 
then  applied  to  shrink  the  plastic  until  it  assumes 
the  contour  of  the  hose  in  intimate  contact. 


Connector 


During  operation,  the  plastic  covering  permits  the 
copper  hose  to  ;ake  a radial  bend  without  kink- 
ing. and  prevents  it  from  taking  a permanen* 
bend  (setting).  The  plastic  covering  also  serves 
as  a reinforcement  of  the  joint  between  the 
hose  and  fitting. 

Source:  B.  E.  Mellgren  of 
North  American  Rock  veil  Corp. 

under  contract  to 
Marshall  Space  Flight  Center 
(MFS-772) 


\o  further  (hu'tiiiieiiialioii  is  available. 
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PREFACE 


By 

L.  G.  Gitzendanner 


The  purpose  of  this  handbook  Is  to  aid  in  the  design  and/or  selection 
of  separable  fluid  connectors.  Since  fluid  connectors  must  be  designed  for 
handling  various  fluids,  for  a large  range  of  temperatures,  for  a range  of 
pressures,  and  for  various  environmental  conditions,  there  can  be  many  designs 
for  connectots.  However,  It  Is  possible  to  present  the  basic  approach  that  one 
may  follow  In  designing  or  selecting  a connector  for  a particular  application. 
Discussion  of  the  phenomena  associated  with  connectors  Is  Included  to  help  the 
designer  avoid  oversights,  be  able  to  better  judge  the  cause  and  nature  of  past 
difficulties,  and.  In  general, to  better  appreciate  the  fundamentals  Involved. 

The  Connector  Design  Handbook  Is  divided  Into  seven  chapters.  Chapter  1, 
"Fundamental  Considerations  of  Separable  Connector  Design,"  presents  a general 
discussion  of  tne  problems  to  be  considered  In  separable  connector  design  and 
Is  based  on  the  laws  of  physics  and  an  appreciable  amount  of  experimental  data. 

Chapters  2 and  3,  "Flanged  Connector  Design"  and  "Threaded  Connector 
Design,"  give  specific  design  procedures  for  establishing  the  geometric  dimen- 
sions of  separable  connectors.  Design  examples,  which  Illustrate  the  step-by- 
step  mathematical  manipulations  necessary  to  finalize  a design,  are  Included 
In  each  chapter.  The  design  and  analysis  equations  given  are  based  on  an 
elastic  stress  analysis  and  have  been  checked  for  accuracy  within  the  limitations 
of  the  physical  assumptions.  While  ultimate  verification  of  the  procedures  must 
await  repetitive  application  of  the  procedures  for  a multitude  of  sizes,  pres- 
sures, and  temperatures,  the  procedure  has  been  used  to  effect  one  threaded  con- 
nector design  (for  4700  psl,  1440^  service)  and  fo*.ir  possible  flange  configur- 
ations for  a ten  Inch  connector  (750  psl,  700°F). 

Chapter  4,  "Pressure-Energized  Cantilever  Seals  and  Hollow  Metallic 
0-Rlngs,"  also  based  on  elastic  stress  analyses,  gives  detailed  equations  and 
nomographs  for  direct  and  final  design  of  cantilever-type  pressure-energized 
seals.  Equations  for  determining  the  displacement  characteristics  of  hollow 
metallic  0-rlngs  are  also  presented. 

Chapter  5,  "Leakage  Measurement  Techniques,"  presents  techniques  and  stan- 
dards for  the  determination  of  the  leakage  characteristics  of  fluid  connectors 
under  development.  The  procedures  outlined  have  proven  successful  over  a period 
of  two  and  one  half  years  In  a fluid  connector  development  program. 

Material  properties  useful  to  a designer  are  given  In  Chapter  6,  "Material 
Properties  and  Compatibility."  Included  are  the  mechanical  properties  of 
elastomers,  plastics,  and  some  structural  materials.  Compatibility  of  materials 
with  typical  contained  fluids  is  also  discussed.  This  chapter  should  be  a con- 
venient reference  for  the  more  commonly  required  information.  All  data  listed 
is  from  accredited  sources  which  are  referenced. 


i 


Chapter  7,  "Catalog  of  Seals,"  lists  seal  configurations  and  materials 
particularly  applicable  to  aerospace  applications.  Each  entry  is  based  on 
eKperimental  results  obtained  using  the  leakage  test  procedures  given  in  Chapter 
5.  As  new  configurations  are  proven  and  new  materials  are  shown  to  be  success* 
ful,  additional  entries  can  be  made  in  this  catalog. 

It  is  believed  that  employment  of  the  fundamental  considerations  listed 
and  use  of  the  analysis  and  design  procedures  given  will  result  in  connectors 
which  will  satisfy  most  requirements.  Where  unusually  mild  or  unusually  severe 
environments,  or  other  extreme  requirements  are  Included,  it  may  be  advantageous 
or  necessary  to  develop  modifications  to  the  equations  and  procedures,  in  which 
case  an  understanding  of  the  principles  underlying  the  procedures  given  will  be 
helpful. 

The  Handbook  is  at  present  considered  "tentative"  in  that  insufficient  use 
has  been  given  its  contents  to  date.  When  the  applicability  and  utility  of  the 
various  procedures  have  been  proven  by  usage,  the  volume  will  be  considered 
"final."  Comments  pertinent  to  the  contents  of  the  Handbook  should  be  directed 
to  Mr.  C.C.  Wood,  M-P&VE-PT,  Marshall  Space  Flight  Center,  National  Aeronautics 
and  Space  Administration,  Huntsville,  Alabama. 
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Section  2 


FIANGED  CONNECTOR  DESIGN 
by 

S.  Levy 


2.0  Introduction 


This  Section  presents  a more  rigorous  way  of  analyzing  flanged  connectors 
than  has  commonly  been  used  In  the  past.  It  obtains  a more  complete  picture 
of  hou  stresses  and  deformations  are  distributed  and  thus  makes  possible  better 
optimization.  It  provides  a detailed  design  procedure  for  lap  flanges.  It 
also  makes  use  of  more  criteria  for  acceptability  of  a particular  design  than 
has  been  done  heretofore.  Although  this  portion  of  the  Handbook  has  been  care- 
fully assembled  many  of  the  features  are  new,  and  therefore  should  be  considered 
preliminary  until  experience  and  use  confirm  or  modify  the  procedure  presented. 

The  analytical  procedures  indicate  new  configurations  which  show  advant- 
ages over  present  configurations  for  some  applications.  Some  of  these  configur- 
ations are  described  in  Section  2.6,  pages  2-54. 

The  basic  analytical  procedure  presented  in  this  Section  makes  use  of 
equilibrium  and  cosqtatibility  conditions  to  obtain  a solution.  In  the  appendices. 
Section  2.9,  the  basic  formulas  are  presented  in  a form  best  adapted  to 
connector  analysis.  These  formulas  are  adapted  to  either  hand  or  digital 
computer  computation.  bJhere  a computer  is  to  be  used  exclusively,  an  energy 
approach  is  simpler.  To  this  end, Section  2. 7 (page  2 - 57)  shows  techniques  for 
programming  a computer  for  an  energy  analysis  of  connectors. 

Preliminary  design  procedures  are  presented  for  each  basic  type  of  connector 
so  that  the  trial  configuration  can  be  a fair  approximation  to  the  final  design. 
Since  these  procedures  necessarily  make  fixed  assumptions  regarding  the  distri- 
bution of  redundant  loads,  they  must  be  considered  as  giving  only  an  approximation 
to  the  best  configuration,  and  may  indeed  be  unconservative. 

Tlie  effects  of  frictional  forces  at  the  ^.asket,  between  loose  and  lap 
flanges,  and  elsewhere,are  taken  into  account.  Since  gasket  sliding  is  a major 
consideration  if  "zero  leakage"  is  a design  goal,  it:  is  felt  that  this 
mechanism  must  be  considered.  Friction  elsewhere  has  marked  effects  on  the 
sealing  force  at  the  gasket  and  thus  also  effects  leakage  performance. 

The  effects  of  eccentric  loading  on  the  bolts  is  included  in  the  analysis. 
This  factor  is  an  important  consideration  in  choosing  between  flanges  having 
no  contact  outside  the  bolt  circle  and  those  having  such  contact. 

2.0. 1 When  To  Use  Flanged  Connectors 

Flanged  connectors  are  used  for  joining  larger  sizes  of  pipes  while  tube 
connectors  are  used  for  smaller  sizes.  Ordinarily  the  change  over  from  one 
type  to  the  other  occurs  at  a diameter  of  about  one  inch.  The  transition  is 
dictated  by  torque  requirements  on  the  bolts.  If  flanged  connectors  are  used 
for  very  small  pipes  the  bolts  become  too  small  for  reliable  torqulng.  On 
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the  other  hand  1£  a tubing  connector  were  used  for  very  large  pipes,  the  wrenches 
would  need  to  be  unreasonably  large.  In  very  high-pressure  systems  the  axial 
loads  are  so  high  that  the  transition  from  tube  to  flange  connectors  might  occur 
at  sizes  below  one  Inch;  while,  with  very  low  pressures  the  size  could  be  some- 
what greater  than  one  Inch. 

2.0. 2  Material  Choice  for  Flanged  Connectors 

Materials  for  use  in  flanged  connectors  must  first  be  selected  on  the 
basis  of  their  compatibility  with  the  fluids  being  transferred.  Secondly, 
they  must  have  an  appropriate  strength  at  the  temperatures  and  other  environ- 
mental conditions  to  which  they  will  be  subjected.  Finally,  weight,  weldability, 
low  expansion  coefficient,  low  creep,  corrosion  resistance,  ease  of  machining, 
fatigue  strength,  ductility,  stiffness,  etc.,  may  be  important  material  consider- 
ations In  a particular  design.  Necessary  Information  on  materials  of  Interest 
in  fluid  connector  design  is  provided  in  Section  6 of  this  Handbook. 

Selection  of  flange  materials  for  connectors  used  in  missiles  has  in  the 
past  largely  been  limited  to  stainless  steels  and  aluminum  alloys.  Bolt  and 
loose  flange  materials  need  not  have  as  great  a compatibility  with  missile 
fluids  and  therefore  offer  a greater  range  of  selection. 

Where  the  gasket  is  not  a vendor  item,  it  is  recommended  that  tests  be 
performed  to  detemlne  the  seating  and  minimum  operating  gasket  forces.  Where 
sealing  is  the  result  of  plastic  flow  of  the  gasketing  material,  a sealing  stress 
of  about  2.75  times  the  yield  stress  is  indicated  in  Section  1 (page  1-6), 
"Fundamental  Considerations  of  Separable  Connector  Design."  To  keep  bolt  forces 
low,  therefore,  it  is  desirable  that  the  gasket  be  thin.  Ordinarily  once  a 
"seal"  has  been  made,  the  gasket  force  may  be  reduced  up  to  about  half  (the  exact 
value  of  the  reduction  will  depend  on  the  sealing  mechanism  and  is  best  deter- 
mined by  test)  before  its  ability  to  maintain  "zero  leakage"  is  lost.  This 
consideration  governs  the  seal  width  since  the  Initial  gasket  force  must  be  large 
enough  so  proof  and  operating  loads  do  not  reduce  it  below  the  minimum  value 
permitted. 

Where  sealing  is  achieved  by  mating  surfaces  whose  finish  is  in  the  micro- 
inch  range,  the  material  selection  should  emphasize  wear  iresistance.  Thus  the 
loss  in  finish,  with  repeated  use  and  with  the  "working"  which  accompanies 
assembly  as  well  as  temperature  and  pressure  changes,  will  be  minimized. 

Lubricant^  to  reduce  the  coefficient  of  friction  between  bolt  and  nut, 
and  at  other  contact  points,  are  Important  because  variability  in  this  factor 
is  a primary  source  of  variability  in  the  force  at  the  gasket  to  achieve  seal- 
ing. The  lubricant  should  be  selected  to  be  compatible  and  to  give  the  lowest 
possible  friction  coefficients  between  rubbing  parts. 

2.0. 3  Environmental  Conditions 

Some  of  the  environmental  conditions  to  which  a fluid  connector  is  sub- 
jected primarily  affect  the  material  properties  or  the  material  Integrity. 

These  include; 

a.  Chemical  Interaction;  i.e.,  LOX  sensitivity  or  corrosion  resistance. 

b.  Radiation 
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c.  Temperature;  i.e.,  change  in  mechanical  properties  with  temperature 
or  loss  of  heat  treatment,  etc. 

Other  environmental  conditions  also  cause  the  connector  to  deform.  These 
include: 


a.  Fluid  pressure. 

b.  Axial  load  or  bending  moment  on  pipe. 

c.  Thermal  expansion. 

d.  Creep 

e.  Vibration,  shock,  water-hammer. 

The  first  group  of  environmental  conditions  primarily  affect  material  select- 
ion, while  the  second  group  primarily  affect  the  detailed  geometric  design. 

2.0.  A Interaction  of  Flanges  and  Seal 

The  choice  of  a seal  determines  the  assembly  preload  and  the  load  to  be 
maintained  under  various  operating  conditions.  Shear  0-rings,  knife  edges, 
and  other  wedging- type  seals,  as  compared  with  flat  gaskets,  permit  about 
twice  as  large  a ratio  between  the  gasket  load  at  assembly  and  when  operating. 
Pressure-energized  seals,  such  as  the  metal  0-ring  or  the  Kaflex  types,  are 
ordinarily  contained  so  that  the  primary  load  path  bypasses  the  seal.  Such 
seals  place  limits  on  the  permissible  flange  separation  at  the  seal  and  may  also 
place  limits  on  the  permissible  relative  radial  "scrubbing"  between  flanges. 

For  flange  re-usability  it  is  important  that  the  seal  material  be  softer 
than  the  flange  material.  Surface  finish  of  the  flange  at  the  gasket  has  a 
moderate  effect  on  the  gasket  force  required  for  sealing. 

Where  welding,  or  some  other  manufacturing  process, is  expected  to  result 
in  small  lack  of  flange  flatness,  variable  flange  rolling  or  variable  gasket 
compression  must  make  up  the  difference. 

2.0. 5  Input  Parameters  Needed  by  Flange  Designer 

The  flanges  will  be  subjected  to  bolt  forces,  gasket  forces,  pressure, 
and  pipe  forces.  The  pipe  forces  include  not  only  the  hydrostatic  end  load 
from  Internal  pressure  but  also  axial  load  and  bending  moment  from  the  pipe 
supports.  Ref  2.3,  or  from  vibration,  shock  or  water-hammer.  Ref  2.1.  For 
purposes  of  design, it  will  often  be  adequate  to  combine  the  pipe  forces  into 
an  "equivalent"  axisymmetric  axial  load  causing  axial  pipe  stresses  equal  to 
the  maximiun  axial  fiber  stress  under,  the  actual  axial  load  (including  hydro- 
static end  load)  plus  twice  the  bending  moment.  (The  doubling  of  the  bending 
effect  is  an  estimate  based  on  the  results  on  pages  47-49  of  Ref  2.3  which 
show  a factor  of  one  is  unconservative). 

In  addition  to  loads,<the  flange  designer  must  know  the  operating  pressures 
and  temperatures  and  the  time  over  which  satisfactory  performance  must  be 
maintained. 

Combining  this  information  with  a knowledge  of  the  fluids,  special 
environmental  factors,  and  re-usability  requirements,  the  flange  designer  can 
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select  materials  and  proceed  f?ith  a detailed  design  of  the  flanges. 

The  input  parameters  required  are  therefore: 

a.  Pipe  size  and  fluid  identification. 

b.  Pipe  axial  load  and  bending  moment. 

c.  Fluid  pressure- temperature- time  history. 

2.0,6  Flange  Type 

A floating  (or  loose)  flange  is  used  vihen  it  is  necessary  to  Join  sections 
of  pipe  for  which  it  is  not  possible  to  be  sure  the  bolt  holes  of  adjoining 
flanges  will  line  up. 

No  contact  outside  the  bolt  circle  has  been  standard  practice  in 
the  ASHE  codes.  Occasionally  it  is  found  desirable,  however,  to  have  contact 
outside  the  bolt  circle.  Typical  cases  are: 

a.  Where  a pressure  energized  seal  is  being  used  and  such  a configuration 
provides  convenient  containment  for  the  seal  as  well  as  preventing 
flang?.  rolling. 

b.  Where  internal  pressure  is  low  and  the  pipe  wall  is  so  thin  that  it 
affords  little  restraint  to  flange  rolling. 

c.  Where  control  of  gasket  thickness  is  good  enough  to  provide  the 
planned  sharing  of  bolt  load  between  the  gasket  and  the  contact 
outside  the  bolt  circle. 

d.  Where  floating  flanges  might  roll  excessively. 

In  the  case  where  the  flanges  are  in  contact  outside  the  bolt  circle,  there  is 
little  flange  rolling  and  therefore  the  bolts  are  loaded  more  squarely.  This 
effect  permits  the  use  of  bolt  loads  closer  to  the  yield  stress  times  the 
root  cross-sectional  area  than  the  25  percent  permitted  in  the  ASME  code  in  the 
case  of  flanges  with  no  contact  outside  the  bolt  circle.  The  decreased  bolt 
size  permits  smaller  flange  dimensions  when  there  is  contact  outside  the  bolt 
circle. 


Present  design  experience  with  flanges  having  contact  outside  the  bolt 
circle  is  Insufficient  to  provide  a simple  guide  to  predict  when  they  may  be 
prefereable  to  those  having  no  such  contact.  In  the  cases* listed  above  it 
appears  to  be  desirable  to  perfom  design  studies  with  both  types. 

2.0.7  Organization  of  Section  2 

After  selecting  the  flange  type,  steps  in  the  flange  design  will  be 
considered  in  the  following  sequence: 

a.  Selection  of  materials  for  the  flanges,  bolts,  and  gaskets. 

b.  Identification  of  design  values  for  gasket  forces.  Internal  pres- 
sure, temperature,  and  pipe  loads  for  assembly,  proof  test,  and 
various  operating  conditions. 
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c.  OeCerroination  of  mschanical  property  values  for  the  materials  taking 
account  of  the  effect  of  temperature  and  time  under  load. 

d.  Estimation  of  a preliminary  design  layout. 

e.  Calculation  of  stresses  and  deformations  for  the  preliminary  design. 

f.  Modification  of  the  design  to  bring  stresses  and  deformations  to 

design  values.  ^ 

2.0.8  Limitations  of  Section  2 


The  analysis  is  based  on  linear  elastic  theory.  Therefore,  no  account 
is  taken  of  localized  yielding  which  may  result  from  the  addition  of  design 
stresses  to  the  residual  stresses  which  may  have  been  left  during  flange 
manufacture.  In  the  case  of  ductile  materials,  it  may  frequently  be  desirable 
to  apply  initial  high  bolt  forces  causing  some  yielding  in  the  hub  region. 

When  the  bolt  force  is  released  the  resulting  residual  stress  pattern  may  be 
such  that  the  creep  resistance  is  improved  at  lower  bolt  loads.  Ref  2.6.  The 
analysis  giv«en  here  applies  only  after  this  initial  yielding  has  taken  place. 

Creep  is  not  considered  directly  in  Section  2.  Instead,  it  is  taken 
into  account  to  a limited  degree  by  using  reduced  values  of  allowable  stresses. 
Creep  will  be  more  pronounced  in  highly  stressed  areas,  so  that  some  redistri- 
bution of  stress  will  occur.  It  is  recommended  that  the  reduced  value  of 
stress,  if  any,  be  that  for  which  a 10  percent  relaxation  of  stress  will  occur 
during  the  time  the  connector  is  subjected  to  surge  pressure  at  temperature. 
Since  only  localized  areas  of  the  connector  are  at  maximum  stress,  this  re- 
quirement should  result  in  a much  smaller  reduction  in  bolt  and  gasket  loads 
in  the  connector,  probably  less  than  ffve  percent. 

2.1  Design  Procedure 

Design  procedures  for  axisymmetric  flanged  connectors  are  presented  in 
various  standards,  in  ASME  papers.  Ref  2.4,  and  in  the  Taylor  Forge  Bulletin, 
Ref  2.2.  These  procedures  embody  a number  of  rational  formulas  together 
with  design  rules  and  approximations  based  on  past  experience. 

Perhaps  the  most  significant  difference  imposed  by  launch  vehicle  use  is 
that  "zero  leakage"  must  be  maintained  whereas  previously  it  was  sufficient 
to  prevent  "large  scale  leakage".  From  the  point  of  view  of  flange  design, 
this  means  that  a substantial  gasket  load  is  required  even  at  the  highest 
pressures.  A second  difference  is  that  the  temperature  range  is  wider  from 
cryogenic  values  to  those  for  hot  gases.  A third  difference  is  that  weight 
is  a far  more  important  requirement  for  missile  applications  than  it  would  be 
for  connectors  used  on  the  ground.  A fourth  difference  is  that  dynamic  forces 
in  a missile  apply  substantial  loads  to  the  connector.  Finally, it  is  likely 
to  be  more  difficult  to  retighten  bolts  and  thus  condensate  for  creep  effects. 

The  design  procedure  presented  herein  will  have  fei?er  approximations  in  the 
formulas  than  those  given  previously  and  will  include  design  rules  based  on 
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launch  vehicle  experience.  The  confutations  «111  determine  deformations  as 
well  as  stresses  since  in  some  cases  excessive  deformation  Is  the  reason  for 
poor  performance.  A detailed  design  procedure  is  presented  here  for  lap 
flanges;  whereas > in  the  past  these  were  frequently  "estimated''  with  resulting 
excessive  deformations  and  stresses. 

2.1.1  Material  Properties 

Compatibility  with  the  fluid  is  a primary  requisite  of  the  flange 
material.  Table  6.5  in  Section  6 of  this  manual  provides  information  on  the 
chemical  compatibility  of  various  flange  materials  with  propellants  In  a 
static  environment.  It  can  be  used  as  an  indicator  of  the  materials  having 
the  best  probability  of  being  compatible  in  the  presence  of  abrasion  or  other 
severe  mechanical  environments. 

Mechanical  properties  are  given  in  Tables  6.1  to  6.3  of  Section  6. 

Table  6.3  shows«  for  example,  that  in  the  1S00°F  temperature  range  only  nickel 
alloys  and  stainless  steels  have  suitable  properties.  Table  6.1  shows  that, 
at  room  temperature,  aluminum  alloys  are  quite  competitive  on  a strength/ 
weight  basis. 

Not  all  materials  are  suitable  for  use  at  cryogenic  temperatures  since 
they  may  become  too  brittle  or  experience  phase  transformations  that  make 
them  unsuitable.  Some  steels,  for  example,  become  unsuitable  at  as  high  a 
temperature  as  0°F,  with  the  300  series  of  stainless  steels  conditionally 
suitable  at  cryogenic  temperature.  Nickel  alloys  and  aluminum  alloys  are 
suitable  for  service  at  liquid  helium  temperatures. 

2.1.2  Design  Loads 

Maximum  and  minimum  gasket  forces  for  zero  leakage  must  ordinarily  be 
obtained  en^irically.  If  the  gasket  is  a vendor  item,  the  manufacturer  can 
frequently  provide  values.  Factors  affecting  the  gasket  force  are  the  gasket 
material,  the  surface  finish  of  the  flanges,  and  the  flange  contour,  i.e.  flat 
or  knife-edges.  On  the  basis  of  limited  results  in  Section  I. 2. 1.6  it  appears 
that  flat  gaskets  require  stresses  of  about  2. 75  times  the  yield  stress  to 
achieve  "zero  leakage".  The  gasket  force  can  then  be  reduced  roughly  a third 
before  the  "zero  leakage"  state  is  lost.  (Nlth  knife-edge  type  gaskets  the 
permissible  reduction  is  closer  to  two- thirds).  The  initial  gasket  load  must 
be  large  enough  so  that  the  application  of  pressure  and  pipe  loads  will  not 
reduce  it  below  the  limiting  minimum  value. 

Pressure  energized  gaskets  are  usually  "contained".  As  a result  there 
will  be  flange- to- flange  contact.  In  such  a case  the  force  at  the  flangc-to- 
flange  contact  can  drop  to  nearly  zero  without  impairing  the  gasket  performance. 

Internal  pressure  is  zero  during  assembly.  During  proof  test  it  will 
be  1.5  times  the  maximum  operating  pressure,  in  the  absence  of  other  specifi- 
cations. The  connector  must  also  withstand  all  pressure  and  temperature 
combinations  anticipated  during  its  service  life.  Pressure  surges  can  cause 
increased  momentary  pressure  in  the  pipe  line  when  valves  are  opened.  Ref  1, 
Chapter  62.  Although  these  might,  under  adverse  circumstances,  double  the 
pressure, it  seems  that  in  general  a 50  percent  increase  is  a generous  design 
margin  for  this  purpose. 
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Pipe  load  Is  ordinarily  considered  to  be  the  result  of  hydrostatic  end 
force  in  the  case  of  ground  installations.  In  a launch  vehicle  system,  however, 
it  can  also  be  affected  by  relative  displacement  of  the  pipe  supports  during 
launch  vehicle  flexing  and  by  dynamic  forces  resulting  from  vibration  or  shock. 
Ref  2.1,  Chapter  63,  shows  that  d3mamic  forces  of  50  to  100  times  the  static 
forces  due  to  gravity  can  be  expected.  Thus,  it  is  important  to  place  pipe 
supports  close  enough  to  keep  the  static  forces  due  to  gravity  at  low  levels. 

In  the  absence  of  other  specifications,  it  will  be  assumed  in  this  handbook 
that  the  pipe  supports  are  placed  closely  enough  to  prevent  the  d}mamic  forces 
from  adding  a load  having  an  effect  greater  than  that  of  the  hydrostatic  end 
force.  In  the  absence  of  specific  surge  infomation,  fluid  surging  will  be  con- 
sidered able  to  add  50  percent  to  the  pressure.  Thus,  the  design  value  of  the 
internal  pressure  and  equivalent  pipe  load  is  taken  as, 

2 

p = 1.5  p during  operation  with  surges  (Ib/in.) 

opsir  9 

2 

P = 2.5  IT  R oper  operation  with  surges  (lb.) 

(Note;  In  these  equations  the  0.5  factor  is  for  a nominal  surge  factor 
of  50  percent.  With  specific  surge  information  this  factor 
should  be  replaced  by  the  actual  value) 


For  pipe  with  less  than  1.5"  O.D. 

2 

p = 2.0  p during  proof  test  (Ib/in.) 

in^K*  opcir  • 

2 

P = 2.0  7T  R p during  proof  test  (lb.) 

Op62T  • 

2 

p = 4.0  p during  burst  test  (Ib/in.) 

tn&x*  Op62T* 

2 

P = 4.0  IT  R p during  burst  test  (lb.) 

niax*  opcir  • 

For  pipe  with 'greater  than  1.5"  O.D. 

P = Pmax.oper.  (Ib/in?) 

2 

P = 1.5  TTR  P during  proof  test  (lb.) 

*^max.  oper.  ^ ' 

2 

p = 2.5  p during  burst  test  (Ib/in.) 

ttlQiXe  Op62T  • 

P = 2.5  R^  p during  burst  test  (lb.) 

^max.  oper.  ® 

2 

Pfflax  oper  ~ maximum  operating  internal  pressure  (Ib/in. ) 


In  Eq.2.2,  the  bending  moment  effect  is  doubled  in  line  with  the  results 
in  Chapter  47  of  Ref  2.3. 

No  additional  margin  is  added  above  the  added  50  percent  required  for 
surges  during  operation  and  100  percent  (Eq.  2.2)  required  for  dynamic  loads. 
These  added  loads  are  present  for  only  a short  portion  of  the  life  of  the  con- 
nector and  thus  provide  a substantial  margin  to  cover  creep,  fatigue,  thermal 
transients,  etc. 

Creep  is  presently  not  well  understood.  It  may  have  a significatit  effect 
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when  surge  pressure  is  present  for  long  time  periods  at  high  temperature.  To 
remove  the  effects  of  early  creep,  the  practice  of  retlghtenlng  the  bolts  over 
a period  of  several  days  after  Initial  assembly  Is  recommended.  In  the  case  of 
ductile  flange  materials  It  Is  sometimes  advantageous  to  Initially  tighten  bolts 
enough  to  cause  some  yielding  at  the  hub-flange  junction  and  thereby  achieve  a 
more  favorable  residual  stress  distribution.  Ref  2.6.  Such  procedures,  however, 
require  thorough  experimental  verification  of  their  effect  on  creep  In  a particular 
Installation.  Flanges,  bolts,  and  hubs  designed  by  the  procedures  In  this  handbook 
will  have  stresses  below  the  yield  range  at  all  times  and  therefore  will  probably 
have  little  long-time  creep.  Excepting  for  connectors  which  must  operate  for  long 
periods  of  time  at  high -temperatures  under  their  most  severe  loading  conditions, 
it  is  recommended  that  long-time  creep  be  considered  negligible  for  launch  vehicle 
applications.  This  Is  done  In  this  handbook.  A reduced  allowable  stress  can  be 
used  In  design  If  experience  Indicates  creep  Is  significant.  This  stress  should 
be  that  for  which  a 10  percent  relaxation  in  stress  will  occur  during  a time  equal 
to  the  life  required  under  surge  pressure  conditions  at  temperature. 

2.1.3  Design  Requirements 

The  octahedral  stress  at  any  position  in  the  bolts,  flanges,  or  hub  is 
given  by 

% ' ViV<‘’l  • + <”2  - °3>^  + <°1  ■ 

where 

^1*  °2*  ^^3  * hoop,  axial  and  radial  stresses  respectively. 

The  requirement  to  be  satisfied  is; 


a < 
o 


where 


allow 


(2.3) 


a 


allow 


The  allowable  stress.  The  yield  stress  at  temperature  is  taken 
as  where  creep  is  not  important.  Where  creep  is  signi- 
ficant, ^11 ow  taken  as  the  stress  for  which  a 10  percent 

relaxation  In  stress  will  occur  during  a time  equal  to  the  time 
during  which  surge  pressure  is  acting  at  temperature.  (It  should 
be  noted  that  standards  which  permit  only  25  percent  of  the  yield 
stress’  for  bolt  materials  do  not  consider  bolt  bending  as  is  done 
here.  The  inclusion  of  bolt  bending  is  in  fact  a stricter  require- 
ment in  many  cases).  The  presence  of  cyclical  loads  may  require  a 
reduction  of  allowable  stress,  however,  the  margin  for  surges  and 
dynamic  loads  in  Eq.  2,1  provides  substantial  j^atigue  life  even 
when  the  yield  stress  is  taken  as  the  allowable  stress. 


The  stresses  at  locations  of  high  stress  in  a connector  are  generally  a com- 
bination of  axial  and  bending  stresses.  As  a result,  so  long  as  the  connector  ma- 
terials have  some  ductility,  Eq.  2.3  is  conservative,  since  exceeding 
moderately  merely  results  in  a stress  redistribution,  rather  than  faiiurl. 
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Deformations  under  load  must  be  such  that  no  interference  of  parts  results. 
Loose-ring,  floating,  flanges  must  be  particularly  checked  for  excessive  rotation. 
Lap  flanges  may  also  rotate  exctssaively. 

The  gasket  force  must  always  exceed  its  minimum  permitted  value. 

2.2  Flanges  with  No  Contact  Outside  the  Gasket  Circle 

The  most  widely  used  flanged  connector  is  that  having  no  contact  outside 
the  gasket  circle.  Use  will  be  made  of  the  elastic  interaction  of  the  bolts, 
flanges,  hubs,  gasket  and  pipes  under  the  various  applied  loads  to  arrive  at 
an  optimum  design  configuration.  The  design  procedure  involves  selecting  a 
preliminary  design  layout,  analyzing  for  stresses  and  deformations  under  the 
various  loading  conditions,  using  the  results  to  select  an  improved  design 
layout,  reanalyzing,  and  remodifying  until  an  efficient  design  is  attained. 

Every  effort  has  been  made  to  make  the  preliminary  design  procedure  a good  one. 
However,  for  simplicity,  only  a few  parameters  can  be  considered  at  a time. 

Thus,  the  highly  complex  interactions  of  the  connector  parts  can  only  be 
accounted  for  approximately  in  the  preliminary  design  phase.  At  least  one  or 
two  cycles  of  the  analysis -redesign  procedure  are  essential  if  an  optimum 
configuration  is  to  be  achieved. 

The  detailed  design  procedure  is  presented  here  in  a form  suitable  foi 
hand  computation  so  that  the  procedures  can  be  clearly  understood.  It  Is  also 
in  a form  which  can  readily  be  translated  to  digital  computer  language  either 
in  part  or  total.  Where  many  connectors  must  be  designed,  use  of  a digital 
computer  recommends  itself  both  from  the  point  of  view  of  accuracy  in  the  many 
numerical  computations  involved  as  well  as  cost  in  repeating  computations  to 
achieve  an  optimum  configuration. 

2.2.1  Preliminary  Design  Layout  - Integral  Flanges 

a.  Determine  the  pipe  size,  wall  thickness,  and  material  to  either 
side  of  the  connector.  Select  materials  for  the  connector  halves  to  be  the 
same  as  the  corresponding  pipes  except  for  possible  differences  in  heat  treat- 
ment or  alloying  compounds  to  improve  creep,  fatigue,  or  yield  strength. 

Check  that  the  pipe  wall  thickness  satisfies  Section  2.4.1  c'. 

Select  a connector  sealing  system  whose  maximum  permissible  load  „ 
exceeds  its  minimum  permissible  load  for  "zero  leakage"  by  at  least  2.5 
P estimated  reduction  in  gasket  load  during  operation. 

tn&K  op6i.  • 

Determine ; 

1.  Details  of  the  seal  — material,  thickness,  diameters,  etc. 

2.  Axial  load,  (6|)needed  to  make  an  effective  seal. 

3.  Axial  load,  ((^)  needed  to  maintain  a seal  at  operating 
temperature 

(See  Section  2.1.2  for  guidance  on  selecting  gasket  loads). 
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b.  Determine  the  initial  bolt  load,  (Bj),  as  the  greater  of  the  two  values: 


(6j)  or 

(V  ^ G^max.oper 


where  R_  is  the  average  radius  of  the  seal  and  p oner  maximum  nominal 

operating  pressure  (no  surges).  The  factor  of  275  is^an* empirical  value  included 
to  allow  for  pressure  surges,  bending  moments  and  axial  forces  Imposed  on  the 
system,  in  addition  to  bolt  load  caused  by  normal  pressure. 


Select  a bolt  material  and  determine  its-  yield  stress  at  maximum  oper- 
ating temperature.  In  selecting  bolt  material  desirable  factors  Include:  high 

strength,  coefficient  of  expansion  compatible  with  flange  material  coefficient, 
and  suitability  over  the  entire  temperature  range  low  end  as  well  as  high  end. 


Determine  (A..),  the  minimum  permissible  bolt  total  area  at  the  root  of 
of  the  threads. 


B, 


(Aj) 


= 5 ■ ("I) 


where  (S_)  is  the  yield  strength  of  the  bolt  material  at  maximum  working  temper- 
ature. The  factor  5 is  Included  to  allow  for  the  increase  in  stress  (over  that 
caused  by  straight  tension)  due  to  the  normally  present  bolt  bending.  For  arriving 
at  a preliminary  design,  it  is  assumed  that  the  rigidity  of  the  seal  system  is 
enough  greater  than  the  rigidity  of  the  bolt-flange  system  that  the  bolt  stress 
is  relatively  unaffected  by  pipe  vibration  forces  and  pressure  changes  and  no  - 
factor  need  be  included  for  fatigue. 


c.  Use  Table  2.1,  Column  2,  to  select  a bolt  size.  Enter  Column  1,  in  the 
appropriate  thread-type  column,  at  a value  equal  to  or  just  larger  than  the  ratio 
(A_)/(Rg^)  where  (R^q)  is  an  estimated  bolt  circle  radius.  The  bolt  size  is  given 
In^Column  2.  Columns  3 through  7 give  other  data  related  to  bolt  size. 

Check  to  see  that  the  estimated  value  of  (R^q)  was  reasonable  by  apply- 
ing the  formula 

(Sg^)  = R+  (Col.  5)  -f-  (Col.  7)  xl/(Sg)/(Sp) 

where  (Sg)/(Sp)  is  the  ratio  of  yield  stresses  for  the  bolt  and  flange  materials, 

R is  the  inner  radius  of  the  pipe,  and  (R^q)  is  the  bolt  circle  radius.  If  (Rg^) 
is  sufficiently  changed  that  using  it  in  Column  1 of  Table  2.1  results  in  a 
different  bolt  size  selection,  recheck  using  the  new  bolt  size. 

Table  2.1  is  based  on  standard  bolts.  The  use  of  Internal  wrenching 
bolts  or  special  thin -wall  wrenches  would,  generally,  result  in  a design  using  a 
larger  number  of  smaller  bolts  and  a reduction  in  overall  connector  size  and  weight. 

Select  an  intt.gral  number  of  bolts,  n,  such  that  n is  as  small  as 
possible  while  satisfying  the  relationship: 

n 4^(Ag)/(Col.  3) 


2-10 


Check  that  (Rnr.)  satisfies  the  relationship; 

Kol- 


If  it  Joes  not,  it  will  be  necessary  to  increase  (%c)  enough  to  meet  this 
requirement,  while  leaving  the  number  and  size  of  bolts  unchanged. 

d.  Select  a flange  thickness  (H^)  and  a hub  thickness  (T^)  based 
on, 

(H  ) “ (Col.  7)  x-Vls  )/(S  ) = (T  ) 

X i>  r 1 

Select  a flange  outer  radius,  given  by, 

= (Rgg)  + (Col.  6) 

Select  a radius  for  the  large  end  of  the  hub,  (R^j),  given 

by» 


e. 


(Rgj)  = R + (Ij) 

Select  a hub  length  (L^ ) given  by 
(Lj)  = V (K/2)  [■  (Tj)  + (Tp)] 


where  (Tp)  is  pipe  wall  thickness. 


Determine  the  hub  slope  (S  ) , given  by, 

n 

(Sr)  = (\)/  t (Tj)  - (Tp)] 

If  (®H)  <3»  It  may  be  necessary  to  modify  the  hub  by  adding  a 

section  with  a reduced  taper.  The  details  of  the  reduced  taper  hub  are  dictated 
by  welding  limitations  and  should  be  made  to  satisfy  good  welding  practice, 
but  not  to  add  unnecessarily  to  weight.  In  general,  and  in  the  absence  of 
welding  information  which  would  be  specific  or  indicate  a different  design  to 
be  better,  the  hub  adjacent  to  the  pipe  should  have  a taper  not  exceeding  1:3 
and  a length  of  at  least  four  pipe  wall  thicknesses.  Thus,  in  the  absence  of 
specific  data,  make: 


(Lp)  = 4(Tp) 

(Rp)  = R+(2-^)  (Tp) 

(Refer  to  Figure  2.2) 


Add  welding  details  to  drawing. 


Add  fillet  radii  to  limit  stress  concentration  at: 

1.  Transition  of  flange  to  hub.  Make  the  fillet  radius 
between  0.1  and  0.2  (Tp). 
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2.  Transition  of  hub  to  reduced  taper  hub,  if  used,  and  to 
pipe. 

Make  the  fillet  radius  bet'»een  0.1  and  0.2  (^  ) 

f.  Choose  a lubricant  for  the  bolt- nut- flange  interfaces  to  give  the 
lowest  possible  coefficient  of  friction. 


Specify  bolt  torque  and  torqueing  procedure. 

Bolt  torque  is  given  approximately  by, 

T - (^  Wh  + I 

where  d is  the  nominal  bolt  diameter  (i.e. , 5/8  inch,  1 inch,  etc.),  the  coef- 

ficient of  friction  between  the  bolt  and  nut,  and  |0p  is  coefficient  of 
friction  between  flange  and  nut. 


A torqueing  pattern  should  be  specified  which  will  avoid  uneven 
tightening.  A suggested  pattern  for  an  eight -bolt  assembly  is  to  tighten  in  the 
order  1,  5,  3,  7,  2,  6,  4,  8;  repeating  this  pattern  for  the  following  loads: 


1.  Finger  tight. 

2.  Bolt  1 brought  to  1/4  rated  torque  or  1/3  turn  increment, 
whichever  is  reached  first,  and  all  bolts  brought  to  approxi- 
mately same  torque  in  stated  order.  If  necessary  repeat  1/3 
turn  Increments  till  1/4  rated  torque  is  reached. 

3.  Repeat  for  1/2  T (but  not  to  exceed  1/6  turn  increments). 

4.  Repeat  for  3/4  T (but  not  to  exceed  1/6  turn  increments). 

5.  Repeat  for  rated  torque  (but  not  to  exceed  1/6  turn 

Increments)  and  repeat  sequence  for  rated  torque  until  no 

bolt  continues  to  tighten  when  rated  torque  is  applied. 


The  correct  values  of  4 to  use  depend  on  materials  and  the  lubricant, 
if  any,  that  is  used.  Guide  values  are  given  in  Table  2.2  . Combinations  of 
materials  which  may  gall  should  be  avoided  if  possible.  It  is  best  to  deter- 
mine the  actual  relationship  between  bolt  torque  and  bolt  load  by  test  in 
actual  flanges  since  in  use  the  bolt  load  is  applied  eccentrically  as  a result 
of  flange  cocking.  In  addition  the  coefficient  of  friction  is  variable  from 
one  application  to  another.  In  some  cases  bolt  load  may  be  set  more  accurately 
by  tightening  the  nut  an  appropriate  number  of  turns,  depending  on  overall 
connector  flexibility. 


g.  Select  coefficients  of  friction  for  the  contact  between  gasket  and 
flange.  An  approximate  value  for  this  is  0.5  if  test  values  are  unobtainable. 

h.  Add  dimensional  tolerances  in  accord  with  standard  shop  practice 
except  that  sealing  face  flatness  tolerance  should  not  exceed  0.1  times  the 
expected  compression  of  the  gasket. 
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1.  Select  loading  conditions  for  which  a detailed  analysis  to  be 
described  is  required.  These  would  normally  include, 


1.  Initial  assembly- 

Given  - Bolt  force  (Bj) 

Axial  load  P and  internal  pressure  p are  zero 
Temperature  is  room  temperature 

Determine  - Initial  stretch  C of  bolt -flange -pipe  system  as 
well  as  stresses  and  deformations 


2.  Maximum  operating  conditions 

Given  - Initial  stretch  C from  above  solution 

p = 1.5  p 

*^max  oper. 

P = 2.57T  R2p 

*^max  oper. 

Temperature,  operating  temperature. 


3,  Other  severe  environmental  conditions,  If  present. 


Compute  the  stresses  and  the  deflections  that  develop  in  the  above  trial  design 
for  the  various  loading  conditions  in  accordance  with  Section  2.2.2.  Determine 
whether  any  deflection  is  excessive.  Determine  whether  at  any  point  the 
octahedral  stress,  (7q,  multiplied  by  the  appropriate  stress  concentration 
factor  is  either:  1)  in  excess  of  the  yield  stress  at  maximum  temperature 

reduced  by  appropriate  factors  for  fatigue  and  relaxation;  or  2)  is  appreciably 
lower  than  this  value.  (For  a few  materials  yield  stress  is  lower  at  a lower 
temperature.  In  these  cases,  the  lowest  yield  stress  in  the  intended  operating 
range  should  be  used). 

Factors  to  be  used  are: 


Place 

Purpose 

Factor 

Flange 

For  stress  concentration 
at  fillet. 

1.3 

For  fatigue  (assuming  gasket 
has  appreciably  less  compliance 
than  bolt-flange  system). 

1.0 

For  stress  relaxation. 

Select  factor  based  on 
service  life  at  high 
temperature.  For  most 
designs  1.0  Is  appropriate 
See  Section  2.0.8 

Hub 

For  stress  concentration  at 
flange  fillet 

1.3 

Elsewhere  on  hub 

1.0 
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Place  Purpose 

Hub  For  fatigue 


For  stress  relaxation. 


Bolts  For  stress  concentration 


Factor 

Select  factor  based  on 
material,  steady-state  stress, 
alternating  component  due 
to  vibration  and  desired  life. 
If  not  specifically  determined 
use  factor  of  2.0. 

Select  factor  based  on  ser- 
vice life  at  high  temperature. 
For  most  designs  1.0  Is  appro- 
priate. Section  2.0.8. 


1.0 


For  fatigue  (see  note  for 

flange)  1.0 

For  stress  relaxation.  Select  factor  based  on  ser- 

vice life  at  high  temperature. 
For  most  designs  1.0  is  appro- 
priate. See  Section  2.0.8. 

(Note:  Complete  steps  1 through  £ before  attempting  to  complete 

a modified  design). 


j.  Check  for  load  on  the  gasket  under  design  conditions  and  determine 
whether  this  load  exceeds  (G^) , the  gasket  load  required  to  maintain  a seal. 

If  gasket  load  drops  too  much,  it  is  an  indication  of  excessive  deformation 
due  to  pressure.  It  can  be  corrected  by  using  a higher  initial  gasket  load 
with  correspondingly  higher  initial  bolt  load.  These  in  turn  result  in 
corresponding  Increases  In  flange  and  bolt  dimensions.  (Complete  steps  1 through 
(£)  before  attempting  to  complete  a modified  design). 

k.  If  under  design  loads  octahedral  stress  multiplied  by  the  stress 
concentration  factor  is  greater  than  the  yield  stress  reduced  by  the  fatigue 
and  relaxation  factors,  modify  the  design  as  follows: 


Overstressed  Part 
Bolt 


Flange  or  hub 
near  flange 


Action 

Infrequent  occurrence.  Recheck  calculations 
for  error.  New  trial  design  if  appropriate 
using  more  bolt  area. 

Increase  thickness  by  a factor  equal  to  half 
the  overstress  factor. 


Hub,  near  pipe  Modify  hub  to  join  pipe  with  decreased  taper, 

either  by  increasing  hub  length  or  by  using 
hub  with  two  or  more  graduated  tapers. 

£.  If  octahedral  stress  is  lower  than  permissible,  this  indicates  the 
preliminary  design  is  too  conservative.  The  revetse  action  of  step  k should 
be  taken. 
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TABLE  2.1 

* 

Estimation  of  Bolt  Size  and  Ntssber  of  Bolts 


(1) 

(Total  Bolt  Area) 
(Bolt  Circle  Radius) 

(2) 

Bolt 

(3) 

Root  Area 

(4) 

Bolt 

Spacing** 

(5) 

Radial 

Eccen. 

(6) 

Edge 

Distance 

(7) 

Flange  Thickness 
Factor 

Fine 

Coarse 

8 Thread 

Size 

Fine 

Coarse 

8 Thread 

Fine 

Coarse 

8 Thread 

(in) 

(in) 

(in) 

(in) 

aS 

(in^) 

(in^) 

(in) 

(in) 

(in) 

(in) 

(in) 

(in) 

.273 

.225 

— 

1/4 

.0326 

.0269 

— 

3/4 

1/2 

3/8 

.161 

.147 

— 

.406 

.352 

— 

5/16 

.0524 

.0454 

13/16 

9/16 

7/16 

.209 

379 

— 

.508 

.426 

— 

3/8 

.0809 

.0678 

... 

1 

5/8 

1/2 

.246 

.225 

— 

.609 

.521 

— 

7/16 

.1090 

.0953 

— 

1-1/8 

11/16 

9/16 

.283 

.262 

— 

00 

< 

.633 

— 

1/2 

.1486 

.126 

— 

1.25 

.81 

.62 

.340 

.313 

— 

1.007 

.845 

— 

5/8 

.2400 

.202 

— 

1.50 

.94 

.75 

.426 

.390 

— 

1.262 

1.083 

— 

3/4 

.3513 

.302 

— 

1.75 

1.12 

.81 

.521 

.482 

— 

1.464 

1.278 

— 

7/8 

.4805 

2.06 

1.25 

.94 

.592 

.553 

— 

1.743 

1.537 

1.537 

1 

.6245 

2.25 

1.37 

1.06 

.676 

.634 

.634 

2.040 

1.740 

1.828 

1-1/8 

.8118 

2.50 

1.50 

1.12 

.765 

.706 

.723 

2.29 

1.988 

1-1/4 

1.024 

.890 

2.81 

1.75 

1.25 

.876 

.815 

.836 

2.69 

2.16 

1-3/8 

1.260 

1.054 

1.155 

3.06 

1.87 

1.37 

.981 

.878 

.921 

2.94 

2.50 

2.71 

1-1/2 

1.521 

1.294 



1.405 

3.25 

2.00 

1.50 

1.058 

.976 

1.015 

-Derived  from  Ref.  2,  page  27,  and  other  sources. 


**This  spacing  can  be  reduced  with  internal  wrenching  bolts  or  by  use  of  special  thin-wall  wrenches.  When  this  is  done,  an 
appreciable  reduction  in  flange  weight  is  possible  since  the  bolt  size  can  be  reduced  one  or  two  sizes. 


Figure  2.2.  Double-Taper  Hub  Initial  Dimensions. 


2-16 


Table  2.2 


APPROXIMTE  FRICTION  COEFFICIENTS 


Lubricated  Steel  on  Steel  0. 1 
Dry  Steel  on  Steel  0«  ^ 
Lubricated  Aluminum  on  Steel  0.2 
Dry  Aluminum  on  Steel  0.6 
Lubricated  Aluminum  on  Aluminum  0. 1 
Dry  Aluminum  on  Aluminum  1.0 


2.2.2  Integral  Flanges  With  No  Contact  Outside  the  Gasket  Circle 
Detailed  Analysis 

An  elastic  analysis  is  achieved  by  satisfying  equilibrium  and  compatibility 
conditions  at  the  pipe-hub  and  flange-hub  interfaces  as  well  as  at  the  flange- 
bolt  and  flange-gasket  Interfaces.  From  the  elastic  analysis,  deformations  and 
stresses  are  obtained  at  all  locations  of  interest.  In  the  following  discussion, 
the  flange  is  considered  to  be  a plate  and  the  pipe  and  hub  are  considered  to  be 
cylindrical  shells.  The  bolts  are  considered  to  be  eccentrically  loaded  by  the 
flanges  at  their  radially  Inward  side  because  of  flange  rotation.  The  gasket 
is  considered  elastic. 

The  solution  in  regard  to  the  hub  and  flange  ring  is  basically  a step- 
by-step  process.  Thus,  the  solution  of  a large  number  of  simultaneous  equations 
is  avoided.  Starting  at  the  small  end  of  the  hub  Section  2. 2. 2.1  proceeds  step- 
wise down  the  hub.  At  each  step,  values  are  obtained  for  the  wall  shear,  wall 
moment,  radial  deflection,  and  slope  in  terms  of  the  wall  moment  and  wall  shear 
at  the  small  end  of  the  hub  and  the  pressure,  p,  axial  load,  P,  and  expansion 
CHAT.  Then  in  Section  2. 2. 2. 2 the  solution  proceeds  similarly  from  the  inner 
to  the  outer  radius  of  the  flange  ring.  Finally,  the  wall  moment  and  the  wall 
tension  are  set  to  zero  at  the  outer  radius  of  the  flange  ring  and  the  resulting 
two  simultaneous  equations  for  the  moment  and  shear  at  the  small  end  of  the  hub 
are  solved  in  terms  of  p,  P,q;AT,  (B  or  C)  and  Qgf 

The  solution  in  regard  to  the  influence  of  holt  and  gasket  stiffness  is 
found  in  Sections  2. 2. 2. 3 and  2. 2.2.4.  Here  three  simultaneous  equations  must 
he  solved.  One  of  these  equations  involves  compatibility  of  the  bolt  stretch, 
gasket  compression,  and  flange  ring  deflection.  The  other  two  equations  involve 
compatibility  of  the  radial  displacements  of  the  flange  rings  and  gasket  at 
their  points  of  contact.  Solution  of  these  equations  gives  the  values  of  (B  or  C) 
and  the  gasket  friction  force  on  each  face  of  the  gasket  in  terms  of  p,  P,  aA  T. 
With  these  the  hub  and  flange  ring  forces  are  obtained  at  the  small  end  of  the 
hub  and  elsewhere  and  the  corresponding  stresses  are  also  obtained. 

Because  of  the  length  of  the  computation  and  the  fact  that  it  involves 
the  solution  of  simultaneous  equations,  it  is  recommended  that  five  or  more 
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significant  figures  be  maintained  in  the  numerical  coc^utation. 

2. 2. 2.1  Plpfe  Stiffness  Including  Hub 

With  cylindrical  shell  theory.  Appendix  2A,  it  can  readily  be  shown 
that  the  deflection  and  slope  of  the  wall  at  the  end  of  a long  pipe  due  to 
wall  moment,  wall  shear,  axial  force,  pressure,  and  temperature  is 

“ - M -Kit)  <it>  P - ) P + W <2.« 

9 > 9 <2.5) 

(When  the  radii  to  inner  and  outer  pipe  waj.ls  differs  much  from  R,  Eqs.  2A-1 
and  2A-2  should  be  used.) 


With  cylindrical  shell  theory  for  a pipe  segment  it  can  be  shown 
(Appendix  2S.)  that  the  deflection,  slope,  wall  moment^  and  wall  shear  at  one 
end  are  given  in  terms  of  those  at  the  other  end  and  the  internal  pressure, 
. axial  load, and  temperature  change  as 


Qr  = + + 2P  KjM,  + (^)  K,  - (^)PK3+(^)K3P 


IT) 


loafilK, 


(2.6) 


M 


.itEt 


, = -(|)K3V  Vi  -(fr>  V,  -<  f§  > 


EP 


stR 


R3 

/itEt. 


+ ( ^ )K  p - (r-^)  PK  +(S^)  OATK, 

9r  ” - Vi!  - ^Vl 


(2.7) 


+ (-^)  Kjp  .(J^)  K3P+2PBc<MK3 


(2.8) 


“r  = - + <flt>  Vi  * i ) Vl 


(2.9) 


■ 

J 


] 


,s 
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Where  subscripts  '*r'*  and  refer  to  "right"  and  "left"  ends  of  the  ’ 


segment  respectively. 

= 3 (1-v^)  /R^t^ 

3 3 

Ki  « (^-^)  (1  - pV/210),  pL<l 

» pV  (1-P^lV90),  PL<1 
“ PL  (l-pWsO)  ,pL<l 

= 1 - p We  + L®/2520  ,pL<l 


(2.10) 

(2.11) 


(2.12) 

(2.13) 

(2.14) 


Where  L = length  of  pipe  segment  (in.). 

(For  values  of  /3  L greater  than  one  or  for  the  case  where'  the  inner  and  outer 
pipe  walls  have  radii  much  different  from  R use  Appendix  2B). 

The  theory  for  tapered  hubs  is  available  only  for  hubs  with  a linear 

taper.  Even  in  the  case  of  a linear  taper,  taking  account  of  all  four  hub 

variables,  that  is,  radius,  length,  and  thickness  at  each  end,  becomes  quite 
cumbersome.  To  avoid  these  difficulties  the  following  procedures  will  be  used 

a.  Divide  the  hub  into  a small  number  of  cylindrical  segments 
as  shown  by  the  dotted  lines  in  Figure  2.3,  The  cylinders 
should  approximate  the  hub  dimensions.  Three  should 
ordinarily  suffice. 

b.  Obtain  Eqs.  2.6  to  2.14  for  each  segment. 

c.  Use  Eqs.  2.4  and  2.5  to  obtain  the  deflection  and  rotation  at 

the  small  end  of  the  hub  in  terms  of  the  wall  moment  and  wall 

shear  at  this  location. 

d.  Take  the  slope  and  wall  shear  obtained  in  (c)  as  the  values 
at  the  left  side  of  the  first  hub  segment  from  the  small  end 
of  the  hub.  Take  the  moment  and  deflection  obtained  in  (c) 
and  add  to  them. 

AMj^  = (P/2)  (thickness  of  wall  of  first  segment  -- 

thickness  of  wall  of  pipe) 

Auj^  ss  (G?At/2)  (thickness  of  wall  of  first  segment  — 
thickness  of  wall  of  pipe). 

to  obtain  the  moment  and  deflection  at  the  left  side  of  the 
first  hub  segment.  (No  correction  is  used  for  A u-  if  R is 
used  in  place  of  the  mid-thickness  radius  in  Eqs,  2.4  and  2.6 
to  2.9). 


2-19 


e.  With  the  results  obtained  in  (b)  for  the  first  hub  segment 
and  in  (d)  for  deflection,  slope,  wall  shear,  and  wall  moment 
at  the  left  side  of  this  segment,  corresponding  values  at  the 
right  side  of  this  segment  are  obtained  from  Eqs.  2.6  to  2.9. 

f.  Take  the  slope  and  wall  shear  obtained  in  (e)  as  the  values 
at  the  left  side  of  the  second  hub  segment.  Take  the  moment 
and  deflection  obtained  in  (e)  at  the  right  side  of  the  first 
segment  and  add  to  them 

Am.  = (P/2)  (thickness  of  wall  of  second  segment  — 

thickness  of  wall  of  first  segment) 

A u-  “ (^^  T/2)  (thickness  of  wall  of  second  segment  -- 

thickness  of  wall  of  first  segment) 


to  obtain  the  moment  and  deflection  at  the  left  side  of  the 
second  hub  segment. 


Figure  2.3.  Approximate  Hub  by  a Small  Number  of  Cylindrical  Segments, 
shown  dotted.  (As  the  number  of  segments  used  increases , 
the  wall  mcmient  and  wall  shear  as  well  as  the  deformations, 
converge  to  the  values  obtained  using  the  theory  for  a 
nonuniform  wall  thickness.) 

g.  With  the  results  obtained  in  (b)  for  the  second  hub  segment 
and  in  (f)  for  values  at  the  left  side  of  the  second  segment, 
values  at  the  right  side  of  the  second  segment  are  obtained. 

h.  Repeat  steps  (f)  and  (g)  for  the  third  and  any  additional 

segments  giving  the  moment,  M„  shear,  deflection, 

and  slope  at  the  large  end  of  cne  hub  in  teras  of  the  moment 
and  shear  at  the  small  end  of  the  hub  and  p,  P,  GfAT. 
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2. 2, 2. 2 Flange  Ring  Stiffness 


Bolt  holes  reduce  the  stiffness  of  the  flange  ring.  In  Ref  2.6  it  is  shovm 
that  the  increase  in  flexibility  due  to  the  bolt  holes  is  approximately  given  by 


f 


1 

1 - nd^/  7T(Rqp^  -R^  ) 


(2.15) 


Thus,  f is  equal  to  the  ratio  of  the  flange  ring  volume  without  bolt  holes  to 
the  flange  ring  volume  had  the  bolt  holes  been,  square.  Eq.  2.15  is  confirmed 
experimentally  in  Ref  2.6  for  the  case  of  flange  rotation. 

i 

Regarding  stress,  it  is  shown  in  Ref  2.6  that  the  weakening  effect  of  the 
bolt  holes  occurs  at  points  where  the  circumferential  bending  moment  is  reduced 
so  that  there  is  negligible  effect  on  flange  hoop  stresses. 

All  the  forces  from  the  hub  and  gasket  are  considered,  as  well  as  the 
internal  pressure,  to  cause  a resultant  radial  force,  axial  force, and  moment 
at  the  bottom  of  the  flange  ring  given  by,  '' 


Flange  bottom  axial  force  = bolt  pull,  B (2.16) 

Flange  bottom  radial  force,  + Qg£ 

- 2jtRph  (2.17) 


Flange  bottom  moment,  = ^Hub  ” " *"Hub^^^ 

'’gf 

Where  Figure  2.4  gives  sign  conventions  and  symbols. 


‘Hub 


(2.18) 

is  the  total  circumferential  wall  shear  force  in  the  hub  at  the 
hub-flange  interface. 


^ub 


is  the 
flange 


total  circumferential  wall  moment  in  the  hub  at  the  hub- 
interface. 


is  the  hub  thickness  at  the  flange. 

is  the  frictional  force  applied  by  the  gasket. 
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Figure  2.4.  Flange  Ring  Below  Line  of  Action  of  Bolt  Load.  (For  flanges  having 
no  contact  outside  the  bolt  circle,  Rg  is  the  radius  to  the  circle 
that  is  tangent  to  the  inside  of  the  bolts,  i e.,  the  radius  to  the 
bolt  center  minus  the  bolt  radius. 


The  displacements  at  the  bottom  of  the  flange  ring  are  taken  as 

®R  " ®Hub.  \ " 'hlBb  + ® Hub  - 'Hub  <2- 

The  last  term  in  Eq  2.19  is  omitted  if  R is  used  in  place  of  the 
mid- thickness  radius  in  Eqs.  2«4  and  2.6  to  2.9  • 


the  corresponding  values  at  the  line  of  action  of  the  bolts  are 
obtained  from  the  values  at  the  flange  bottom  (Eqs.  2.16  to  2. 19) by  the 
use  of  Appendix  2 C as. 


Qg  » 1/2 j(l  + V) 


(3 


(2.20) 
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e. 


B 


• V^.1 

_ itEp  'R 


’1^)  + 1/2[(1  - V)  + (1+^) 

r3(l-vSfR 
LfEh^ 


(2.22) 


] Qg  + 1/2 

(l  + v)[|s 


+ (1  -I-  v) 


(2.23) 


? P 

where  B“P  + 6 + Jt  p (Rq  - R ) (2,24) 

R <B  radius  to  center  of  bolts  minus  radius  of  bolts  for  flanges 
® which  do  not  touch  outside  the  bolt  circle.  For  flanges  that 
do  touch  outside  the  bolt  circle^  Rg  Is  the  radius  to  the  center 
of  the  bolts,  (2,25) 

Proceeding  to  the  top  of  the  flange  ring,  it  is  known  that  the  moment  and 
shear  at  this  location  are  zero.  Using  the  values  at  the  bolt  circle  given  by 
Eqs.  2.20  to  2.23  in  the  equations  of  Appendix  2C,  Eqs.  2C.3  and  2C.5  give 


(2.26) 


R, 


OP 


f 


R 

0g  4-  l/2(  (1  + V)  g 


OF 

B 


4-  (1 


V) 


;b 

OF 


] 


(2.27) 


Equations  2.26  and  2.27  are  solved  simultaneously  to  give  the  pipe  wall 
moment  and  the  pipe  wall  shear  at  the  hub  junction  in  terms  of  the  bolt  load, 
pressure,  temperature  change,  axial  force,  and  gasket  forces.  If  Eqs.  2.26  and 
2.27  are  rewritten  and  denote  the  coefficients  by  symbols  Kj^q,  etc., 


0 = KjgM  + KjjQ  +Kj2B  + KjjP  + + KjjQgj 

® - V + ‘'21'!  + '=22“  ‘=23'’  + ‘'24““  * V * ‘^27 ‘’gf 
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When  these  equations  are  solved  slmultatieously  for  M and  Q 

K„ 


' [vao  -' vd[  *'22®  * ’'26®  ♦ ‘'27V  ] 

■ ^10^21]  [ "22®  '*'  ‘'13'’  * “61  + V ■'■  V ■*■  ‘'l7'?sf  j 


[>=lko  ■ V2i][ 


KggB  •?•  KggP  •{•  ^24^  ’**  ^25^  ■**  ^26®  ^ ^27^gf 


From  the  solution  for  M and  Q at  the  pipe-hub  interface,  the  loads 
and  deformations  in  the  left  flange-hub-pipe  combination  are  determined. 

A similar  procedure  is  used  for  the  right  flange-hub-pipe  combination 
starting  from  the  smaller  end  of  the  hub  and  working  towards  the  flange 
ring  top.  In  the  case  of  the  right  flange- hub-pipe  combinatioi^  sign 
conventions  are  a mirror  image  of  the  left  flange-hub-pipe  combination. 

As  a result,  radial  displacement  is  again  outward  and  axial  displacement  is 
towards  the  gasket. 

The  axial  deflection  of  the  flange  at  the  bolts  in  respect  to  the 
gasket  circle  is  obtained  from  Eq.  2C-9  as 
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The  radial  displacement  of  the  flange  at  the  gasket  is  obtained 
Eqs.  2C.14  and  2C.15  as 
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2. 2. 2. 3 Bolt  and  Gasket  Stiffness 

The  effective  bolt  shortening  is  from  Eq.  2D-1 


“bb  ' <1®^  ( <2“-V“b^  - 0 - hysT 

nEd  * 


(The  last  terms  in  Eqs.  (2.30)  and  (2.31)  account  for  the  flange 
expansion  between  edge  and  mid-thickness) 

' The  axial  con^resslon  of  the  gasket  is  from  Eq.  2E-1 
hG 
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The  radial  displacement  of  the  gasket  is  obtained  from  Eq.  2E-2 
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from 

1(RQr 


(2.29) 


(2.30) 


(2.31) 

as 


(2.32) 


Where  both  right  and  left  gasket  frictions  are  positive  outwards  in  acting 
on  the  gasket. 

2 . 2 . 2 . 4 Interaction  of  Flange,  Bolts,  and  Gasket  - Integral  Flanges. 

The  sum  of  the  axial  deflections  of  the  two  flanges,  Eq.  2.28,  the  effective 
bolt  shortening,  Eq.  2.30,  and  the  gasket  compression,  Eq.  2.31,  must  remain 
constant  in  the  absence  of  bolt  tightening  or  creep.  This  provides  an  equation 
involving  the  initial  system  extension  constant  C. 


”bb  ■*'”gG  ***  Left  flange  Right  flange 

Equating  the  gasket  radial  displacements,  Eq.  2.32} to 
flange  values,  Eq.  2.29,  gives  two  additional  equations. 


(2.34) 

(2.35) 


Left  flange  “ '^GT 


(Ug) 


Right  flange  *■  '^GT 


= 0 (2.33) 

the  corresponding 


These  equations  can  be  solved  simultaneously  with  Eq.  2.33  and  Eq.  2.24  to 
give  the  gasket  force  G,bolt  pull  B (or  when  initially  tightened  the  constant  C) 
and  the  gasket  friction  forces.  If  the  resulting  values  for  gasket  friction 
exceed  the  gasket  friction  coefficient  times  the  gasket  force,  this  indicates  that 
sliding  actually  occurs.  In  that  case,  the  two  radial  deflection  equations 
(Eqs.  2.34  and  2. 35) are  replaced  by 


^gf  left 


= - Q 


gf  right 


= t 


(2.36) 


the  sign  depending  on  the  relative  direction  of  sliding. 

The  value  of  the  constant  C is  now  evaluated  at  the  initial  tightening 
conditions  by  setting  P,  AT  equal  zero,  and  B = (Bj).  Using  this  value 
of  C and  the  design  load  values,  the  load  distribution  in  the  flange  and  the  hub 
and  the  defomations  are  found. 


The  bolt  stress  is  given  by  Eq.  2D, 3. 


Maximum  hoop  compressive  stresses  in  the  flange  ring  occur  at  the  inner 
radius  away  from  the  hub.  From  Eq.  2C.13  we  have 
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(2.37) 


fit  this  location, 

^Axial  ^Radial  ~ 


(2.38) 


The  radial  stress  in  the  hub  and  pipe  can  be  taken  as  zero.  The  hoop  stress 
in  the  hub  and  pipe  is  given  by  using  Eqs.  2.4  or  2.9  to  obtain  u (here 
used  to  denote  radial  deflection  generally),  and  substitutliig  in 


Hoop  pipe  Vr 


mid- thickness 


)(“ 


2rtEt 


p)“ 


(2.39) 


where  t is  the  actual  thickness  rather  than  that  of  the  substitute 
cylindrical  segments.  The  axial  stress  in  the  hub  and  pipe  is  given  by 
using  Eq.  2.7  to  obtain  M (here  used  to  denote  wall  moment  generally) 
and  substituting  in 

^ J P \ H 6M  \ 

A^iaX  pipe  l2«tR^4.thieknessf  (2.40) 

(The  value  will  be  greatest  v?hen  the  sign  before  M in  Eq.  2.40  Is 
minus  since  the  value  of  M is  ordinarily  negative  in  the  hub  region  when 
there  is  no  contact  outside  the  bolt  circle.  The  thickness  t in  Eq.  2.40 
is  the  actual  thickness,  not  that  of  the  substitute  segments.) 

Con?)aring  the  stresses  with  the  allowable  values  indicates  where 
additional  thickness  is  needed  and  where  thickness  can  be  removed.  Since 
the  connector  is  a redundant  structure,  additions  of  material  at  either 
hub  or  flange  tend  to  affect  stresses  everywhere  but  have  the  greatest 
affect  locally.  It  is  recommended  that  thickness  changes  be  in  direct 
proportion  to  half  the  difference  of  stress  from  the  allowable  values. 

Comparing  the  gasket  load  with  the  minimum  permitted  Indicates  whether 
an  increase  in  initial  bolt  load  or  general  thickening  is  needed. 

Similarly  distortion  limits  may  require  thickening. 

2.3  Integral  Flange  - Contact  Outside  Bolt  Circle 

An  integral  flange  connector  with  contact  at  a raised  region  outside  the 
gasket  circle, (Figure  2.5)  is  frequently  applied  where  the  gasket  is  contained 
in  a pocket.  The  use  of  raised  regions  near  the  flange  edge  and  the  gasket  is 
preferred  to  a flat  flange  since  it  makes  the  gasket  contact  stiffen.  Use  will 
be  made  of  an  elastic  analysis  to  achieve  an  optimum  design  configuration- 
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Figure  2.5.  Integral  Flange  Connector  with  Contact  Outside  Gasket  Circle. 


The  design  procedure  involves  selecting  a preliminary  design  layout, 
analyzing  for  stresses  and  defoinnations  under  the  various  loading 
conditions,  using  the  results  to  select  an  inqiroved  desigA  layout, 
reanalyzing,  and  remodifying,  until  an  efficient  design  is  attained. 

Every  effort  has  been  made  to  make  the  preliminary  design  procedure  a 
good  one.  However,  for  sinq>licity,  only  a few  parameters  can  be  considered 
at  a time.  Thus, the  highly  complex  interactions  of  the  connector  parts 
can  only  be  accounted  for  approximately  in  the  preliminary  design  phase. 

At  least  one  or  two  cycles  of  the  analysis-redesign  procedure  are 
essential  if  an  optimum  configuration  is  to  be  achieved. 

The  detailed  design  procedure  is  presented  here  in  a form  suitable 
for  hand  computation  so  that  the  procedures  can  be  clearly  understood. 

It  is  also  in  a form  which  can  readily  be  translated  to  digital  computer 
language  either  in  part  or  total.  Where  many  connectors  must  be  designed, 
use  of  a digital  con|>uter  recommends  itself  both  from  the  point  of  view 
of  accuracy  in  the  many  numerical  confutations  involved  as  well  as  cost 
in  repeating  confutations  to  achieve  an  optimum  configuration. 

2.3.1  Preliminary  Design  Layout  ~ Contact  Outside  Bolt  Circle 

a.  Determine  the  pipe  size,  v/all  thickness,  and  material  to  either 
side  of  the  connector.  Select  materials  for  the  connector  halves 
to  be  the  same  as  the  corresponding  pipes  except  for  possible 
differences  in  heat  treatment  or  alloying  confounds  to  improve 
creep,  fatigue, or  yield  strength. 

Select  a connector  sealing  system  whose  maximum  permissible  load 
exceeds  its  minimum  permissible  load  for  "zero  leakage"  by  at 
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least  2,511  R max.  oper. , the  estimated  reduction  in  gasket 
load  during  operation. 

b.  Set  the  initial  bolt  load  (Bj-)  equal  to  twice  the  value  In 
(b)  of  Section  2.2.1.  (This  assumes  equal  load  division  during 
assembly  between  the  gasket  region  and  a raised  outboard  region 

of  the  flange.  Set  the  minimum  total  bolt  area  (Ag)  at  the  root 
of  the  threads  equal  to  the  ratio  of  initial  bolt  load  to  yield 
stress  of  the  bolt  material. 

(Ag)  = (Bj)/(Sg) 

c.  Use  Table  2.1  to  select  the  bolt  size  and  number  of  bolts.  Enter 

this  table  in  Column  1 at  a value  just  larger  than  the  ratio  of 
the  minimum  total  bolt  area  (Ag)  to  an  estimated  bolt  circle 
radius  (Rbc^  • bolt  size  is  given  in  Column  2.  The  corres- 

ponding number  of  bolts  is  obtained  by  dividing  the  minimum  total 
bolt  area  by  the  root  area  per  bolt,  Column  3,  and  rounding  up  to 
a convenient  integral  number.  If  this  number,  when  multiplied  by 
the  minimum  bolt  spacing  in  Column  4,  exceeds  the  bolt  circle  in 
circumference,  it  will  be  necessary  to  increase  (RbC^  slightly 
keeping  the  same  bolt  size  and  number  of  bolts. 

d.  Select  a flange  thickness  (H^  ) from  Column  7 of  Table  2.1  such  that 

(Hj.)  = (Col.  7)  / 3(Sg)/(Sp) 

e.  Select  a flange  outer  radius  (Rql)  given  by  (Rql^  ~ 2(Rbc^"^* 

Provide  a raised  bearing  surface  at  outer  edge  of  the  flange  based 
on  Col.  1 of  Table  2.1.  Let  the  radial  width  of  this  raised  sur- 
face be  =0.1  Col.l.  Let  the  height  of  this  raised 

bearing  surface  be  (H^)  > 0,002  Col.  1.  Let  the  flange  be  raised 

at  the  gasket  region  to  match  the  raised  bearing  surface  at  the 
outer  edge.  Contain  the  gasket. 

f.  Select  a hub  thickness  at  the  flange  of  (T,.)  = 2.5  Rp  /cr  , , 

I *^max.oper.  allow. 

(The  value  3.28  in  place  of  2.5  for  the  coefficient  would  be  such  that 
if  the  flange  neither  deflected  radially  nor  rotated,  the  maximum 
axial  hub  stress  at  the  inside  radius  would  equal  the  allowable  when 
the  internal  pressure  was  l.Sj^ax.oper.  axial  load  was 

2.57T  R^Pmax.oper.  • reduction  to  2.5  gives  an  adjustment  for  the 

fact  that  the  flange  ring  deflects  and  rotates  somewhat,  and  the  hub 
tapers  more  rapidly.  Check  that  (Rgc  )^R+1.2(Tj)  + Col. 5 of 
Table  2.1.  Increase  (RgQ  ) if  necessary.) 

g.  Same  as  (e),  (f ) , (g),  and  (h)  Section  2.2.1. 

h.  Same  as  (i),  (j),  (k) , (£),  Section  2.2.1,  except  perform 
computation  in  accordance  with  Section  2.3.2  instead  of  2.2.2. 
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2.3.2  Integral  Flanges  With  Contact  Outside  the  Gasket  Circle  - 
Detailed  Analysis 

The  elastic  analysis  is  based  on  satisfying  equilibrium  and  compatibility 
conditions  at  the  pipe-hub,  flange-hub,  flange -gasket,  flange-bolt,  and  flange- 
flange  interfaces.  The  methods  presented  in  connection  with  Section  2.2.2  are 
used  here  as  well.  From  the  analysis  deformations  and  stresses  are  obtained  for 
all  the  loading  conditions  of  interest.  Usually  the  bolts  are  considered  to  be 
squarely  loaded  since  flange  rolling  should  be  low  with  contact  outside  the 
bolt  circle.  The  gasket  is  considered  contained  so  there  is  flange-to-flange 
contact  in  the  gasket  region  as  well  as  at  the  flange  edges. 

The  solution  in  regard  to  the  hub  and  flange  ring  is  again  a step-by-step 
process.  Thus  the  solution  of  a large  number  of  simultaneous  equations  is 
avoided.  Starting  at  the  small  end  of  the  hub,  calculations  are  made  stepwise 
down  the  hub  as  described  in  Section  2.3.2. 1.  At  each  step,  solutions  are 
obtained  for  the  wall  shear,  wall  moment,  radial  deflection,  and  wall  slope  in 
terms  of  the  wall  moment,  M,  and  wall  shear,  Q,  at  the  small  end  of  the  hub 
and  the  pressure,  p,  the  axial  load,  P,  and  the  local  expansion,  aA  T. 

Then,  in  Section  2. 3. 2. 2 solutions  are  obtained  similarly  from  the  inner  to 
the  outer  radius  of  the  flange  ring.  Finally,  the  frictional  force  is  balanced 
at  the  contacting  outer  edge  of  the  flanges  and  the  resulting  two  equations  are 
solved  for  M and  Q in  terms  of  p,  P,  aA  T,  (B  or  C),  F,  and  the  friction  forces 
at  the  gasket  and  outer  flange  regions. 

The  solution  in  regard  to  the  influence  of  bolt  and  gasket  stiffness  is 
found  in  Sections  2. 3.2, 3 and  2. 3. 2.4.  Here  four  simultaneous  equations  must 
be  solved.  Two  of  these  involve  compatibility  of  the  bolt  stretch  and  flange 
ring  deformations  at  the  gasket  and  outer  flange  regions.  The  other  two  involve 
equilibrium  of  the  frictional  forces  between  the  two  flanges  in  the  gasket  and 
outer  flange  regions.  Solution  of  these  equations  gives  the  values  of  (B  or  C) 
and  the  normal  and  friction  forces  at  the  gasket  and  outer  flange  regions  in 
terms  of  p,  P,  and  <xAT,  With  these  M and  Q are  obtained.  Stresses  and  de- 
formations at  all  portions  of  the  connector  can  then  be  computed. 

Because  of  the  length  of  the  computation  and  the  fact  that  it  involves 
the  solution  of  simultaneous  equations,  it  is  reccromended  that  five  or  more 
significant  figures  be  maintained  in  the  numerical  computation. 

2.3.2. I Pipe  and  Hub  Stiffness 

This  portion  of  the  analysis  is  identical  with  that  in  Section  2.2,2. 1 
for  flanges  with  no  cc  t outside  the  gasket  circle. 


2-30 


2. 3.2.2  Flange  Elina  Stiffness 


Bolt  holes  reduce  the  stiffness  of  the  flange.  In  the  case  of  a flange 
having  contact  outside  the  bolt  circle , the  largest  flange  stresses  are 
radial  and  are  maximum  at  the  bolt  circle.  In  the  absence  of  better  data, 
the  increase  in  flexibility  will  be  considered  as  being  inversely  proportional 
to  the  uncut  circumference  at  the  bolt  circle. 

f = 2Tillg/  (2irRg  - nd)  (2,41) 

where  Rg  » radius  to  the  circle  through  the  bolt  centers  for  flanges  having 
contact^outside  the  bolt  circle. 


Regarding  radial  flange  stress,  the  same  factor  f will  be  taken  as  the 
ratio  of  actual  stress  to  that  computed  neglecting  bolt  holes.  In  line  with 
the  discussion  in  Section  2. 2. 2. 2,  no  factor  will  be  applied  to  the  flange 
hoop  stress. 

The  forces  from  the  hub  and  gasket  as  well  as  the  Internal  pressure  are 
considered  to  cause  a resultant  axial  force  at  the  bottom  of  the  flange  ring. 

Equations  2.16  through  2.23  apply  to  the  case  of  the  flange  having  contact 
outside  the  bolt  circle,  if  B is  replaced  by  (B-F)  in  Eqs.  2.16,  2.21,  and  2.22 


Proceeding  now  to  the  flange  portion  between  the  bol  circle  and  the  outer 
edge,  it  is  known  that  the  moment  and  tension  at  the  outer  edge  balance  the 
flange  friction  Qgp  at  the  outer  edge.  Using  Appendix  2C,  Eqs.  2C.3  and 
2C.5  give 
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(2.43) 


Equations  2.42  and  2.43  are  solved  simultaneously  to  give  the  pipe  wall 
moment  and  the  pipe  wall  shear  at  the  small  end  of  the  hub  in  terms  of  the 
bolt  load,  pressure,  temperature  change,  axial  force,  and  forces  at  the  flange 
to-flange  contacts. 
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From  these  the  loads  anii  ^neJcormatioKa  in  the  left  flaage-hub«pioe 
combination  are  determined.  From  Eq«  2C.9. 
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The  radial  displacement . of  the  gasket  region  of  the  flange  is  given 
by  Eq.  2.29  with  the  term  B replaced  by  (B-F). 

The  radial  displacement  of  the  outer  flange  region  is  given  by  Eqs.  2C-14 
and  2G-15. 
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A similar  procedure  is  used  for  the  right  flange- hub- pipe  combination 
starting  from  the  smaller  end  of  the  hub  and  working  towards  the  flange  ring 
top.  Sign  conventions  for  the  right  combination  are  a mirror  image  of  those 
for  the  left  combination.  As  a result  radial  displacement  is  again  outward, 
and  arlal  displacement:  is  towards  the  gasket. the  friction  forces  at  the 
outer  flange  and  gasket  regions  must  satisfy  the  relations, 

^OF  Left  Right  “ ° (2.47) 

%£  Left  \f  Right  ' ° (2.48) 


2. 3. 2. 3 Bolt  and  Gasket  Stiffness 

The  axial  extension  of  the  bolt  and  gasket  regions  is  from  Eq.  2D. 2 
and  2E.1. 
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The  last  term  in  Eq,  2.49  accounts  for  the  expansion  of  the  flange 
between  edge  and  midthickness. 
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2. 3. 2. 4 Interaction  of  Bolts  and  Flanges  «■  Contact  OiaSslde  the  Gasket 
Circle. 


The  sum  of  the  axial  deflections  of  the  two  flanges  between  the  gasket 
and  the  bolt  circle  plus  the  bolt  stretch  must  remain  constant  in  the  absence 
of  bolt  tightening  or  creep.  Similarly,  the  sum  of  the  axial  deflections 
of  the  two  flanges  between  the  flange  edge  and  the  bolt  circle  plus  the  bolt 
stretch  must  remain  constant.  These  two  equations  Involve  the  initial 
system  tightening  constant,  C,  and  the  force,  F,  at  the  flange  edge.  Thus 

^VVleft  Flange  ^^b'^'g^ Right  Flange  = 0 (2.50) 


<VV  Left  Flange  + - 0 (2.51) 

If  there  is  no  slipping  between  gasket  regions  of  the  two  flanges, 

^*G  left  Flange  ° *^0  Right  Flange  (2,52) 

If  there  is  no  slipping  in  the  outer  flange  region, 

'^OF  Left  Flange  = '^OF  Right  Flange  (2.53) 


Solving  simultaneously  Eqs.  2.50,'  2.51,  2.52,  2.53  and 

B » G + F + F + jt(Rg^-R^)p  (2.54) 

gives  the  gasket  force,  6,  the  bolt  pull,  B (or  when  initially  tightened 
the  constant  C),  the  outer  flange  force,  F,  and  the  friction  forces  in  the 
"gasket  area"  and  the  "outer  edge  of  flange"  area.  If  the  resulting  values 
for  either  friction  force  exceed  the  coefficient  of  friction  times  the  corres- 
ponding normal  force,  G or  F,  this  is  an  indication  that  sliding  actually  occurs 
inthis  area.  In  case  sliding  occurs  at  the  gasket  .irea,  replace  Eq.  2.52 
by 
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gf  Left 
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gf  Right 


(2.55) 


and  repeat  the  computations,  the  sign  in  Eq,  2.55  depending  on  the  relative 
direction  of  sliding.  In  case  sliding  occurs  in  the  outer  flange  region, 
replace  Eq.  2.53  by 

%F  left  “ “ %F  right  = ' (2.56) 


and  repeat  the  computation. 
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where  again  Che  sign  depends  on  Che  relaCive  dlrecClon  of  sliding. 

The  value  of  Che  consCanC,.€,  Is  evaluaCed  aC  Che  InlClal  ClghCenlng 
condlClon  by  seCCing  p,  P,  AT  equal  Co  zero  and  B Using  Chis 

value  of  C and  Che  design  load  values, Che  load  and  deformacion  disCrlbuCions 
in  Che  flanges  and  hub  are  obCalned> 

The  bole  sCress  is  given  by  Eq*  2D. 4. 


The  maximum  hoop  sCress  in  Che  flange  is  given  by  one  of  the  Eqs,  2C.10 
Co  2C.13.  However,  iC  is  likely  Co  be  quiCe  small  so  iC  may  be  Caken  as 
zero  for  convenCional  designs. 

The  radial  sCress  in  Che  flange  aC  Che  bolc  circle  is  given  by  either 
Eqs.  2C.16  or  2C.17  as 


Radial' 


2rtRgh 


3«B 


nRgh^j 


(2.57) 


where  Che  sign  is  chosen  Co  give  Che  largest  value  of  Che  radial  stress 
and  the  multiplying  factor  f is  obtained  from  Eq*  2.41. 


The  hoop  and  axial  stresses  in  Che  hub  and  pipe  are  given  by  Eqs.  2.39 
and  2.40.  In  the  case  of  flanges  contacting  outside  the  bolt  circle,  the 
sign  before  M in  Eq.  2.40  is  most  critical  when  it  is  positive. 


Comparing  the  stresses  with  the  allowable  values  indicates  where 
additional  thickness  is  needed  p d where  thickness  can  be  retnoved.  If 
the  gasket  load  drops  below  the  minimum  permitted, an  increase  in  initial 
bolt  load  or  general  thickening  may  be  beneficial.  Similarly  distortion 
limits  may  require  thickening.  Where  Increased  thickening  is  used,  the 
change  in  thickness  should  be  in  proportion  to  half  the  difference  between 
values  obtained  and  allowable  values. 


2.4  Loose  Flange  - Ko  Contact  Outside  Bolt  Circle 

A widely  used  form  of  flange  connector  is  one  having  one  Integral 
flange  and  one  loose  flange  Figure  2.6.  The  loose  flange  permits  bolt  holes 
to  be  matched  more  readily  than  with  two  integral  flange  connectors.  The 
loose  flange  in  turn  bears  on  a lap  flange  (ferrule).  Use  will  be  made 
of  the  elastic  interaction  of  the  bolts,  flanges,  hubs,  gasket  and  pipes  under 
the  various  applied  i^.oads  to  arrive  at  an  optimum  design  configuration. 

The  design  procedure  involves  selecting  a preliminary  design  layout, 
analyzing  for  stresses  and  deformations  under  the  various  loading 
conditions,  using  the  results  to  select  an  In^roved  design  layout, 
reanalyzing,  and  remodlfylng  until  an  efficient  design  is  attained.  Every 
effort  has  been  made  to  make  the  preliminary  design  procedure  a good  one. 
However,  for  sin^liclty,  only  a few  parameters  can  be  considered  at  a time. 
Thus, the  highly  con^lex  Interactions  of  the  connector  parts  can  only  be 
accounted  for  approximately  in  the  preliminary  design  phase*  At  least 
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Table  2.3 

ESTIMATION  OF  LAP  AND  LOOSE  FLANGE  DIMENSIONS 


1 

2 

3 

4 

5 

6 

Hub  thickness 
at  £lans;e(  lap) 

Outer  flange 
(lap)  radius 

Max.Oper. 

Pressure 

Hub  length 
(lap) 

Loose  flange 
Inner  radius 

Inner  pipe 
radius 

Pipe  wail 
thickness 

Inner  pipe 
radius 

Allowable 
stress  In 
pipe  wall 

Inner  pipe 
radius 

Inner  pipe 
radius 

0.01 

5.60 

1.077 

0.0072 

0.183 

1.067 

0.03 

5.40 

1.225 

0.0216 

0.318 

1.195 

0.05 

5.24 

1.364 

0.0362 

0.409 

1.314 

0.07 

5.08 

1.496 

0.0507 

0.485 

1.426 

0.09 

4.96 

1.626 

0.0655 

0.550 

1.536 

0.11 

4.84 

1. 749 

0.080 

0.611 

1.64 

0.13 

4.74 

1.871 

0.095 

0.665 

1.74 

0.15 

4.66 

1.988 

0.110 

0.717 

1.84 

0.17 

4.58 

2.09 

0.125 

0.766 

1.92 

0.19 

4.51 

2.20 

0.140 

0.812 

2.01 

0.21 

4.44 

2.32 

0.155 

0.857 

2.11 

0.23 

4.37 

2.44 

0.170 

0.898 

2.21 

0.25 

4.31 

2.55 

0.186 

0.942 

2.30 

0.27 

4.25 

2.65 

0.200 

0.98 

2.38 

0.29 

4.20 

2.76 

0.216 

1.02 

2.47 

0.31 

4.1b 

2.86 

0.231 

1.06 

2.55 

0.33 

4.12 

2.97 

0.246 

1.10 

2.64 

0.35 

4.08 

3.06 

0.262 

1.13 

2.71 

0.37 

4.04 

3.16 

0.277 

1.17 

2.79 

0.39 

4.00 

3.26 

0.292 

1.20 

2.87 
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one  or  t«o  cycles  of  the  analysis-redesign  procedure  are  essential  if  an 
optimum  configuration  is  to  be  achieved. 

The  detailed  design  procedure  is  presented  here  in  a form  suitable 
for  hand  confutation  tio  that  the  procedures  can  be  clearly  understood. 

It  is  also  in  a form  vhich  can  readily  be  translated  to  digital  confuter 
language  either  in  part  or  total.  Where  many  connectors  must  be  designed, 
use  of  a digital  confuter  recommends  itself  both  from  the  point  of  view 
of  accuracy  in  the  many  numerical  computations  involved  as  well  as  cost 
in  repeating  confutations  to  achieve  an  optimum  configuration. 

2,4.1  Preliminary  Design  Layout  - Integral  and  Loose  Flanges  - No  Contact 
Outside  Bolt  Circle. 

A preliminary  design  layout  is  selected  as  follows: 

a.  Proceed  with  ateps  (a)  to  (&)  of  Section  2.2.1  for  the  bolts 
and  Integral  dange  portion  of  the  connector. 

b.  Choose  a lubricant  and  friction  coefficient  for  the  contact 
between  loose  flange  and  lap  flange.  Some  approximate  friction 
coefficients  are  given  in  Table  2,2,  A low  friction  coefficient 
will  usually  be  preferable. 

c.  Check  the  pipe  wall  thickness  at  the  small  end  of  the  hub*  from 
Table  2.3  by  entering  in  Col,  4 with  the  ratio  of  maximum 
operating  pressure  to  allowable  stress  in  the  pipe  and  setting 

(Tp)  = R Col.  1 

Take  the  hub  thickness  at  the  junction  with  the  lap  flange  as 
(Tj_)  = (Tp)  Col.  2 

Take  the  outer  flange  radius  of  the  lap  flange  as 
(Rqj^)  = R Col.  3 

Take  the  thickness  of  the  lap  flange  as 
(Hj^)  = (Tp)  Col.  2 

Let  the  fillet  at  the  junction  of  hub  and  lap  flange  have  a radius 
of  0,1  to  0,2  (Tl  ).and  the  fillet  at  the  junction  of  hub  and  pipe 
have  a radius  of  0,1  to  0,2  (Tp  ), 

Take  the  basic  hub  length  as 

(Ljj)  = R Col,  5 


" Exceeds  by  a small  margin  the  value  obtained. 
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This  will  generally  give  a hub  having  a greater  slope  than  3:1 
so  a welding  taper  as  described  in  Section  2.2.1,  e should  be  added. 

d.  Same  as  2.2. l,h. 

e.  Take  the  inner  radius  of  the  loose  flange  from  Table  2.3  as 

(Rjjj)  = R Col.  6 

f.  Take  the  outer  radius  of  the  loose  flange  from  the  value  for  the 
integral  flange  as  (Rqj.)* 

g.  Using  the  values  determined  for  the  integral  flange  of  the 
connector  of 


(B_)  = initial  bolt  load 

(R_„)  = radius  to  bolt  center 

d = bolt  diameter 

determine  the  loose  flange  thickness  as 


- 


where  (S_ ) is  the  allowable  stress  in  the  loose  flange  material .. 

(Since  the  loose  flange  is  not  in  contact  with  the 
fluid,  it  may  be  of  higher  strength  material  than  the 
"integral"  or  "lap  stub"  flanges). 

Ordinarily  the  loose  flange  dimensions  will  be  such  that  the  bolt 
clearance  makes  a hub  inappropriate.  The  "loose"  flange  "lap" 
"stub"  combination  should  be  checked  to  assure  satisfaction  of  the 
bolt  clearance  requirement.  Col.  5 of  Table  2.1.  If  necessary, 
increase  the  loose  flange  thickness  above  the  value  computed  here 
to  satisfy  the  clearance  requirement. 


2.4.2  Loose  Flange  - No  Contact  Outside  Bolt  Circle  - Detailed  Analysis 


The  elastic  analysis  is  based  on  satisfying  equilibrium  and  compatibility 
conditions  at  the  various  interfaces.  The  methods  in  Section  2.2  are  used. 

From  the  analysis,  deformations  and  stresses  are  obtained  for  all  the  loading 
conditions  of  interest.  The  bolts  in  this  case  are  eccentrically  loaded  because 
of  flange  rolling. 


The  solution  in  regard  to  the  integral  hub  and  flange  ring  is  basically 
a step-by-step  process.  Starting  at  the  small  end  of  the  hub,  solutions  are 
obtained  stepwise  down  the  hub  and  up  the  flange  ring  as  described  in  Section 
2. 3.2.1.  Setting  the  wall  moment  and  wall  tension  to  zero  at  the  outer  radius 
of  the  flange  ring,  the  resulting  two  simultaneous  equations  are  solved  for  the 
moment  and  shear  in  the  pipe  wall  at  its  junction  with  the  integral  flange  hub 
in  terms  of  p,  P,  QfAT,  (B  or  C),  and  Q 
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th®  integral  flange  hub  in  terms  of  P,  O^T:,  (B  or  C),  and  Qg^gj^gj.  friction* 

The  solution  in  regard  to  the  lap  flange  is  similar.  Starting  at  the 
small  end  of  the  lap -flange  hub,  solutions  are  obtained  stepwise  along  the 
hub  to  the  lap  flange  and  then  up  the  lap-flange  ring  as  described  in  Section 
2. 4. 2. 2.  Placing  the  forces  between  lap  and  loose  flanges  in  equilibrium, 
the  resulting  two  simultaneous  equations  are  solved  for  the  moment  and  shear 
in  the  pipe  wall  at  its  junction  with  the  lap-flange  hub  in  terms  of  p,  P,0;At, 
(B  or  C),  Qgf»  and  the  friction  forces  between  the  loose  and  lap  flanges. 


The  solution  in  regard  to  the  loose  flange  is  based  on  the  assumption 
of  no  loose-flange  hub.  (Lap  flanges  designed  as  described  here  make  loose- 
flange  hubs  inappropriate) . Starting  at  the  inner  radius  of  the  loose 
flange  the  solution  in  Section  2.4. 2.4  proceeds  stepwise  to  the  outer 
radius.  Placing  the  wall  moment  and  wall  tension  to  zero  and 
solving  the  resulting  two  simultaneous  equations,  gives  the  radial  displace- 
ment and  rotation  of  the  inner  radius  of  the  loose-flange  ring  in  terms 
of  (B  or  G),  OAT,  and  the  friction  force  between  loose  and  lap  flanges. 

The  solutions  in  regard  to  bolt  and  gasket  stiffness  are  given  in 
Section  2.4.2.3‘. 

In  Section  2.4. 2.5  the  Interaction  of  the  various  connector  parts,  is 
considered  by  solving  four  simultaneous  equations.  The  first  involves 
compatibility  of  the  bolt  stretch,  gasket  compression,  and  flange  ring 
deflections.  The  other  three  involve  equilibrium  of  frictional  forces 
at  the  two  flange-gasket  contacts  and  at  the  contact  of  lap  and  loose 
flanges.  Solution  of  these  equations  gives  the  values  of  (B  or  C)  and 
the  three  friction  forces.  With  these  the  stresses  aud  deformations  are 
also  obtained. 

2.4.2. 1 Pipe,  Hub,  and  Flange  Stiffness  of  Integral  Flange. 

The  flexibility  of  the  integral  pipe -hub -flange  combination  is  computed 
by  using  Sections  2. 2. 2,1  and  2. 2. 2. 2 directly.  These  give  the  deformations 
and  stresses  for  this  portion  in  terms  of  the  bolt  load,  pressure, 
temperature  change,  axial  force  and  gasket  frictional  force. 

2. 4. 2. 2 Pipe,  Hub,  and  Flange  Stiffness  of  Lap  Flange 

A similar  procedure  to  Sections  2. 2. 2.1  is  applied  starting  from  the 
smaller  end  of  the  flange  hub  and  vjorking  towards  the  larger  end.  For  the 
lap-flange  ring,  the  procedure  in  Section  2. 2. 2. 2,  Eqs.  2.15  to  2.19,  is 
followed,  except  for  the  following  difference.  Since  the  lap-flange  ring 
has  no  holes,  in  place  of  Bq.  2.15 

f = 1 (2.58) 
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At  the  outer  radius  of  the  lap  flange,  the  axial  force,  Pj, , equals 
the  bolt  force  B and  the  radial  force  is 


and  the 'moment  Is 


%L  ““^LF 


(2.59) 


(2.60) 


Usually  the  loose  flange  rolls  inward  with  respect  to  the  lap  flange  so 


^LF  ” 


OL 


(2.61) 


Using  Appendix  2C 


- (nEh) 


\jJ 


(2.62) 


“ol=HH 


— - I K+1/2  f(l+v)  — + (l-v)„ 

»OL  R 

•a.  w 


olJ 


«R 


OL  ^ 
“ R, 


R 


OL 


l-V+2(l+v)  log  (-^^) 

' OL  ' 


(2.63) 


Equations  2.59  to  2.63  are  solved  simultaneously  to  give  the  wall  moment 
and  wall  shear  at  the  small  end  of  the  hub.  The  values  are  obtained  in 
terms  of  the  bolt  load,  pressure,  temperature  change,  axial  force,  gasket 
force, and  frictional  forces. 

2. 4.2, 3 Bolt  and  Gasket  Stiffness 

The  axial  extension  of  the  bolt  is  obtained  from  Eq.  2D.1  as 

-j^(Hj^)  + (Hj)/2  + (Hp)/2  jojpAT 


(2.64) 


The  axial  conqjression  of  the  gasket  is  obtained  from  Eq,  2E, 1 as 


^GG  ^ 


l_2TrgRgEg 


Q-  j( 


Hj^)  + (Hj.)/2  + (Hp)/2 


a_  ^ 
F 


(2.6S) 


The  radial  gasket  displaeement  is  given  by  Eq.  2.32. 


2,4.2.4  Loose  Flanee  Stiffness 

The  loose  flange  stiffness  is  obtained  similarly  to  the  integral 
flange  stiffness.  Assuming  no  hub,  subscript  ILF  is  taken  to  indicate 
the  inner  radius  of  the  loose  flange  and  set 

Loose-flange-bottom  axial  force  « bolt  pull,  B 

Loose-flange-bottom  radial  force  , Q.  ® “Qtp 

ILF 

Loose-flange- bottom  moment,  -(l/2)(Hp)  (Qlf) 

- B(Rql  - Rilf) 

The  displacements  at  the  bottom  of  the  loose -flange  ring  are  taken  as 

®ILF,  '^ILF 


The  corresponding  values  at  the  line  of  action  of  the  bolts  are  given 
by  use  of  Appendix  2C.  In  this  case,  the  flexibility  factor  due  to  the  bolt 
holes  is 

(2.69) 

£ = l/[l-ndVir 


Equations  2.20  to  2.25  of  Section  2. 2. 2. 2 apply,  except  Rilf,  replaces  R, 

QiLF  J^eplaces  Qr,  ujjjp  replaces  uj^,  ©nj’  replaces  ©r,  and  Mxt,v  replaces  Mr. 

Equations  2.26  and  2.27  apply  directly  and  are  solved  simultaneously 
to  give  the  radial  wall  displacement  and  wall  rotation  at  the  inner  radius  of 
the  loose  flange  in  terms  of  the  bolt  load,  temperature  change,  and  loose - 
flange  friction.  From  these  the  loads  and  deformations  in  the  loose  flange 
are  determined. 


(2.66) 

(2.67) 

(2.68) 
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2,4. 2.5  Interaction  of  Flanges.  Bolts  and  Gasket  » Loose  Flange 
Without  Contact  Outside  Bolt  Circle. 

The  sum  of  the  axial  deflections  of  the  flanges,  the  bolt  stretch, 
Eq,  2.30  and  the  gasket  coE?>reaalon,  Eq,2.31  must  remain  constant  in 
the  absence  of  bolt  tightening  or  creep.  This  provides  an  equation 
involving  the  initial  system  extension  C, 


I^bb  ”gg) 


Integral  Flange 


+(«oi.-”g^ 


Lap  flange 


Loose  flange 


a 0 


(2.70) 


In  this  expression  the  first  term  is  obtained  from  Eqs.  2.64  and  2.65. 

The  second  term  is  obtained  from  Eq.  2.28  with  f from  Eq.  2.15,  Mr  for  the 
integral  flange,  and  h equal  (Hi).  The  third  term  is  obtained  from  Eq.  2.28 
with  f equal  one,  subscript  OL  replacing  subscript  B,  h equal  (Hj^),  and  Mr 
for  the  lap  flange.  The  last  term  is  obtained  from  Eq,  2.28  with  h equal 
(Hp),  subscript  OL  replacing  subscript  G,  subscript  ILF  replacing  subscript  R, 
\lF  Rj  snd  f obtained  from  Eq.  2.69. 

The  radial  displacement  of  the  integral  flange  at  the  gasket  is  obtained 
from  Eq,  2.29  with  f given  by  Eq.  2.15,  h equal  (Hj),  and  Qj^,  M^,  M^  the 
values  for  the  integral  flange.  Equating  this  to  Che  value  in  ^ Eq.  2.32  gives 
an  equation  applying  when  there  is  no  gasket  slip. 

Ug(lntssral)  = Ugj  (2.71) 


The  radial  displacement  of  the  lap  flange  at  the  gasket  is  obtained  from 
Eq.  2.29  with  f equal  one,  h equal  (H^),  Mr  and  Qr  the  values  for  the  lap 
flange,  and  subscript  OL  replacing  subscript  B.  Equating  this  to  the  value  in 
Eq.  2.32  gives  another  equation  applying  when  there  is  no  gasket  slip. 

Ug(Lap)  = Ugy  (2.72) 

The  two  equations  2.71  and  2.72  involving  gasket  frictions  are  solved 
simultaneously  with  Eq.  2.70  to  give  the  bolt  pull,  B,  (or  when  initially 
tightened  the  constant  C)  and  the  gasket  friction  forces . The  gasket  force 
is  obtained  from  Eq.  2.25.  If  the  resulting  values  for  gasket  friction  exceed 
the  friction  coefficient  times  the  gasket  force,  G,  this  indicates  that  sliding 
actually  occurs.  In  that  event,  one  or  both  equations  involving  radial  dis- 
placement are  replaced  by  Eqs.  2.36. 
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The  radial  displacement  of  the  loose  flange  at  the  point  of  contact 
with  the  lap  flange  is  obtained  from  Eq.  2.29  with  h equal  (Hp),  subscript  OL 
replacing  subscript  G,  subscript  ILF  replacing  subscript  R,  Rjjj.  replacing  R, 
and  using  the  value  of  f in  Eq.  2.69. 

The  radial  displacement  of  the  lap  flange  at  the  point  of  contact  with 
the  loose  flange  is  obtained  from  Eq.  2.29  with  h equal  (Hl),  subscript  OL 
replacing  subscripts  G and  B,  f equal  one,  and  reversing  the  signs  of  the 
last  three  terms  in  Eq.  2.29  involving  B and  the  two  moments. 

If  these  two  radial  deflections  do  not  show  a relative  radial  displace- 
ment inwards  of  the  loose  flange  with  respect  to  the  lap  flange,  the  value 
of  the  frictional  force  between  them  will  be  less  than  H B and  is  found  by 
equating  the  radial  deflections  of  the  loose  and  lap  flanges  at  their  point 
of  contact  and  solving  the  simultaneous  equations  again  for  the  value  of 


The  value  of  the  constant  C is  now  evaluated  at  the  initial  tightening 
conditions  by  setting  p,  P,  ^'«0,and  B®6«(Bi).  Using  this  value  of  C 
and  the  load  values  corresponding  to  proof  test  and  various  operating 
conditions,  the  load  distribution  in  the  flanges,  hubs,  bolts,  etc.  are 
found.  Deformations  are  also  found  and  should  be  checked  to  see  that 
rolling  of  the  loose  or  lap  flanges  is  not  e:ccessive  and  that  the  proper 
assumptions  regarding  friction  (sliding  or  not)  have  been  used  for  all 
loadings. 

The  bolt  stress  is  given  by  Eq.  2D. 3.  The  toaximum  stress  in  the 
Integral  flange  is  given  by  Eq.  2.37  and  2.38.  For  the  loose  flange  the 
maximum  hOop  stress  is  given  by  Eq.  2.37  with  R replaced  by  R_-„  and 
subscript  R replaced  by  subscript  ILF.  The  axial  and  radial  stresses 
in  the  loose  flange  are  usually  negligible.  For  the  lap  flange  the 
maximtun  stress  is  given  by  Eq.  2.37  and  2.38  with  subscript  B replaced 
by  subscript  OL.  The  hoop  stress  in  the  hub  and  pipe  for  the  integral 
and  lap  flanges  is  given  by  Eq.  2.39  Axial  stress  in  the  hubs  and  pipe 
is  given  by  Eq.  2.40. 

Comparing  the  stresses  and  deformations  with  allowable  values  indicates 
where  thickness  changes  may  be  desirable.  Comparing  the  gasket  loads  with 
the  minimum  permitted  values  indicates  when  a higher  initial  bolt  load 
may  be  required.  In  general  the  thickness  changes  should  be  in  proportion 
to  half  the  desired  stress  or  deformation  changes. 


2.5  Loose  Flange  » Contact  Outside  Bolt  Circle 

Where  contact  outside  the  bolt  circle  is  desirable  it  may  be  necessary 
to  provide  a loose  flange  so  that  bolt  holes  can  be  aligned.  Such  a connector 
design  is  considered  in  Figure  2.7.  The  lap  flange  should  always  be  checked 
for  excessive  rolling  in  such  a design. 
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The  design  procedure  involves  selecting  a pielimlnary  design  layout, 
analyzing  for  stresses  and  deformations  under  the  various  loading  conditions 
using  the  results  to  select  an  in^roved  design  layout,  reanalyzing,  and 
remodifylng  until  an  efficient  design  is  attained.  Every  effort  has  been 
made  to  make  the  preliminary  design  procedure  a good  one.  Hox^ever,  for 
sic^licity,  only  a few  parameters  can  be  considered  at  a time.  Thus,  the 
highly  coBsplex  interactions  of  the  connector  parts  can  only  be  accounted 
for  appro»;imately  in  the  preliminary  design  phase.  At  least  one  or  two 
cycles  of  the  analysis-redesign  procedure  are  essential  if  an  optimum 
configuration  is  to  be  achieved. 

The  detailed  design  pro'cedure  is  presented  here  in  a form  suitable 
for  hand  computation  so  that  the  procedures  can  be  clearly  understood. 

It  is  also  in  a form  which  can  readily  be  translated  to  digital  coc^uter 
language  either  in  part  or  total.  Where  many  connectors  must  be  designed^ 
use  of  a digital  coisi^uter  recommends  itself  both  from  the  point  of  view 
of  accuracy  in  the  many  numerical  coo^utations  involved  as  well  as  cost  in 
repeating  confutations  to  achieve  an  optimum  configuration. 

2.5.1  Preliminary  Pesign  Layout  - Loose  Flange  - Contact  Outside  Bolt 
Circle 


(a)  For  the  integral  flange  and  bolts  and  gasket,  steps  (a) 
through  (f)  of  Section  2.3.1  and  steps  (e)  through  (&)  of  Section 
2.2.1  are  followed,  except  perform  detailed  computations  as 
described  in  Section  2.5.2. 

(b)  For  the  lap  flange, follow  steps  (b)  through  (d)  of  Section  2.4.1. 
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c.  For  the  loose  flange,  let  the  outer  radius  be  the  same  as  that  of 
the  integral  flange.  Provide  a lip  at  the  outer  radius  whose 
depth  is  sufficient  to  reach  the  integral  flange  and  whose  inner 
radius  clears  the  bolt.  Let  the  inner  radius  of  the  loose  flange 
clear  the  lap  flange  hub.  Take  the  thickness  equal  to  that  of  the 
integral  flange. 

2.5.2  Detailed  Analysis  - Loose  Flange  - Contact  Outside  Bolt  Circle 

2.5.2. 1 Integral  Flange,  Hub  and  Pipe 

These  are  treated  exactly  as  described  in  Sections  2.3.2.!  and  2. 3. 2. 2. 

2. 5. 2. 2 Lap  Flange.  Hub  and  Pipe 

These  are  treated  exactly  as  described  in  Section  2. 4. 2. 2. 


2. 5. 2. 3  Bolt  and  Gasket  Deformation 

The  axial  extension  of  the  bolt  is  obtained  from  Eq,  2D.  2 as 
(considering  the  gasket  contained), 

- [(  \ ) + ( Hj  )/2  + ( Hp  (2.73) 

The  axial  con|>ression  of  the  gasket  is  obtained  from  Eq,  2E.1 
(considering  the  gasket  contained)  as, 

”gG  “ “l  ) + ( Hj  )/2  + ( Hp  )/2]ofp^  (2.74) 


2, 5, 2, 4  Loose  Flange  Stiffness 

Assuming  no  hub,  subscript  ILF  is  taken  to  indicate  the  inner  radius 
of  the  loose  flange  and  set 

Loose  flange  bottom  axial  force  = B»F  (2.75) 

Loose  flange  bottom  radial  force  = Q^^j^p  ® 

(2.76) 

Loose  flange  bottom  moment  « “~(l/2)(  Hp’)(0  ) 


Take  and  u^^p  as  the  Inner  displacements. 

The  flexibility  factor  is  given  by  Eq,  2.41.  The  values  at  the  bolt 
circle  are  obtained  from  Eqs.  2.20  to  2.24  with  replacing  R,  (B-F) 
replacing  B,  subscript  ILF  replacing  .subscript  R,  ana  h equal  ( H ) . 
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Proceeding  now  to  the  flange  portion  between  the  bolt  circle  and  the 
outer  edge,  the  only  force  at  the  outer  edge  Is  the  flange  friction.  Eqs. 

2.42  and  2.43  apply  directly  with  h equal  (Hg,)  and  f given  by  Eq.  2.41. 

2.5. 2.5  Interaction  of  Bolts  and  Flanges  - Loose  Flange  with  Contact 
Outside  Bolt  Circle 

The  axial  deflections  of  the  flanges  and  bolts  must  remain  compatible. 

In  the  absence  of  bolt  tightening,  Eq.  2.70  applies  directly.  In  this 
expression,  wgg  Is  obtained  from  Eq.  2.73  and  Wqq  from  Eq.  2.74.  Tlie 
second  term  Is  obtained  from  Eq.  2.44  with  f from  Eq.  2.41,  for  the 
Integral  flange,  and  h equal  (Hi).  The  third  term  Is  obtained  from 
Eq.  2.28  with  f equal  one,  subscript  OL  replacing  subscript  B,  (B>F)  re- 
placing Bj  Mr  for  the  lap  flange,  and  h equcl  (Hr).  The  last  term  is 
obtained  from  Eq.  2.28  with  f from  Eq.  2.41,  (B-f)  replacing  B,  subscript  OL 
replacing  subscript  6,  subscript  ILF  replacing  subscript  R,  RiLp  replacing  R, 
and  h equal  (Hp). 

Similarly  Eq.  2.51  for  compatibility  at  the  outer  flange  region  applies 
directly.  Again  W33  is  obtained  from  Eq.  2.73  and  Wgg  from  Eq.  2.74.  The 
third  term  in  this  expression  is  obtained  from  Eq.  2.45  with  f given  by 
Eq.  2.41,  Mg  the  value  for  the  integral  flange,  and  h equal  (H-.).  The 
last  term  in  the  expression  is  given  by  Eq.  2.45  with  f given  By  Eq.  2.41, 

Mg  the  value  for  the  loose  flange,  and  h equal  (Hp). 

The  radial  displacement  compatibility  in  the  outer  flange  regions  is 
expressed  by  Eq.  2.53.  The  term  on  the  left  side  of  this  expression  is 
obtained  from  Eq,  2.46  using  Qg  and  Mg  for  the  integral  flange,  f from 
Eq.  2.41,  and  h equal  (Hj),  The  term  on  the  right  side  of  Eq.  2.53  is 
obtained  from  Eq.  2.46  using  Qg  and  Mg  for  the  loose  flange,  f from  Eq.  2.41, 
and  h equal  (Hp). 

The  radial  displacement  compatibility  in  the  gasket  region  is  expressed 
by  Eq.  2.52.  The  term  on  the  left  side  of  this  expression  is  obtained  from 
Eq.  2.29  with  Mg,  Qg,  Mg,  Qg  the  values  for  the  integral  flange,  (B-F)  re- 
placing B,  f given  by  Eq.  2.41,  and  h equal  (Hi).  The  term  on  the  right 
side  of  Eq.  2.52  is  given  by  Eq,  2.29  with  f equal  one,  subscript  OL  replacing 
subscript  B,  (B-F)  replacing  B,  Mg  and  Qg  for  the  lap  flange,  and  h equal  (Hj^). 

The  gasket  force  is  given  by  Eq.  2.54.  The  loose-flange  frictional 
force  will  ordinarily  be  inwards  with  respect  to  the  lap  flange  so 

Qlf  = (B-F)  (2.78) 

Using  Eqs.  2.51,  2.52,  2.53,  2.70  and  2.78  simultaneously  makes  it  possible 
to  solve  for  (B  or  C),  F,  G,  and  the  three  frictional  forces.  If  the  resulting 
value  of  Qgf  exceeds  /IqG,  the  corresponding  compatibility  equation  is  replaced 
by  Eq.  2.55  with  appropriate  sign.  If  the  resulting  value  of  Qgp  exceeds 
MgpF,  the  corresponding  compatibility  equation  is  replaced  by  Eq.  2.56  with 
appropriate  sign. 
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Equation  2.78  applies  If  there  Is  relative  Inward  sliding  of  the  loose 
flange  on  the  lap  flange.  A check  should  be  made  to  assure  that  this  occurs 
by  computing  the  radial  displacements  of  the  two  flanges  at  their  points  of 
contact.  The  radial  displacement  of  the  lap  flange  Is  obtained  from  Eq.  2.29 
by  replacing  B by  (B-F),  replacing  subscripts  G and  B by  subscript  OL,  setting 
f equal  one,  h equal  (%),  reversing  the  signs  of  the  last  three  terms  involving 
(B-F),  Mqx.»  and  using  the  values  of  and  for  the  lap  flange.  The 
radial  displacement  of  the  loose  flange  uql  (Loose)  is  obtained  from  Eq.  2.29 
by  replacing  subscript  G with  subscript  OL,  subscript  R with  subscript  ILF, 

R with  Rjlp  B with  (B-F),  and  using  h equal  (Hp),  f from  Eq.  2.41,  Mg,  Qg 
for  the  loose  flange.  In  the  event  the  relative  sliding  is  not  as  assumed, 

Eq.  2.78  is  replaced  by 


Uql  (Lap)  = Uqj^  (Loose)  (2.79) 

The  value  of  the  constant,  C,  is  now  evaluated  at  the  initial  tightening 
conditions  by  setting  p,  P,  AT=0,  and  B=  (Bj).  Using  this  value  of  C and 
the  design  load,  stress  and  deformation  distributions  in  the  connector  are 
found.  At  this  point,  it  is  again  desirable  to  check  that  the  proper  assump- 
tions on  friction  (sliding  or  not)  have  been  used. 

The  bolt  stress-  is  given  by  Eq.  2D. 4 . The  hoop  stress  in  the  flanges  is 
given  by  one  of  Eqs.  2C.10  to  2G.13.  However,  it  is  likely  to  be  quite  small. 
The  radial  flange  stress  is  given  by  Eq.  2.57.  The  hoop  and  axial  stresses 
are  given  for  the  hubs  and  pipes  by  Eqs.  2.39  and  2.40.  In  the  case  of  the 
integral  flange,  Eq.  2.40  is  most  critical  with  the  sign  before  M positive, 
while  for  the  lap  flange  the  negative  sign  is  more  critical. 

Comparing  stresses  with  allowable  values  indicates  where  thickness 
changes  are  needed.  If  the  gasket  load  drops  below  the  minimum  permissible 
value,  an  increase  in  bolt  load,  an  increase  in  flange  height,  or  a general 
thickening  would  be  beneficial.  If  the  lap  flange  has  greater  roll  than  the 
gasket  can  tolerate,  the  roll  can  be  reduced  by  increasing  the  thickness  of 
the  lap  flange  and  its  hub. 

Each  set  of  changes  in  geometry  must  be  reanalyzed  until  a satisfactory 
configuration  is  found. 

2.6  Other  Configurations 

The  methods  presented  here  are  suitable  for  analyzing  connectors  v;hich 
are  different  from  the  conventional  ones  considered  in  the  previous  sections. 
Some  of  these  are  sketched  in  Figure  2.8.  Their  possible  advantages  and  dis- 
advantages are  discussed  below. 
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(c) 


(d) 
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(a)  This  configuration  restrains  flange  rolling  by  having  the  pipe 
to  both  sides  of  each  flange.  "Barrelling"  should  be  materially 
less.  Thermal  effects  may  be  increased  somewhat  because  of 

the  increased  bolt  length.  Weight  is  saved  in  flange  width  but 
lost  again  in  increased  bolt  length. 

(b)  This  configuration  recognizes  that  the  bolts  bear  only  near  their 
inner  side  when  the  flanges  can  roll.  This  design  increases 
flange  thickness  while  reducing  flange  height,  thus  saving  weight 
for  the  same  stiffness  and  stress  levels.  The  increased  bolt  length 
counterbalances  this  weight  saving.  The  purpose  of  a "loose" 
flange  is  achieved  without  the  flexibility  of  "loose"  flanges. 

(c)  Interlocked  flanges  increase  the  rolling  stiffness  of  each  flange 
without  any  overall  weight  increase.  For  the  same  strength  and 
stiffness  weight  can  be  saved.  The  Joint  loses  symmetry  however 
and  is  somewhat  more  difficult  to  machine. 

(d)  By  providing  a slight  protuberance  on  the  flange  at  the  bolt>center> 
line  circle,  it  is  possible  to  load  the  bolts  more  squarely,  even 
in  the  presence  of  flange  rolling,  than  would  otherwise  be  possible. 
Bolt  stresses  would  thereby  be  substantially  reduced.  Bearing 
stresses  under  the  bolt  head  and  nut  would  be  large,  however,  high 
bearing  stresses  also  occur  with  eccentric  loading  by  a flange 
which  has  rolled.  The  reduction  in  bolt  area  pemits  the  use  of 
smaller  bolts  and  thus  reduces  the  overall  flange  dimensions. 


2.7  Other  Analytical  Methods 

Connectors  of  the  types  described  above  can  also  be  analyzed  by  Castigll- 
ano's  Theorem.  In  this  approach  the  strain  energy  of  all  the  component  elements 
is  determined  in  terms  of  the  applied  and  redundant  loads.  The  component  strain 
energies  are  then  summed  giving  a quadratic  function  in  the  loads.  The  deriva- 
tives of  this  function  with  respect  to  the  redundant  loads,  when  set  equal  to 
zero,  give  a set  of  simultaneous  equations  which  can  be  solved  for  the  redundant 
loads.  The  derivatives  with  respect  to  the  applied  loads  give  the  deflections 
at  these  loads.  This  approach  can  readily  be  adapted  to  Include  friction  and 
temperature  effects.  Appendices  2F,  2G,  and  2H  give  expressions  for  the  energy 
in  cylindrical  and  ring  segments  and  in  the  bolts. 

To  include  friction  effects  where  no  sliding  is  anticipated,  the  friction 
force  is  allowed  to  be  a redundant  load.  To  include  friction  where  sliding  is 
anticipated,  the  friction  force  is  taken  as  the  friction  coefficient  times  the 
normal  force.  In  each  case,  the  original  assumption  can  be  checked  by  com- 
paring the  force  with  the  maximum  possible  where  no  sliding  is  assumed,  or  by 
checking  the  direction  of  sliding  where  sliding  has  been  assumed. 

The  application  of  Castigliano's  Theorem  is  simple  in  principle  for  a 
structure  made  up  of  cylindrical  and  ring  elements.  However,  it  involves  a 
large  amount  of  numerical  computation  both  in  obtaining  the  energies  and  in 
solving  the  resulting  simultaneous  equations.  Therefore,  is  is  particularly 
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well  suited  to  machine  computation  where  simplicity  in  formulation  is  of 
prime  importance,  whereas  drudgery  in  computation  is  of  no  moment  since  it 
can  be  accomplished  by  machine. 
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Section  3 

THREADED  CONNECTOR  DESIGN 
by 

John  Nallach 


3.0  Selection  of  Connector 

The  selection  of  the  correct  connector  for  a given  application  is  not 
only  a question  of  choosing  a connector  to  meet  all  of  the  technical  design 
requirements,  but  also  a question  of  the  time  and  money  available.  This 
section  is  primarily  concerned  with  the  design  of  a technically  optimized 
connector.  It  is  a custom  designed  connector  for  a particular  application 
and  requires  more  time  and  money  than  an  "off-the-shelf"  standard  connedtor. 
Therefore,  whenever  a standard  connector  will  meet  all  the  design  require- 
ments it  should  be  used. 

The  current  commercial  connectors  can  usually  be  grouped  as  flared- tube 
connectors,  swaged- tube  connectors,  or  flanged- tube  connectors.  The  flared- 
tube  connector  is  subject  to  leakage  unless  a soft  gasket  is  used,  to  gross 
deformation  due  to  an  excessive  hoop  stress  in  the  union  if  it  is  overtorqued, 
and  to  fatigue  failure  at  the  root  of  the  flare.  The  swaged- tube  connector 
is  subject  to  leakage  unless  a gasket  is  used  and  to  fatigue  failure  in  the 
swage.  The  flanged-tube  connector  is  subject  to  leakage  unless  a gasket  is 
used  and  to  fatigue  failure  where  the  flanged  section  is  attached  to  the 
tubing.  Each  type  of  connector  has  many  advantages,  some  of  which  are  peculiar 
to  a certain  connector  design.  The  listing  necessary  to  point  out  these 
features  is  too  long  to  include  here.  Also,  some  connectors  seal  effectively 
with  the  use  of  ultrafine  machined  sealing  surfaces  rather  than  a soft  gasket. 
However,  the  latter  method  of  sealing  is  considered  more  reliable. 

In  case  a standard  connector  will  not  meet  the  design  requirements,  a 
custom  connector  can  be  designed  using  the  design  procedure  given  in  this  Section. 
This  will  result  in  a technically  optimized  connector  for  the  particular 
application.  However,  if  over  a period  of  time  a large  number  of  custom 
designed  connectors  are  required,  the  design  procedure  can  be  automated  by 
the  use  of  a digital  computer.  Also,  if  the  connectors  required  can  be 
grouped  according  to  their  design  requirements,  it  is  possible  to  design  a 
number  of  standard  connectors  so  that  one  standard  connector  will  meet  the 
design  requirements  of  a particular  grouping.  The  use  of  standard  connectors 
makes  possible  the  stocking  of  connectors  for  immediate  use. 


3. 1 Design  Requirements 

The  threaded  connector  design  begins  with  an  accurate  statement  of  the 
design  requirements.  These  are  the  input  quantities  to  the  design  procedure. 
At  this  stage  of  the  design, it  has  already  been  decided  that  a separable 
connector  is  to  be  used  and  that  a threaded  connector  rather  than  a flanged 
connector  is  applicable.  The  threaded  connector  is  chosen  when  the  tubing 
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outside  diameter  is  one  inch  or  less  and  the  assembly  torque  required  is  not 
excessively  large  (under  2400  inch  pounds) . 

The  detailed  design  input  requirements  are: 

a.  Tubing 

Material 

Outside  diameter, 

Inside  diameter,  d^. 

b.  Fluid  contained  in  the  tubing 

Name  and  chemical  composition 
Operating  pressure, 

Constant  pressure, 

Cyclical  pressure,  P^ 

Number  of  cycles  of  pressure,  N 

P 

Temperature , T^ 

c.  Environmental  conditions 

Surrounding  fluid 
Ambient  pressure,  P^ 

Ambient  temperature,  T^ 

d.  External  loads 

Constant  force,  Fj^ 

Cyclical  force,  F^ 

Number  of  cycles  of  force,  N^ 

Constant  transverse  moment,  mj^ 

Cyclical  transverse  moment,  m^ 

Number  of  cycles  of  moment,  N^ 

e.  Allowable  leakage  level 

These  design  requirements  are  determined  for  each  critical  operating 
condition,  both  steady  state  and  transient.  A table  of  operating  conditions 
and  input  parameters  helps  to  keep  the  operating  conditions  separate.  For 
each  operating  condition, a check  of  each  parameter  is  necessary  so  that  the 
value  of  the  parameter  in  the  table  is  the  correct  one  for  that  condition. 

In  the  following  sections, reference  is  usually  made  to  only  one  operat- 
ing condition.  This  condition  is  very  general  and  includes  all  of  the  design 
input  parameters.  Based  on  these  parameters, a set  of  formulas  have  been  de- 
rived for  the  determination  of  the  connector  dimensions. 
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By  repeated  use  of  the  design  procedure  for  each  operating  condition 
and  the  selection  of  the  most  conservative  design,  a,  connector  design  meeting 
all  of  the  design  requirements  Is  generated.  Wherever  possible,  the  prior 
elimination  of  those  operating  conditions  leading  to  nonconservative  designs 
will  greatly  reduce  the  design  effort. 

3.2  Connector  Configuration 

The  connector  consists  of  a flange,  union,  seal  and  nut.  The  typical 
connector  configuration  Is  Illustrated  In  Figure  3.1. 


The  connector  design  separates  the  various  connector  functions.  The 
attachments  to  the  tube  are  made  between  the  flange  and  the  tube,  and  the  union 
and  the  tube  by  welding.  The  separable  part  of  the  connector  consists  of  the 
flange,  nut,  and  union.  Flats  are  provided  on  the  nut  and  the  union  for  wrench 
jaws.  The  seal  Is  placed  between  the  flange  and  the  union.  The  compressive 
load  path  Is  from  the  flange  to  the  union  (not  through  the  seal),  and  the 
tensile  load  path  Is  through  the  nut. 


3.3  Seal 

The  seal  consists  of  either  two  flange  and  union  surfaces  properly  pre- 
pared or  a removable  gasket  and  Its  companion  sealing  surfaces  on  the  flange 
and  the  union.  There  Is  no  one  seal  that  can  be  successfully  used  In  every 
application.  However,  certain  types  of  seals  can  be  used  In  specific 
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envlironments.  Most:  of  the  gaskets  for  these  seals  are  commercially  available, 
and  the  seal  can  be  designed  from  the  manufacturer's  cata7^og.  A con^lete 
discussion  of. seals  is  included  in  Sections  1 and  4 of  this  Handbook. 


3.4  Attachment  to  Tubing 

The  attachment  of  the  connector  to  the  tube  must  be  structurally  sound, 
leakproof,  and  compatible  with  the  fluid  contained.  The  method  which 
best  fits  these  requirements  is  welding.  Swaging  is  not  reliably  leak-proof 
and  brazing  is  limited  because  of  compatibility  and  temperature  problems. 
Welding,  in  general,  also  presents  many  problems  when  used  in  launch  vehicle 
systems.  However,  a great  deal  of  effort  has  already  gone  into  the  solution 
of  these  problems  and  satisfactory  methods  are  being  developed. 

One  such  welding  method,  which  has  been  developed  and  is  recommended 
for  use  in  this  connector  design,  is  discussed  in  Refs.  1 and  2.  The  method 
described  is  a tube-to-tube  connection,  but  is  applicable  to  the  connector- 
to-tube  connection  shown  in  Figure  3.2.  The  tubing  is  slid  into  the  connector 


Figure  3.2  Connector-to-tubing  Weld 


socket  and  swaged  into  the  socket.  The  weld  is  formed  by  melting  the 
connector  and  tube  materials  together.  The  radial  thickness  of  the  socket 
is  assumed  equal  to  the  tube  thickness.  However,  the  thickness  and  length, 
L^,  of  the  socket  are  determined  by  the  materials  to  be  welded,  the  type  of 
weld,  and  the  loading. 
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The  structural  integrity  of  the  weld  is  so  largely  dependent  on  the 
type  of  weldg  welding  procedure,  and  connector  and  tube  materials,  that  a 
separate  yield  strength.  By,  fracture  strength.  By,  and  fatigue  strength, 

B , are  determined  for  the  weld.  The  strengths  are  expressed  in  pounds 
per  linear  inch  of  weld  circumference.  With  these  strengths  known  for  the 
critical  operating  conditions  (the  strengths  are  temperature  dependent)  the 
structural  integrity  of  the  weld  can  be  checked. 

To  prevent  yielding. 
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To  prevent  fracture. 
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To  prevent  fatigue  failure. 
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<1  (3.3) 


There  is  no  inconsistency  between  Eqs.  3.1  and  3.2,  because 
only  one  of  these  equations  will  be  used  for  any  one  operating  condition. 


3.5  Flange 

3.5.1  Flange  Configuration 

The  flange  consists  of  three  elements.  The  socket  is  provided  for  the 
mechanical  attachment  of  the  tube  to  the  flange.  A hub  increases  the  dis- 
tance between  the  weld  and  the  seal  in  order  to  prevent  thermal  distortion  of 
the  flange  ring  during  welding  and  to  provide  a smoother  transition  between 
the  flexible  socket  and  the  rigid  flange  ring.  The  flange  ring  provides  a 
bearing  surface  for  the  nut,  an  interface  between  the  flange  and  the  union  for 
the  seal  and  compressive  load,  and  the  structural  rigidity  to  maintain  the  seal. 
The  three  elements  and  the  nomenclature  associated  with  the  detailed  dimensions 
of  each  element  are  shown  in  Figure  3.3. 
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Figure  3.3  Flange  Elements 


All  of  the  dimensions  are  chosen  on  the  basis  of  a thorough  stress 
and  vibration  analysis.  This  analysis  is  done  in  two  steps  and  possibly 
a number  of  iterations.  The  structural  analysis  depends  on  the  prior 
knowledge  of  the  preload  applied  when  tightening  the  nut.  However,  the 
preload  depends  on  prior  determination  of  the  structural  response  of 
the  connector  by  a structural  analysis.  Therefore,  it  is  necessary  to  make 
an  initial  estimate  of  the  connector  dimensions.  Then  the  preload  is 
determined  using  these  dimensions.  The  dimensions  are  then  calculated  on 
the  basis  of  a thorough  structural  analysis  using  the  calculated  preload, 
and  the  preload  is  recalculated  using  the  more  accurate  dimensions.  This 
iterative  calculation  of  connector  dimensions  and  preload  is  continued  until 
the  change  in  dimensions  and  preload  is  negligible.  If  the  second  of  two 
consecutive  preload  calculations  results  in  a preload  within  five  percent  of  the 
previous  calculation,  then  the  connector  is  adequately  designed  for  the 
second  preload  and  the  calculations  may  be  stopped. 

3.5.2  Approximate  Flange  Dimensions 

The  following  dimensions  are  necessary  for  the  calculation  of  the  preload. 
As  stated  above,  the  preload  must  be  calculated  before  a final  determination 
of  flange  dimensions  is  possible. 

The  length  of  the  transition  section  of  the  flange  is 

Ljj  = 1.5  (Dj.+2t-d^)  (3.4) 
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The  outside  diameter  of  the  flange  ring,  D^,  is  the  largest  of  the  following 

(Of)l  “ 

(Df>2  = +1/8 

(Df>3  = Dg+2t+  1/K5 

■=  Dg+  3/16  (3.5) 

Dj  = the  largest  of 

The  length  of  the  flange  ring  is  approximated  by  making  it  equal 
to  the  radial  width. 

Lj.  = 1/2  (Df-d^)  (3.6) 

The  radial  bearing  length  of  the  nut  on  the  flange,  w,  is  equal 
to  t or  1/16",  whichever  is  larger. 

w = larger  of  (t  or  1/16")  (3.7) 


3. 6 Union 

3.6,1  Union  Configuration 

The  union  provides  the  seal  interface,  the  threads  to  engage  the  nut, 
a set  of  wrenching  flats,  and  a tube  socket.  The  seal  configuration  and 
dimensions  are  in  accordance  with  Sections  1 or  4.  The  union  configuration 
and  dimensions  are  given  in  this  section.  Figure  3.4  shows  the  details 
and  dimensional  nomenclature  for  the  union.  The  outside  and  inside 


Figure  3.4  Union  Dimensions 
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3.6.2  Union  Dimensions 

The  union  dimensions  are  determined  by  the  mating  parts  and  by  the  loads 
imposed.  As  the  loading  is  not  known  until  the  preload  has  been  calculated, 
the  union  dimensions  and  those  of  the  mating  parts  can  not  be  finalized  at 
this  stage  of  the  design.  In  this  Section  the  union  dimensions  are  determined 
without  a thorough  stress  analysis.  In  Section  3. 10, after  a complete 
structural  analysis  the  dimensions  will  be  checked. 


The  union  diameter,  D , is  to  be  a snug  sliding  fit  inside  the  lip 
on  the  flange  face.  In  th^s  way  the  union  is  located  on  the  flange  and 
radial  motion  between  the  two  is  prevented. 


D = D-  - 1/16 
u f 


(3.8) 


The  length,  L , is  to  be  long  enough  so  that  the  load  on  the  threads 
is  distributed  uniformly  over  the  union-to-flange  contact  area.  So  L 
is  taken  equal  to  the  depth  of  the  seal  recess,  L . ^ 


L 


u 


(3.9) 


The  union  and  nut  thread  is  an  American  standard  buttress  screw 
thread  (ASA  B 1.9-1953).  The  nominal  size  of  the  thread,  Dj^,  is  chosen 
so  that  the  minimum  minor  diameter  of  the  nut  is  larger  than  D^,and  the 
nut  will  freely  slide  over  the  flange. 

Db^Dj  + l.a/n  (3.10) 

The  recommended  thread  sizes,  number  of  threads,  lengths  of  thread 
engagement,  and  lengths  of  threads  are  given  in  Table  3.1.  These 
recommendations  are  based  on  a structural  analysis  of  the  Buttress  thread 
using  the  formulas  of  Ref.  3. 


Table  3.1 


RECOMMENDED  BUTTRESS 

THREAD  SIZES 

Nominal 

Number  of 

Length  of 

Length  of 

Size  * 

Threads 

Engagement 

Thread 

Inch 

Per  Inch 

Inch 

Inch 

D. 

n 

L 

L^ 

b 

e 

t 

From  To 

. 0 1/2 

20 

1/4 

5/16 

1/2  3/4 

16 

5/16 

3/8 

3/4  1 

12 

3/8 

7/16 

1 1-1/4 

10 

7/16 

1/2 

1-1/4  2 

8 

9/16 

5/8 

2 3 

8 

11/16 

3/4 
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The  next  portion  of  the  union  provides  a place  to  put  a wrench  so 
that  the  nut  can  be  tightened  on  the  union.  In  order  to  facilitate 
cutting  of  the  threads,  the  diameter  across  corners  of  the  wrenching  flats 
Is  taken  slightly  less  than  the  minor  diameter  of  the  thread  on  the  union. 
The  diameter  across  flats,  D , Is  given  by  the  following  Inequality: 

cl 

D +2t  <D  <0.866  D.-  -0.017  (3.11) 

t—  a—  bn 

The  largest  D which  satisfies  Eq.  3.11  and  is  a standard  size 
for  an  open  end  or^camloc  wrench  is  chosen.  Then  Is  chosen  equal  to  the 
thickness  of  the  wrench  head. 

The  next  section  of  the  union  provides  a transition  between  the 
wrenching  flats  and  the  tube  socket.  A radius,  R , is  used  to  reduce  the 
stress  concentration. 

R = 1/2  (D  -Dj-t  (3.12) 

u a t ' 

The  tube  socket  on  the  union  is  Identical  to  that  on  the  flange. 

The  same  final  dimensions  are  used  for  both.  The  flange  tube  socket  Is 
discussed  In  Sections  3.5  and  3.9.. 


3.  7 ^ 

3.7.1  Nut  Configuration 

The  nut  provides  the  tension  necessary  to  compress  the  seal  at  assembly 
and  to  maintain  this  compression  under  all  operating  conditions.  The  ring  of 
the  nut  bears  on  the  ring  of  the  flange, and  the  threads  on  the  nut  engage 
the  threads  of  the  union.  Wrenching  flats  are  provided  on  the  outside 
diameter  of  the  nut.  Figure  3.5  shows  the  details  and  dimensional 
nomenclature  for  the  nut. 

3.7.2  Nut  Dimensions 


Most  of  the  nut  dimensions  have  been  determined  In  the  preceding 
sections.  All  of  the  nut  dimensions  except  the  outside  diameter,  D , and 
length  of  the  ring,  L , are  determined  by  the  mating  parts.  These  remaining 
dimensions  are  estimated  In  this  section  so  that  the  preload  can  be 
calculated.  Then  the  dimensions  are  checked  on  the  basis  of  a structural 
analysis.  Section  3.9.. 

The  nominal  size  of  the  thread,  number  of  threads  per  inch,  length  of 
thread  engagement,  and  length  of  thread  are  the  same  as  for  the  union. 

Section  3.6.2.  Based  on  these  dimensions  the  Inside  diameter  of  the  nut,  d , 
is  chosen  equal  to  the  maximum  major  diameter  of  the  thread.  ° 
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Figure  3.5  Nut  Configuration 


d = D + + 0.014 

so  n 


(3.13) 


The  length  of  the  shell  part  of  the  nut  is  determined  by  the  mating 
parts. 


L = L +L  +L  -L 
s r u e t 


(3.14) 


The  inner  diameter  of  the  ring  part  of  the  nut  is  determined  by  the 
flange  dimensions. 


d = D-  - 2w 
n f 


(3.15) 


The  small  radius,  R , is  used  to  decrease  the  stress  concentration. 

’ n’ 

= l/2(dg-Dp  (3.16) 

The  basic  outside  diameter  of  the  nut,  D , is  also  the  diameter 
across  flats  of  the  wrenching  flats  provided  on  the  nut.  The  value  of  D 


D > d + D -d, 
n — s u t 


n 

(3.17) 


chosen  is  the  smallest  standard  diameter  across  the  flats  for  a nut  that 
satisfies  Eq.  3.17.  The  wrenching  flats  are  located  at  the  ring  end 
of  the  nut  and  the  length  of  the  flats,  L , is  taken  equal  to  the  thickness 
of  a standard  wrench  head.  ^ 

The  length  of  the  ring,  L^,  is  taken  equal  to  the  radial  thickness. 

L = 1/2  (D„-d„) 
n n n 
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3.8  Preload 


Preloading  of  the  connector  at  assembly  is  essential  to  proper  operation 
of  the  connector.  Too  small  a preload  in  the  connector  will  result  in  leakage 
and  too  large  a preload  will  result  in  overstressing  the  connector.  The  use  of 
the  proper  preload  is  also  important  in  the  stress  calculations.  The  use  of  too 
small  a preload  in  the  calculations  will  result  in  a leaky  connector  and  the 
use  of  too  large  a preload  will  result  in  an  over-designed  and  overweight 
connector. 

The  preloading  of  a connector  at  assembly  can  be  considered  a two-step 
operation.  First,  the  nut  is  tightened  until  the  seal  is  sufficiently  com- 
pressed and  the  flange  and  union  come  into  contact.  The  axial  force  necessary 
is  referred  to  as  the  seating  force,  F . At  this  point  a seal  has  been  effected. 
That  is,  the  seal  is  designed  so  that  the  compressive  force  to  bring  the  flange 
and  union  into  contact  is  more  than  adequate  fc|  make  the  seal  leak-tight. 

The  second  step  of  the  connector  preloadtng  is  to  increase  the  flange- 
to-union  contact  force  to  a value  large  enough  to  maintain  the  flange-to- 
union  contact  during  all  operating  conditions.  As  the  flange  and  union  remain 
in  contact  at  all  times,  the  only  axial  movement  the  seal  experiences  is  the 
elastic  deformation  of  the  flange  and  union  faces.  The  seal  is  also  protected 
from  relative  radial  motions  as  long  as  the  friction  force  between  the  flange 
and  the  union  is  not  exceeded  by  the  radial  forces  occurring  during  operation 
of  the  connector.  For  this  reason,  a minimum  compressive  force  between  the 
flange  and  union  is  maintained  at  all  times. 


3. 8. 1 Seal  Force 

Two  forces  are  important  to  the  seal.  These  are  the  force  to  effect 
a leak-tight  seal  at  assembly  and  t|ie  minimum  allowable  force  that  will 
assure  a leak- tight  connector  during  operation.  Sometimes  an  amount  of 
compression  rather  than  the  force  is  specified.  For  instance,  a rubber 
0-ring  vendor  usually  recoitmiends  the  amount  of  compression  to  effect  the 
initial  seal.  In  this  case  the  force  is  very  small, and  it  is  more  meaningful 
to  specify  the  compression.  However,  in  cases  where  the  force  to  effect  the 
seal  is  not  negligible  with  respect  to  the  preload,  the  force  must  be 
considered. 

The  connector  being  designed  depends  on  a direct  flange" to-union  contact 
to  carry  the  major  portion  of  the  compressive  load.  Only  during  assembly, 
before  the  union  seats  on  the  flange,  does  the  seal  take  all  the  compressive 
load.  Once  the  union  seats  on  the  flange, practically  all  of  the  increase  in 
compressive  load  is  taken  by  the  union  to  flange  interface.  Therefore,  the 
load  on  the  seal  when  the  flange  is  just  touching  the  union  must  be  large 
enough  to  effect  a seal.  However,  the  force  should  be  only  as  large  as 
necessary  to  reliably  effect  a seal  at  each  assembly.  Also,  the  force 
should  be  larger  than  the  minimum  allowable  force  for  maintaining  a leak- tight 
seal.  This  is  usually  the  case.  That  is,  for  nearly  all  seals,  the  force 
to  effect  the  seal  is  larger  than  the  force  to  maintain  the  seal. 


Thus  $ the  sealing  forces  can  be  reduced  to  one  force,  the  >-i:atlng  force 
Fg.  This  is  the  force  necessary  to  bring  the  flange  and  union  into  direct 
contact.  In  the  succeeding  design  procedure  it  is  assumed  that  F is  just 
large  enough  to  reliably  effect  a seal  at  each  assembly  and  is  larger 
than  the  force  necessary  to  maintain  the  seal  during  operation.  The 
determination  of  F may  be  by  analysis,  test,  or  experience,  depending 
upon  the  seal.  For  some  seals  the  vendor  will  recommend  the  force  to  effect 
the  seal  and  the  force  necessary  to  maintain  the  seal.  In  case  the 
compression  rather  than  the  force  is  specified  and  the  force  is  significant 
the  force  is  determined  from  the  con^ression.  If  the  force  is  insignificant, 
as  for  a rubber  0-ring,  F is  set  equal  to  zero  and  the  connector  is  designed 
only  in  accordance  with  tRe  necessary  compression. 


3.8.2  Preload  Calculation 


The  assembly  preload,  F , is  chosen  so  that  the  load  on  the  seal,  F 
is  always  equal  to  or  greatei  than  the  seating  force,  F . To  choose  the 
preload,  first  the  axial  spring  constant,  G , for  the  nut  is  calculated. 
Then  the  force  on  the  seal  is  calculated  for  each  critical  operating 
condition, and  from  these  results  the  necessary  preload  is  calculated. 


S 


3.6.2. 1 Spring  Constant  for  the  Nut 

The  spring  constant  for  the  nut  is  calculated  on  the  basis  of  a 
thorough  structural  analysis.  Because  of  the  complexity  of  the  analysis 
and  the  need  to  determine  the  forces  and  moments  at  the  critical  nut 
locations  in  order  to  calculate  the  stresses,  the  spring  constant  is 
calculated  from  a set  of  linear  simultaneous  equations.  The  numerical 
work  involved  in  solving  this  set  of  equations  is  formidabls,and  the  use 
of  a digital  computer  is  recommended.  No  programming  will  be  necessary 
at  most  computer  facilities  as  they  will  already  have  a program  for  linear 
simultaneous  equations  in  operation.  The  coefficients  in  the  equations 
can  also  be  evaluated  with  the  use  of  a digital  computer,  if  this  is 
desirable. 


The  nut  was  separated  into  a ring  and  three  shells  for  the  structural 
analysis,  Figure  3.6.  The  deflections,  rotations,  forces, and  moments 

are  shown  in  Figure  3.6  in  a positive  sense.  The  externally  applied  load, 

F , acts  on  the  nut  ring  and  on  the  threads.  The  force  on  the  threads 
is  assumed  to  be  divided  equally  between  two  finite  locations.  Because  of 
the  small  thread  angle  there  is  no  radial  component  of  F on  the  threads. 

The  following  set  of  equations  will  allow  the  calculations  of  the  deflections, 
rotations,  forces, and  moments  due  to  a unit  axial  force  (F  =1).  From  these 
results  the  spring  constant  is  calculated.  The  set  of  equations  is  written 
in  a condensed  form  and  the  coefficients  of  the  variables  and  constant  terms, 
Cj  , are  written  separately  in  Section  3.11.1. 
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Having  solved  Eq.3.19,  it  is  possible  to  calculate  the  spring 
constant  for  the  nut  directly.  x 


= -0.25  (D  +d  -2d  -2w)  0, 

G 'nsn'4 

n 

+ 0.125  (D^+  - 2D^  +^)  (Sj  +0;) 


+ . 1.273(L  + L.)  -0.7417  L 

SC  w 

2 2 
E (D  ^ - d 
n ' n s 


(3.20) 


The  spring  constant  is  a linear  function  of  the  modulus  of  elasticity, 
E , which  is  temperature  dependent.  Therefore,  a different  value  of  the 
spring  constant  is  calculated  for  each  nut  temperature.  This  is  easily 
done  by  calculating  the  spring  constant  at  room  temperature  and  then 
using  Eq.  3.21  to  calculate  the  spring  constants  at  various  temperatures. 


G^(operating  temperature)  = G^(room  temperature) 


E 

n (operating  temperature) 
E^  (room  temperature) 


(3.21) 


3.8. 2. 2 Seal  Force  Calculation 

The  use  of  direct  contact  between  the  flange  and  the  union  to  transmit 
the  major  portion  of  the  compressive  load  means  that  the  force  on  the 
seal  during  operation  does  not  appreciably  increase  over  F , the 
seating  force.  Therefore,  it  is  more  meaningful  to  calculate  the 
force  F_,  and  moment,  M,j  between  the  flange  and  the  union.  The  seal  force, 
F , is  some  function  or  this  force  and  moment,  and  this  functional 
rilationship  depends  on  the  seal,  flange  face,  and  union  face. 

Fg  = function  (F^,  M^)  (3.22) 

To  determine  for  any  operating  condition  a thorough  structural 
analysis  of  the  flange  and  union  was  made.  Because  of  the  complexity 
of  the  analysis  and  the  need  to  determine  the  forces  and  moments  at 
various  locations  for  the  subsequent  stress  calculation,  the  result 
of  the  analysis  is  a set  of  linear  simultaneous  equations.  Again, it 
is  recommended  to  use  a digital  computer  for  their  solution. 

The  flange  was  separated  into  three  shells  and  the  union  was 
separated  into  two  shells  as  shown  in  Figure  3.7.  The  deflections, 
rotations,  forces,  and  moments  are  shown  in  a positive  sense.  The 
nut  force,  F^,  acts  on  the  flange  and  the  union.  Because  of  the  comparative 
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rigidity  of  the  union,  it  was  possible  to  assume  the  nut  force  concentrated  at 
one  point,  with  negligible  error.  The  flange  and  union  are  also  loaded  by  an 
axial  force  F , and  internal  pressure,  p.  The  axial  force  is  a composite  of 
a constant  and  cyclical  axial  pressure  force,  an  externally  applied  axial  force, 
and  an  externally  applied  transverse  moment.  The  maximum  value  of  Fa  for  a 
particular  operating  condition  is  calculated  from  Eq.  3.23.  In  this  equation 
some  of  the  forces  may  be  zero  for  a particular  operating  condition. 

+ fc>  + • + Pc>  + ^ ”c>  23) 

For  each  critical  operating  condition  F^  may  be  different  and  may  require 
a separate  calculation.  This  is  also  true  for  G^j,  the  pressure  (p  = Pj^  + p^) , 
and  the  temperature  of  the  various  connector  parts.  Having  determined  the  nut 
spring  constant,  and  the  loads  and  temperatures  for  each  critical  operating 
condition  the  next  step  is  to  calculate  M3  for  a unit  preload  (Fp  = 1)  for 
each  operating  condition.  This  requires  the  solution  of  the  following  set  of 
simultaneous  equations  for  each  operating  condition.  The  set  of  equations  is 
written  in  a condensed  form  and  the  coefficients  of  the  variables  and  constant 
terms,  c^,  are  written  separately  in  Section  3.11.2. 


I 

I 


Figure  3.7.  Separation  of  Flange  and  Union  for  Structural  Analysis 
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(3.24) 
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Then  F3  is  calculated  from  Eq.  3.25. 

”t  - “t  ■ i <“g  <*8  - 2V  0>g  + dg  + 2d^)J  p (3.25) 

After  which,  Fg  is  calculated  using  Eq.  3.22.  The  operating  condition 

giving  the  smallest  Fg,  that  is  the  smallest  compressive  force  (it  may  be  the 
largest  tensile  force),  is  the  most  critical  operating  condition.  This  is  the 
condition  which  determines  F_. 

It 
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Mg  is  linearly  related  to  Fp  in  the  following  manner. 


(3.26) 


“3  = *3  *4 

By  repeating  the  solution  of  Eqs.  3.24  and  3.25  for  the  most  critical 
operating  condition  with  F^  = 0,  the  constants  and  Ag  are  determined. 


^1  “ ^^3^F  =0 

P (3.27) 

S “ ^^3^F  =0 

P 

From  the  previous  calculation  of  M3  where  F = 1 the  other  constants  are 
determined. 


H “ ^^3^F  =1  " ‘^1 
P 

\ “ ^*^3^F  =1  “ ^3 
P 

Then  substituting  Eqs.  3.26 


(3.28) 

in  Eq.  3.22  gives  Fg  as  a function  of  only  Fp. 


F = function  (F  ) (3.29) 

8 P 

Fg  is  equal  to  Fg  times  a safety  factor.  Thus,  with  Fg  and  the  '-'\fety  factor 
known,  the  preload  is  determined  by  solving  Eq.  3.29  for  Fp. 


3.8.3  Assembly  Torque  Calculation 


The  most  common  method  of  setting  the  preload  at  assembly  is  by  torquing 
the  nut  CO  a specified  torque  value  using  a torque  wrench.  The  accuracy  of 
this  method  depends  on  the  accuracy  of  the  torque  wrench*  skill  of  the  me- 
chanic, and  accurate  knowledge  of  the  friction  factors.  The  torque  required 
to  obtain  a given  preload  is  calculated  from  Eq.  3.30  where  ft  is  the 
friction  factor  for  the  nut  and  union  threads  and  f^j  is  the  friction  factor 
for  the  bearing  surface  between  the  nut  and  flange. 


W 


F 

2n 


.3183  + nf  (d  + W)  + 
n ' n 


2„2 
n D. 
b 


1.2nD.  + .4613 

D 


- ,6 

TTootT* 


- .3183 


(3.30) 


3.9  Stress  Analysis 


The  preload  was  determined  without  any  regard  to  the  stresses  in  the  con- 
nector. Therefore,  the  next  step  in  the  design  procedure  is  a calculation  of 
the  stresses  at  the  critical  operating  conditions.  There  is  no  assurance  that 
the  operating  condition  determining  the  preload  will  also  result  in  the  most 
severe  stress  condition  and  it  is  therefore  necessary  to  consider  each  operating 
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condition  which  is  suspected  of  causing  an  adverse  stress  condition.  For  each 
operating  condition  the  deflections,  rotations,  forces  and  moments  of  the 
flange  and  union  are  calculated  using  Eq.  3.24,  and  the  value  of  Fp 
previously  determined.  The  calculation  also  gives  the  value  of  Fjj  for  each 
operating  condition.  As  the  deflections,  rotations,  forces , and  moments  of  the 
nut  were  calculated  for  a unit  force  F„,  as  part  of  the  spring  constant  calcu- 
lation, it  is  possible  to  use  these  values  in  the  stress  calculations  by  simply 
multiplying  them  by  the  appropriate  value  of  Fjj.  This  assumes  that  the  spring 
constant  calculation  was  performed  for  every  operating  condition  of  interest. 
Otherwise  the  spring  constant  calculation  is  made  for  those  operating  condi- 
tions not  previously  considered. 

Thus  the  maximum  deflections,  rotations,  forces,  and  moments  are  known 
throughout  the  connector  for  each  critical  operating  condition.  It  is  noted 
that  the  maximum  loading  conditions  have  been  used  in  the  preceding  calcula- 
tions. In  the  calculation  of  Fg  by  Eq.  3.23,  the  maximum  mean  (or  con- 
stant) load  and  the  maximum  amplitude  of  the  cyclic  load,  for  a particular 
operating  condition,  were  added  together.  This  method  of  calculation  results 
in  the  determination  of  the  peak  stresses  and  the  calculation  is  necessary  for 
the  static  load  analysis  discussed  in  the  next  section.  However,  for  the  vi- 
bration analysis  a separate  mean  value  and  cyclic  amplitude  of  the  total  load, 
Fq,  Is  necessary.  Thus,  a mean  value  of  Fq  and  a cyclic  value  of  F^  are  cal- 
culated for  each  operating  condition  using  Eq.  3.23.  Again  the  deflec- 
tions, rotations,  forces,  moments  and  F^^  are  calculated  separately  for  the 
constant  and  cyclic  load  for  each  operating  condition  using  Eq.  3.24. 

Then  the  results  of  the  spring  constant  calculation  are  again  used  to  obtain 
the  deflections,  rotations,  forces,  and  moments  for  the  nut  for  the  constant 
and  cyclic  loadings  separately. 

In  the  following  sections  the  static  load  and  vibration  analysis  of  the 
connector  design  are  discussed.  The  stress  formulas  are  for  the  static  and 
cyclic  stresses  at  various  connector  locations  for  one  particular  operating 
condition.  After  the  stress  calculations  have  been  made  for  each  critical 
operating  condition, the  operating  condition  resulting  in  the  largest  stresses 
is  chosen.  The  connector  design  is  then  optimized  using  this  operating  condi- 
tion as  outlined  in  Section  3.9.3. 

3.9.1  Static  Stress  Analysis 

The  static  stress  analysis  is  performed  to  prevent  yielding  of  the  con- 
nector during  any  operating  condition  (including  the  proof  test),  to  prevent 
fracture  during  the  burst  test,  and  to  reduce  the  connector  weight  to  a mini- 
mum. Two  failure  criteria  are  used;  one  for  yielding  and  one  for  fracture. 

For  the  yielding  criteria, the  shear  distortion  energy  theory  is  most  appropri- 
ate for  this  design  procedure.  Further,  as  the  material  properties  are  usually 
expressed  as  uniaxial  stresses  for  yielding  the  effective  stress,  S,  is  chosen 
as  the  calculated  parameter  in  applying  the  shear  distortion  energy  theory. 

This  effective  stress  can  be  compared  directly  with  the  uniaxial  test  data  to 
determine  whether  yielding  will  occur.  The  effective  stress,  calculated  for  a 
trlaxlal  stress  field,  is  the  uniaxial  stress  which  would  result  in  the  same 
amount  of  shear  distortion  energy  as  would  the  triaxial  stress  field. 

In  the  following  sections  of  the  static  stress  analysis  the  stress  formu- 
las given  are  for  the  effective  stress  at  the  critical  connector  locations. 
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The  effective  stresses  calculated  should  be  multiplied  by  a safety  factor 
(equal  to  or  larger  than  1.1)  before  cottq>arlng  them  to  the  uniaxial  yield 
strengths.  It  is  also  important  to  determine  the  temperature  at  the  connector 
location  under  consideration  and  to  use  the  proper  values  of  the  yield  and 
fracture  strength. 

The  complexity  of  the  fracture  strength  calculation  makes  it  impractical 
to  carry  it  out.  The  nonlinearity  of  the  stress- strain  curve  in  the  region 
between  yielding  and  fracture  is  contrary  to  the  basic  assumption  in  the  pre- 
ceding analysis.  A nonlinear  analysis  is  too  complex.  Therefore,  fracture  is 
prevented  by  choosing  a ductile  material  whose  fracture  strength  is  sufficiently 
larger  than  its  yield  strength  to  meet  the  design  requirements. 

3.9. 1.1  Flange 

Before  proceeding  with  the  stress  calculations  the  deflections  and  rota- 
tions of  the  various  parts  of  the  connector  are  reviewed  to  see  whether  they 
are  consistent  with  the  proper  functioning  of  the  connector.  After  correcting 
any  inconsistencies,  the  stresses  are  calculated  using  the  following  formulas. 
The  subscript  on  the  effective  stress  refers  to  the  flange  location  of  the 
stress.  These  locations  are  noted  in  Figure  3,8. 


Shell  No.  1 


Shell  No.  2 


Shell  No.  3 


Flange  Centerline 


Figure  3.8  Location  of  Flange  Stresses  Calculated 


The  square  of  the  effective  stress  is  calculated  because  it  is  more  con- 
venient to  present  the  stress  formulas  this  way.  The  oh  ®nd  oj.  are  the  hoop 
and  radial  thermal  stresses  respectively.  These  are  only  important  during 
thermal  transients  and  are  calculated  using  the  methods  of  Ref,  4. 
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3.9. 1.2  Union 


(3.34) 


(3.35) 


The  locations  of  stresses  calculated  in  the  union  are  shown  in  Figure  3.9 


Shell  No.  8 


Union  Centerline 

Figure  3.9.  Location  of  Union  Stresses  Calculated 
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The  stresses  at  locations  6 and  7 depend  on  whether  there  is  full  contact 
between  the  flange  face  and  the  union  face  or  whether  there  is  separation  of  the 
faces  at  the  inside  diameter.  The  stress  formulas  assume  full  face  contact. 
These  formulas,  when  used  with  an  appropriate  safety  factor,  can  be  used  for 
design  calculations  even  when  there  is  less  than  full  face  contact. 
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where  the  maximum  bending  stress  in  the  thread,  0^,  is 
1.053Cio5Fn  (1  - cosh  G,^^) 
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L05' 


L (D,  - - ) sinh  C_. 
e b n 105 

and  and  are  given  in  bjction  3.11.3. 


(3.40) 


3.9. 1.3  Nut. 

The  locations  of  stresses  calculated  in  the  nut  are  shown  in  Figure  3.10. 


Ring  No.  4 Shell  No.  5 Shell  No.  6 and  7 


Nut  Centerline 


Figure  3.10.  Location  of  Nut  Stresses  Calculated 
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Location  10 


_ I 2>828E  - 97a  9A.  1 

=10  -{  rrt  "5  ■ „ 2 2 - 'n  + rrHr?  “4 


n S'  D - d„ 
n s 


(B  - 

' n s 


'“s> 


2.828E„  . 12 

2 “4  ■ D 4 r “5  * ri^  ("h  - "r) 

n s D - d_ 

n s 


i.549 


29.19 


^ _ 2 ,2  ^’n  " (D  - d “4 

D-d  ' n B 

n s 


T M,  - 0.  70710T 


(3.41) 


Location  11 
„ 2 


f 2.828E 

- < — ^ 
11  I D " 

I" 

f 5.092 

^ (D  - d ) 
n s' 


<1  - F M.  +0. 70710-. 

+ -is  = D.2  . d.-2  " (D  - d )2  4 h 


n s 
2.828E 


M.  + 


+ 


n s 
0.2701 


2 “4  • D -r  d„  5 ■ 2 , 

ns  D-d 

n s 


+0.7071  (ai,  -a^) 


)■ 


0.9003  „ . 16.97 

1 rr~  ^n  \ 


D - d 
n s 


(D  - d )‘ 
' n S' 


(3.42) 


Location  12 


, 2.828E^ 

^12  * \ D + d “6 
n s 


1.531  „ , 28.85  „ 

2 * — TTT  “5  +“•  70710^ 


V - 


(D  - d )‘ 
^ n s' 


_^i092 H 4 u 4 ■ F 40  7071  (OL  - 

, .2  “5  ^ D + d "6.  _ 2 ,2 

5 CD„  - d„)  n s D-d 

n s'  ns 


"t  ■ "r’  ) 


• f X»80X  yt  «•  s 

H —5 2 2 ^5  -^-7071  Cor  + q ) 

D^-d  (D-d)^^  ^ ^ 

n s 'ns' 


(3.43) 


where  O'g  is  given  by  Eq.  3.40. 
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Location  13 


13 


2.828E^ 

D + d 
n s 


0.6302 


" F 


D ^ - d ^ " (D-d 

ns  ns 


U.^8.8_.  +o.7071aj^  j 


- Cf^  «3  ^ ^ “e  - 

'-ns  ns 


-"r)} 


4 -H 


9003 


D ^ - d ^ " 

n s 


F + 


16.97 


M,  - 0.7071 


(D  - d ) 
n s 


2 5 


(3.44) 


3.  9 .1.4  Assembly  Stresses 

During  assembly  there  are  usually  only  two  static  loads,  the  axial  preload, 
Fp,  and  the  torque,  W.  The  connector  stresses  due  to  the  preload  are  calculated 
in  the  same  manner  as  the  stresses  for  any  operating  condition.  The  major 
differences  are  that  Fa  and  p are  zero. 


However,  the  stresses  due  to  the  applied  torque  on  the  nut  and  union  are 
calculated  separately.  The  stress  in  the  length  Lf  of  the  union  (See  Figure 

1.914Lf 


0.2676W(D  + 20.42d. ) 

SL  C 


'14 


L.D  (D 
f a a 


(D  + d„) 
'a  t 


3/4 


cos 


1.914L, 


(Da  H-  d^) 


3/4 


24Mo 


(Da  - d^)' 


(3.45) 


The  effective  stresses  in  the  nut  due  to  Fp  and  W can  be  calculated  using 
the  formulas  of  Section  3.  9. 1,3.  The  required  values  of  C7  ^ and  Sjj  can 

be  gained  from  Eqs.  3.46  and  3.47.  Normally  there  are  no  thermal  stresses 
during  assembly  (oh  - 0);  but  even  if  there  are,  these  can  be  added 

to  the  stresses  calculated  below. 


1.635  W (D»  + da) 

D (L  - L ) (D  - d )' 
n a n'  ' n s' 


L (D  - d )^  (D  + d )^ 
n'  n n ' n s' 


1 + 


(L  - L ) (D  - d (D„  + d„)^ 
a n n s n n 


(3.46) 


<^h>ll 


(3.47) 
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I£  Sx4  Is  too  large  compared  to  the  yield  strength,  la  Increased  to 
the  next  standard  wrench  size  and  Sl4  Is  again  calculated.  Likewise,  i£  the 
nut  stresses  are  too  large,  is  Increased  to  the  next  standard  wrench  0!jse 
and  the  stresses  are  calculated  again. 

3.9.2  Fatigue  Analysis 

The  fatigue  analysis  also  depends  on  the  use  of  the  effective  stress  in 
order  to  use  the  fatigue  data  from  uniaxially  loaded  specimens  as  a criterion 
for  the  triaxially  loaded  connector.  However,  the  effective  stress  calculations 
are  done  in  two  parts.  First  the  effective  stress  due  to  the  constant  (or  mean) 
axial  force  and  pressure,  Sj^,  is  calculated.  Then  the  effective  stress  due  to  the 
amplitude  of  the  cyclical  axial  force  and  pressure,  S^,  is  calculated.  These 
calculations  are  readily  done  using  the  formulas  of  the  preceding  section. 

Thus, for  each  stress  location,  an  equivalent  fatigue  stress  is  calculated 
using  Eq.  3.48.  All  of  the  stresses  refer  to  only 


one  stress  location  and  Sc  amd  Sj.  were  both  calculated  using  the  same  formula 
from  the  preceding  section.  The  equivalent  fatigue  stress  is  then  compared  to 
the  fatigue  strength,  for  the  number  of  fatigue  cycles,  N,  desired.  A 
factor  of  safety  of  1.1  of  larger  is  applied  to  Sf. 

HfSj  <S^  (3.49) 

Sg  must  satisfy  Eq.  3.49 
3.9.3  Connector  Modifications 


In  order  to  choose  the  most  severe  operating  condition  the  stresses  cal- 
culated in  the  previous  sections  are  tabulated  in  the  manner  shown  below  for 
each  operating  condition. 


Table  3.2 

FORMAT  FOP  COMPILATION  OF  STRESS  CALCULATIONS 


Operating  Condition_ 


(1) 

. Stress 
Location 

1 

2 

3 

4 


(2) 


m 


(3)  (4) 


Sf 


K 


m 


(5) 

«f 


(6) 

S 

-X 


(7) 

^n 


(8) 

H S /S 
m m V 


(9) 

H.S./S 
f f n 
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3-29 


^able  3.3.  Format  for  Optimization  of  Connector  Design  for  Most  Severe  Operating  Condition 


(11 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

Stress 

Location 

s 

m 

H 

m 

Hi 

S 

-Z 

s 

n 

H S /S 
mm  V 

Recommended  Changes  in  Parameters  to  Change  Stresses. 
Prime  Denotes  New  Dimension. 

f = f(8»  or  ^ H 

t'  = [(8)  or  (9)f  t or  = [(8)  or  (9)]  Lj^ 

(D^  - + 2t-)  =[<8)  or  (9)J  (D^  - + 2t)  or  =[(8>  or  (9)1 

(Dt  - d^  + 2f)  =[(8)  or  (9)]  (D  - d^  + 2t)  or  =[{8)  or  (9)} 

w’  =f(8)  or  (9)]w 

(D^  - ^ ""  ^<®*  ^tt 

(O^  - dj)  =[(8)  or  (9)J  (D^  - d^)  or  = f(8)  or  (9)] 

- V =f‘®*  <9)1^^®  (D^  - d^) 

"f‘®*  {D^  - d^) 

‘°n  ■ ‘*3*  "f‘®*  ■ ‘^8>  =[<®>  o*’  (9)]*^^  L„ 

- dg)  =[(8)  or  {9)]^'^  (D^  - d^)  or  =[(8)  or  (9)]‘^^ 

(D;  -d^)=[(®)  or  (9)]^^^(D^  -d^) 

(D;-d^)=[(®)  or  (9)]2^N0^-d^) 


13 


From  this  tabulation  the  most  severe  operating  condition  is  chosen  by  choosing 
the  condition  which  has  the  largest  value  in  Column  8 or  9 of  Table  3.3.  The 
connector  design  is  then  optimized  for  this  operating  condition  as  discussed  in 
the  remainder  of  this  Section.  Once  this  optimization  is  complete,  another 
check  is  made  (by  a table  such  as  Table  3.2,  if  necessary)  to  make  sure  that  the 
chosen  operating  condition  is  still  the  most  severe.  If  another  operating  con- 
dition is  the  most  severe,  the  optimizing  procedure  is  repeated. 

The  table  is  expanded  for  the  most  severe  condition  to  include  the  calcu- 
lation of  the  dimensional  parameters  to  be  changed  in  order  to  optimize  the  de- 
sign, see  Table  3.3.  In  Table  3.3  the  largest  value  in  Column  8 or  9 is 
checked  in  the  following  inequality. 

0.9<  [ (8)  or  (9)]  < 1.0  (3.50) 

If  the  inequality  is  not  satisfied,  the  parameter  recommended  in  the  table  is 
changed.  Then  the  second  largest  value  in  Column  8 or  9 is  checked  in  Eq.  3.50. 

If  this  does  not  satisfy  the  inequality,  the  parameter  recommended  in  the  table 
is  changed,  but  only  if  it  was  not  changed  in  the  previous  step.  The  procedure 
is  continued  with  the  third  largest  value  of  Column  8 or  9,  the  fourth  largest 
and  on  till  all  values  have  been  considered.  Then  the  preload  and  stress  calcu- 
lations are  repeated,  the  most  severe  operating  condition  is  selected  and  the 
changes  in  parameters  are  again  calculated.  This  procedure  is  continued  until  the 
largest  algebraic  stresses  of  the  most  severe  operating  condition  satisfy  Eq.  3.50. 

3.10  Testing 

Each  new  connector  design  is  tested.  The  extent  of  the  testing  is  deter- 
mined by  the  design  requirements  and  past  experience  with  similar  designs.  The 
testing  serves  a twofold  purpose;  prove  the  new  design  meets  all  the  specifica- 
tions and  gain  experience  for  future  designs.  The  type  of  tests  depends  upon 
the  design,  and  care  is  necessary  to  be  certain  that  the  operating  conditions  are 
duplicated  and  accurate  measurements  are  taken. 

3.11  Appendix 


3.11.1  Coefficients  for  the  nut  spring  constant  calculation 

The  values  for  the  Ks  are  given  in  Section  3.11.4. 

Cl  = L„/2 

.2  . ,2 


n 


[.0875(D^  + d^)^  + d‘  ] 


L E (D  " 
n n n 


d^) 
n ' 


Kg  where  h 
£ 

r 


1/2  (D^  - d^) 


L + t 
s t 


.72  L 


1/4  (D„  + d^) 


C.  = 


Kg  where  (h,  £,  r)^  = (h,  £,  r)^ 
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LEWIS  OPERATIONAL  SAFETY  MANUAL 


CHAPTER  6 - MECHANICAL/ELECTRICAL  PROCESS  SYSTEMS 


PART  B - TESTING  OF  PRESSURE  SYSTEMS  - (B  ^ 


1.  SCOPE 


The  test  procedures  as  outlined  in  this  Part  are  to  serve  as  the  Lewis 
safety  standard  for  the  testing  of  components  and  pressure  systems. 

Work  done  by  either  contract  or  NASA  personnei  shall  be  done  in  accord- 
ance with  this  Part.  Cognizant  Lewis  supervisors,  inspectors  and 
Area  Safety  Committees  shall  insure  that  these  procedures  are  carried 
out  by  either  NASA  or  contract  labor.  It  is  conceivable  that  these 
standard  procedures  will  not  represent  the  best  possible  test  program 
or  sequence  for  every  system  to  be  tested.  When  such  deviations  or 
modifications  to  the  outlined  test  procedure  seem  advantageous,  they 
should  be  referred  to  the  cognizant  Area  Safety  Committee  for  approval. 

This  pj3.l'cy  and  Pressure  Testing  Procedure  Part  does  not  apply  to 
vessels  regulated  by  the  Interstate  Commerce  Commission.  / ' 

— ■■  "r  i ■ - ; ^ - / - -/  ^ - - I . 

In  the  Plum  Brook  Reactor  Area,  any  A.  E.  C.  or  other  standards  approved 

especially  for  nuclear  installations  and  operations  for  that  area  take 
precedence  over  this  Part. 

The  "Design  Engineer"  as  used  in  this  Part  is  the  person  signing  the 
drawing  or  writing  the  specification.  Where  the  work  involves  existing 

systems  or  components,  the  "Design  Engineer"  shall  be  a qualified  in- 

dividual who  has  been  duly  authorized  to  design  such  systems  and  com- 
ponents. 

Design  engineers,  project  engineers,  fabricatlQn  and  installation 
personnel  all  have  responsibility  for  obtaining  appropriate  supervisory 
approval  and  for  bringing  proposed  pressure  components  and  systems 
testing  procedures  to  the  attention  of  the  proper  Area  Safety  Committee. 
All  Pneumatic  Pressure  Testing  must  have  the  previous  approval  of  the 
cognizant  Area  Safety  Committee. 


This  Part  supersedes  all  previous  issues  related  to|pressure  testing. 
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APPENDIX  1 

CHAPTER  6 

PART  B J 

TABLE  VIII.  SUGGESTED  MAXIMUM  TORQUE  VALUES  FOR  FASTENERS 

OF  DIFFERENT  MATERIALS 


LOW  CARBON 
STEEL 

18-8  ST.  ST. 

BRASS 

SILICON 

BRONZE 

HfHH 

MONEL 

In. -lbs. 

■Bsai 

In.  -lbs. 

In.  -lbs. 

i n.  -lbs. 

In.  -lbs. 

in. -lbs 

i 2-56 

2.2 

2.5 

2.0 

2.3 

1.4 

2.6 

2.5 

1 2-64 

2.7 

3.0 

2.5 

2.8 

1.7 

3.2 

3. 1 

^ 3-48 

3.5 

3.9 

3.2 

3.6 

2.  1 

4.0 

4.0  , 

1 3-56 

4.0 

4. 4 

3. 6 

4. 1 

2.4 

4.6 

^•5 

i 4-40 

4.7 

5.2 

4.3 

4.8 

2.9 

5.5 

5.3 

! 4-48 

5.9 

6.6 

5.4 

6. 1 

3.6 

6.9 

6.7 

5-40 

6.9 

7.7 

6.3 

7. 1 

4.2 

8. 1 

7.8 

5-44 

8.5 

9.4 

7.7 

8.7 

5. 1 

9.8 

9.6  , 

6-32 

8.7 

9.6 

7.9 

8.9 

5.3 

10. 1 

9.8  ' 

6-40 

10.9 

12. 1 

9.9 

11.2 

6. 6 

12.7 

12.  3 

8-32 

17.8 

19.8 

16.2 

18.4 

10.8 

20.7 

20.2 

8-36 

19.8 

22.0 

18.0 

20.4 

12.0 

23. 0 

22.4 

1 0-24 

20.8 

22.8 

18.6 

21.  2 

13.8 

23.8 

25.9  ' 

10-32 

29.7 

31.7 

25.9 

29.3 

19.2 

33.1 

34.9 

1/4" -20 

65.0 

75.2 

61.5 

68.8 

45.6 

78.8 

85.3 

I l/4"-28 

90.0 

94.0 

77.0 

87.0 

57.0 

99.0 

106.  0 

5/16"-18 

129 

132 

107 

123 

80 

138 

149 

J 5/16"-24 

139 

142 

116 

131 

86 

147 

160 

3/8"-16 

212 

236 

192 

219 

143 

247 

266 

3/8"-24 

232 

259 

212 

240 

157 

271 

294 

7/l6"-l4 

338 

376 

317 

349 

228 

393 

427 

7/ 16" -20 

361 

400 

327 

371 

242 

418 

451 

l/2"-13 

465 

517 

422 

480 

313 

542 

584 

l/2"-20 

487 

541 

443 

502 

328 

565 

613 

9/16"-12 

613 

682 

558 

632 

413 

713 

774 

9/l6"-l8 

668 

752 

615 

697 

456 

787 

855 

5/8"- 11 

1000 

1110 

907 

1030 

715 

1160 

1330 

5/8"-18 

1140 

1244 

1016 

1154 

798 

1301 

1482 

3/4"- 10 

1259 

1530 

1249 

1416 

980 

1582 

I832 

3/4"-16 

1230 

1490 

1220 

1382 

958 

1558 

1790 

7/8" -9 

1919 

2328 

1905 

2140 

1495 

2430 

2775 

: 7/8"- 14 

1911 

2318 

1895 

2130 

1490 

2420 

2755 
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APPENDIX  1 
CHAPTER  6 
PART  B 

TABLE  VIII.  SUGGESTED  MAXIMUM  TORQUE  VALUES  FOR  FASTENERS 
(Cont. ) OF  DIFFERENT  MATERIALS 


BOLT 

LOV/  CARBON 
STEEL 

18-8  ST.  ST. 

BRASS 

— 

SILICON 

BRONZE 

— 

ALUMINUM 

24ST-4 

MONEL 

SIZE 

in.  -lbs. 

i n.  - lbs. 

in. -lbs. 

in.  - lbs. 

in.  -lbs. 

in. -lbs. 

in,  -Ibsi. 

) 

l"-8 

2832 

3440 

2815 

3185 

2205 

3595 

41 30  ! 

1"-14 

2562 

3110 

2545 

2885 

1995 

3250 

3730  1 

ft.  -lbs. 

ft.  -lbs. 

ft.  -lbs. 

ft.  -lbs. 

ft.  -lbs. 

ft.  -lbs. 

ft. -lbs.  ! 

l-l/8"-7 

340 

413 

337 

383 

265 

432 

499 

l-l/8"-12 

322 

390 

318 

361 

251 

408 

470 

l-l/4"-7 

432 

523 

428 

485 

336 

546 

627  : 

l-l/4"-12 

396 

480 

394 

447 

308 

504 

575 

l-l/2"-6 

732 

888 

727 

822 

570 

930 

1064 

l-l/2"-12 

579 

703 

575 

651 

450 

732 

840 

This  table  of  torque  values  is  reprinted  by  courtesy  of  the  H.  M.  Harper  Company.  The 
table  is  intended  as  a guide  only.  Tests  were  conducted  on  dry  or  near  dry  products. 
Mating  parts  were  wiped  clean  of  chips  and  foreign  matter. 
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MTIOML  AEROmUTICS  AM)  SPACE  ADMIKISIKA 'i’lON 
TECHNICAL  NOTE  D-182 

INVESTIGATION  OP  IGNITION  TEMPERATURES  OP  SOLID  METALS 

By  C.  Reynolds 

SUMMARY 


The  ignition  temperattire  of  a solid  metal  is  related  through  a 
thermal  definition  of  ignition  to  the  rate  of  oxidation  and  to  the  radia- 
tion and  convection  heat- transfer  parameters.  The  mechanisms  of  oxida- 
tion are  reviewed  and  the  factors  which  influence  ignition  teraperattires 
are  discussed.  Reasonable  agreement  between  theoretical  and  experimental 
ignition  temperat\ires  is  demonstrated.  Experimental  ignition  tempera- 
tiires  for  several  metals  are  presented. 


INTRODUCTION 


Por  many  years  the  maximum  safe  operating  temperatures  for  metals 
i have  been  determined  from  strength  considerations.  However,  some  metals 

I have  been  known  to  ignite  and  burn  at  what  would  normally  be  structurally 

[ i safe  temperatures.  It  seems,  then,  that  fail\3re  by  ignition  and  burning 

f may,  in  some  cases,  precede  failure  by  structural  weakening  with  tempera- 

■ ture  and  that  the  possibility  of  ignition  must  be  considered  in  the 

^ * design  of  high-temperature  metal  apparatus. 

i The  advent  of  high-speed  flight  has  brought  about  increased  interest 

in  the  problem  of  metal  ignition.  At  flight  speeds  typical  of  modern 
aircraft  and  missiles,  aerodynamic  heating  causes  extremely  hi^  skin 
temperatures.  The  danger  of  ignition  is  increased  in  regions  behind 
shock  waves  where  temperattu’es  and  pressures  are  exceptionally  high. 

Other  fields  where  metal  Ignition  is  of  interest  include  the  design  of 
gas  turbines,  hi^-temperature  furnaces,  gas-cooled  nuclear  reactors, 
and  rocket  motors. 

Obviously  there  are  many  factors  which  ^nter  into  the  problem  of 
ignition  and  burning.  The  mechanisms  involved  are  entirely  different, 
and  the  distinction  between  ignition  and  burning  must  be  Isept  clear. 
Ignition  is  brought  about  by  the  exothermal  oxidation  reaction  between 
the  solid  metal  and  its  gaseous  environment.  Consequently,  it  is 
• believed  that  the  phenomenon  of  Ignition  is  quite  closely  related  to 

the  relatively  slow  oxidation  that  occurs  on  all  metals  at  low  tempera- 
tures ("rusting").  Burning,  on  the  other  hand,  may  proceed  by  any  of 


TABLE  3 


IGNITION  TEMPERATURES  OF  SOLID  METALS 


Metal 

1 

Ignition  ten^erature. 
Op 

Mild  steel 
W 

«l^?2,240  to  ®2,330lV*1 
2,270  to  “2,350 

Ta 

Ti  alloys : 

HJ^2,S60  to  “2,3U0pt-> 

RC-70 

RS-70 

RS-llO-A 

RS-llO-BX 

2,880  to  “2,960 
2,890  to  “2,940 
2,860  to  “2,910 
\/(j^2,850  to  “2,920 

/\ 

Stainless  steels: 

430 

302 

to^“2,490  ^(j^ 

Cu 

(e) 

Ni 

(e) 

N1  alloys: 

(e) 

Inconel 

Inconel  X 

(e) 

Be  alloys: 
Berylco  10 

o5''^1,750  to  1,760 

Berylco  25 

(e) 

Mg 

Mg  alloys: 

1.171  U 5 ^ 

2056  A1 

956 

70J6  Zn 

1,004 

25!^  Ni 

20^  5b 

1,099-^^*^ 

63J5  A1 

862  ' 

Fe 

1,706  i 

Sr 

1,328  1 0 

Ca 

1,022 

Th 

93a 

Ba 

347 

Mo 

•1,400 

U 

608 

Ce 

608 

A1 

(e) 

Zn 

(e) 

Pb 

(e) 

Sn 

(e) 

Bi 

(e) 

Li 

(p) 

Cd 

(e) 

Na 

(e) 

K 

(e) 

ref.  7 
ref.  9 
ref,  9 
ref.  9 
ref.  9 
ref.  9 
ref.  9 
ref.  10 
ref.  11 
ref.  9 
ref.  9 


Oas 

Pressure, 

atm 

Alr,(c) 

1 to  7 

Alr,(o) 

1 to  7 

Alr,(o) 

1 to  7 

Air,02 

1 to  7 

Alr,0g 

1 to  7 

(d),02 

1 to  7 

(d),0g 

1 to  7 

(a)  .02 

1 to  7 

Air,02 

1 to  7 

Alr,02 

1 to  7 

Air,02 

1 to  7 

Alr,0g 

1 to  Y 

Alr,02 

1 to  7 

Alr,02 

1 to  7 

Alr,02 

1 to  7 

°2 

1 to  10 

Og 

1 

°2 

1 

°2 

1 

°3 

1 

O2 

1 

Og 

1 

O2 

1 

O2 

1 

°2 

1 

Og 

1 

Og 

1 

Og 

1 

Og 

I 1 

°2 

1 

°2 

1 

°2 

1 

°2 

1 

O2 

1 

Og 

1 

Og 

1 

°2 

1 

Og 

L_i 

“Brightness  tengierature . 

*>Present  investigation. 

°Hot  tested  in  oxygen,  but  probably  ignites  in  oxygen  at  about  the  same 
temperatiire, 

^Does  not  ignite  in  air. 

®Melts  before  igniting. 


TABLE  7 


TAHK  TESTS  WITH  TITAIJIUM  RC-70 


Run 

Model 

specifications 

Gas 

Pressure, 

atm 

Ambient 

tengjerature. 

Op 

Humidity, 
Ih  HgO 

Power  at 
failure, 
w 

Brightness 
ignition  . 
temperatiare. 
Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

lb  air 

1 

1.5 

1/8 

0.020 

O2 

1 

70 

101 

2,930  ± 30 

2 

1.5 

1/8 

.020 

O2 

1 

70 

114 

2,880  ± 30_ 

5 

1.5 

1/4 

.067 

O2 

2 

70 

1,150 

2,940  ± 30 

4 

1.5 

1/8 

.067 

O2 

3 

70 

460 

2,910  ± 20 

5 

1.5 

1/8 

.040 

O2 

4 

70 

295 

2,890  ± 20 

6 

1.5 

1/8 

.040 

O2 

4 

70 

300 

2,930  ± 20 

7 

1.5 

1/4 

.067 

O2 

5 

70 

1,220 

2,930  ± 20“ 

8 

1.5 

1/8 

.010 

E9 

6 

70 

2,895  ± 26 

9 

1.25 

1/4 

.067 

02 

7 

70 

840 

2,900  ± 30 

10 

1.5 

1/4 

.067 

02 

7 

70 

940 

2,880  ± 30 

11 

1.5 

lA 

.010 

Air 

1 

63 

0.0080 

2,910  ± 20 

12 

1.5 

1/4 

.010 

Air 

2 

63 

.0080 

2,900  ± 30 

15 

1.5 

1/4 

.010 

Air 

3 

63 

.0080 

2,910  ± 20 

14 

1.5 

1/4 

.010 

Air 

4 

65 

.0080 

2,890  ± 30 

15 

1.5 

1/4 

.010 

Air 

5 

63 

.0080 

2,920  ± 20 

16 

1.5 

1/4 

.010 

Air 

6 

63 

.0080 

2,940  ± 20 

17 

1.5 

1/4 

.010 

Air 

7 

63 

.0080 

2,920  ± 20 

18 

1.5 

1/4 

.067 

He 

1 

65 

^3,010  ± 20 

belted 


c-477 


TABLE  8 

WIND-TUKMEL  TEST  OF  TITANIUM  RC-70 


Model  specifications 

Mach 

nmher 

Humidity 
of  jet, 
Ih  HgO 

Stagnation 

Power  at 

Brightness 

Length, 

Width, 

Thickness, 

temperature. 

failure. 

ignition 

temperature 

in. 

in. 

in. 

up 

w 

Op 

1.88 

0.138 

0.067 

1.25 

0.00184 

163 

1,670 

2,950  ± 10 

1.88 

.202 

.067 

i'.25 

.00184 

197 

1,800 

2,880  ± 20 

1.88 

.237 

.067 

1.25 

.00184 

163 

2,210 

2,950  ± 20 

1.88 

.237 

.067 

1.25 

.00184 

140 

1,900 

2,960  ± 20 

ro  H 


TABLE  9 


Power  at 
failure, 
w 

Brightness 

ignition 

temperature. 

Op 

311 

2,920  ± 20 

281 

2,940  ± 10 

307 

2,920  ± 20 

285 

2,940  ± 10 

307 

2,930  ± 20 

281 

2,890  ± 20 

298 

2,930  ± 30 

504 

2,970  ± 30 

298 

5,000  ± 30 

298 

3,010  ± 30 

298 

2,930  ± 50 

310 

2,960  ± 30 

Model  specifications 

Run 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

■ 

1.88 

0.188 

0.025 

2 

1.88 

.188 

.025 

Mach 

number 

Humidity 
of  jet, 
Ih  1^0 

Stagnation 

temperature. 

Brightness 

ignition 

temperature. 

Ih  dry  air 

Op 

1.25 

0. 0018k 

105 

2,950  ± 30 

1.25 

.00184 

105 

2,940  ± 30 

TABLE  11 


TABK  TESTS  WITH  TITANIUM  RS-llO-A 


Run 

Model 

specifications 

Gas 

Pressure, 

atm 

Ambient 

temperature. 

Op 

Humidity, 
lb  HpO 

Power  at 
failure, 
w 

Brightness 

ignition 

temperature. 

Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

lb  dry  air 

1 

1.5 

3/16 

0.025 

O2 

1 

71 

282 

2,890  ± 20 

2 

1.5 

3/16 

.025 

O2 

3 

71 

300 

2,890  ± 30 

5 

1.5 

3/i6 

.025 

O2 

5 

71 

331 

2,890  ± 10 

4 

1.5 

5/16 

.025 

O2 

7 

71 

328 

2,910  ± 20 

5 

1.5 

3/16 

.025 

O2 

8 

71 

307 

2,860  ± 20 

6 

1.5 

3/16 

.025 

Air 

1 

73 

0.0081 

288 

^•3,260  ± 100 

7 

1.5 

.025 

Air 

1 

73 

.0081 

260 

^3,260  ± 50 

8 

1.5 

^/i6 

.025 

y 

73 

.0081 

525 

^3,110  ± 50 

9 

1.5 

3/16 

.025 

He 

1 

70 

330 

^3,040  ± 50 

^■Melted. 


TABLE  12 


WIWD-TUlWJEL  TESTS  OF  TITANIUM  RS-llO-A 


Model  specifications  Humidity  Brightness 

j— Mach  of  ignition 

Length,  Width,  Thickness,  number  lb  1^0  ure,  temperature, 

in.  in.  in.  lh  dry  ^ °F 


1.88 


1.88 

1.88 


0.188  0.025 


0.00l8i^ 

.0018k 

.0018k 

.0018k 


^,760  ± 50 
^2,720  ± 30 
^3,0k0  ± 30 
®-5,o6o  ± 30 


TABLE  13 


TANK  TESTS  WITH  TITAMUM  RS-llO-BX 


Model  specifications 

Length, 

Width, 

Thickness, 

in. 

in. 

in. 

1.5 

3/16 

0.025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

1.5 

3/16 

,025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

1.5 

3/16 

.025 

Pressvire, 

atm 


Ambient  Humidity,  power  at 


temperatiu'e,  failure, 

OT7.  re-  „ temperature. 


lb  dry  air 


0.0075 


.0075 

.0075 


2,910 

2,850 

2,920 

.2,900 

2,890 

2,890 

^3,280 

a3,i50 

^3,040 

^3,050 

^3,270 


± 20 
± 20 
± 20 
± 20 
± 20 
± 20 
± 50 
± 30 
± 30 
± 50 
± 50 


^■Melted 


TABLE  lli- 

WIND-TUMm  TESTS  OP  TITAEIUM  ES-llO-BX 


Model  specifications 

Mach 

number 

Humidity 
of  jet, 
lb  HgO 

lb  dry  air 

Stagnation 

tengjerature 

Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

1.88 

0.188 

0.025 

1.25 

0.00184 

140 

1.88 

.188 

.025 

1.25 

.00184 

140 

1.88 

.183 

.025 

1.25 

.00184 

140 

1,88 

,188 

.025 

1.26 

.00184 

140 

1,88 

.188 

.025 

1.25 

.00184 

140 

1,88 

.188 

.010 

1.25 

.00184 

140 

1,88 

.188 

.010 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

l40 

1,88 

.188 

.010 

1.25 

.00184 

140 

1.88 

.188 

.010 

1.25 

.00184 

l40 

Brightness 

ignition 

temperature. 

Op 

2,940  ± 20 
2,880  ± 20 
2,850  ± 20 
2,850  ± 20 
5,050  ± 20 

2,950  ± 20 
2,910  ± 20 

2,950  ± 20 

2,950  ± 20 
2,930  ± 20 


Card  #32 


Hiamidity, 
lb  H2O 
lb  dry  air 


2k3 

233 

223 

205 

205 


0.0063  261 

.0065  284- 

.0065  244- 

.0065  294- 


Brightness 

ignition 

temperature, 

O51 

0 

CM 

20 

2,4-90 

± 

20 

2,4-80 

20 

2,460 

+ 

20 

2,470 

20 

2,480 

± 

20 

^2,670 

+ 

30 

^2,680 

+ 

30 

^■2,710 

+ 

30 

^2,720 

± 

30 

Power  at 
failure, 

V 


TABLE  16 


WIiro-TUNNEL  TEST  OF  STAINLESS  STEEL  k30 


Run 

Model  specifications 

Mach 

number 

Hviraidity 
of  Jet, 
lb  EqO 

Stagnation 

teraperat’vire, 

°F 

Brightness 

ignition 

temperature. 

Op 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

lb  dry  air 

. 

1 

2 

1.88 

1.88 

0.188 

.188 

Bl 

0.00184- 

.00184- 

^Model  melted. 


TABLE  17 


TAMK  TESTS  WITH  STAINLESS  STEEL  ^02 


Run 

Model  specifications 

Gas 

Pressure, 

atm 

Ambient 

temperature. 

Op 

Humidity, 
Ih  HgO 

Power  at 
failure, 
w 

Brightness 

ignition 

temperature. 

Op 

(a^ 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

Ih  dry  air 

1 

1.5 

3/16 

0.025 

02 

1 

71 

254 

2,600  ± 30 

2 

1.5 

3/16 

.025 

02 

1 

71 

259 

2,550  ± 30 

5 

1.5 

3/16 

.025 

02 

3 

71 

255 

2,500  ± 20 

k 

1.5 

5/16 

.025 

02 

5 

71 

266 

2,520  ± 20 

5 

1.5 

3/16 

.025 

02 

7 

71 

255 

2,520  ± 20 

6 

1.5 

3/16 

.025 

02 

8 

71 

247 

2,510  + 20 

7 

1.5 

5/16 

.025 

Air 

1 

71 

0.0050 

292 

2,550  ± 20 

8 

1.5 

3/16 

.025 

Air 

1 

71 

.0050 

320 

2,510  ± 20 

9 

1.5 

5/16 

.025 

Air 

3 

71 

.0050 

296 

2,550  ± 20 

10 

1.5 

3/16 

.025 

Air 

5 

71 

.0050 

289 

2,540  ± 20 

11 

1.5 

3/16 

.025 

Air 

8 

71 

.0050 

310 

2,590  ± 20 

®Model  melted 
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ABSTRACT 


The  purpose  of  this  investigation  v/as  to  develop  a rubber  compound  for 
fabricating  seals  for  use  in  oxygen  systems.  Seal  failures  have  been  noted 
in  such  systems.  The  Rubber  Laboratory  attributes  these  failures  to  high 
compression  set  and/or  porosity  of  the  rubber  compound  due  to  expansion  of 
the  dissolved  oxygen  upon  sudden  release  of  pressure. 

Sixty  compounds  based  on  fluorocarbon  rubbers  which  have  high  autocombustion 
temperatures  were  evaluated.  Of  this  group  of  compounds,  Rubber  Laboratory 
formulation  377-262,  made  from  fluorocarbon  rubber  Vi  ton  D-80/ appeared  to  be 
the  most  promising.  0-rings  molded  from  this  compound  had  a compression  set 
value  of  only  7 percent  after  7 days  at  74°F,  which  is  a remarkably  low  value 
for  fluorocarbon  rubber  compounds.  These  0-rings  v/hen  subjected  to  3000  psig 
oxygen  pressure  for  96  hours  at  74°F  did  not  deteriorate,  blister,  or  have 
excessive  swell  upon  sudden  release  of  pressure. 

Specification  requirements  based  on  the  physical  properties  of  this 
compound  are  proposed. 

After  this  work  was  completed,  the  Rubber  Laboratory  was  advised  by 
E.  I.  du  Pont  de  Nemours  & Co.,  the  manufacturer  of  Viton  D-80,  that  this 
rubber  would  no  longer  be  made.  It  is  possible  that  a compound  can  be 
developed  from  another  fluorocarbon  rubber  to  meet  the  specification  require- 
ments . 
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hardness,  compression  set  at  74°f  and  the  effect  of  rapid  blowdov^n  after  96 
hours  under  3000  psig  oxygen  pressure. 

7.  Examination  of  the  data  in  Appendix  1 shov/s  that  the  best  compounds  of 
this  group  for  high  pressure  oxygen  seals  were  377-195  made  from  Vi  ton  D-80 
and  377-202  made  from  Fluorel  2160.  These  were  the  only  compounds  which  v^ere 
not  blistered  after  the  rapid  blowdown  of  high  pressure  oxygen  gas  and  which 
had  a reasonably  low  compression  set  at  74° F. 

SPONTANEOUS  IGNITION  TEMPERATURE 

8.  The  Naval  Ship  Research  and  Development  Laboratory  (NSRDL)  at  Annapolis 
has  developed  a test  for  determining  the  spontaneous  ignition  temperature  of 
materials  in  high  pressure  oxygen,  reference  Ce).  A small  specimen  of  the 
material  is  placed  in  a strong  container,  and  the  container  is  pressurized 
with  oxygen  to  1500  psig.  The  temperature  in  the  container  is  then  slowly 
raised  until  the  specimen  ignites.  The  temperature  at  which  this  occurs  is  the 
spontaneous  ignition  temperature.  The  higher  this  temperature,  the  more 
suitable  the  material  is  for  service  in  high  pressure  oxygen. 

9.  0-rihgs  made  from  Viton  D-80  compound  377-231,  Fluorel  2160  compounds 
377-202  and  377-234  and  Viton  E-60  compound  377-238  v;ere  sent  to  NSRDL  for 
measurement  of  their  spontaneous  ignition  temperatures.  The  temperatures 
found  in  reference  (f)  are  tabulated  below.  Also  given  is  the  spontaneous 
ignition  temperature  reported  by  NSRDL  for  a Buna  N (nitrile  rubber)  compound. 
The  0-rings  commonly  used  for  sealing  joints  in  oil  and  gas  systems  are  made 
from  Buna  N. 
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Spontaneous 

ignition 

Compound  temperature,  °F 


377-202  (Fluorel  LCS  2160  with  blanc  fixe)  575 
377-231  {Vi  ton  D-80  with  Phil  black  E)  515 
377-234  (Fluorel  LCS  2160  with  United  SPF)  523 
377-238  (Vi ton  E-60  with  Philblack  E)  520 
Buna  N 363 


10.  Fluorel  2160  compound  377-202  with  the  mineral  pigment  loading  gave  the 
highest  spontaneous  ignition  temperature.  All  four  fluorocarbon  rubber 
compounds  had  values  over  500°F  as  compared  to  363° F for  a Buna  N rubber 
compound.  This  test  confiniied  that  fluorocarbon  rubber  compounds  have  high 
spontaneous  ignition  temperatures  compared  to  conventional  rubbers.  Mineral 
pigment  loading  increased  the  spontaneous  ignition  temperature  over  carbon 
black  loading  but  at  the  sacrifice  of  other  physical  properties  (see  Appendix  1). 

FURTHER  DEVELOPMENT  OF  COMPOUND  AND  SPECIFICATION 

11.  As  pointed  out  in  paragraph  7,  Vi  ton  D-80  compound  377-195  and  Fluorel 
2160  compound  377-202  were  the  best  of  the  compounds  in  the  screening  test. 

The  Viton  D-80  compound  had  better  tensile  properties  than  the  Fluorel  2160 
compound.  In  view  of  this,  377-195  and  another  Viton  D-80  compound,  377-262, 
which  was  similar  except  for  curing  agents,  were  subjected  to  additional  tests 
to  confirm  their  suitability  for  the  intended  service  and  to  establish 
specification  requirements.  Compound  377-262  was  designed  to  arrive  at  a 
higher  state  of  cure  than  377-195  and  therefore  to  have  a lower  compression  set. 

12.  Compounds  377-195  and  377-262  were  tested  for  the  following  properties: 

a.  Initial  tensile  properties,  hardness,  tension  set  and  specific 
gravity. 

b.  Tensile  properties,  hardness,  compression  set  and  specific  gravity 
after  aging  in  high  pressure  oxygen. 


APPENDIX  2 


PROPERTIES  OF  VULCANIZED  VITON  D-80  COMPOUNDS  AND  PROPOSED  SPECIFICATION  REQUIREMENTS 

(Page  1 of  2 pages) 


Stock  No.  377- 

195 

262 

Vi  ton  D-80 

100 

100 

Ther:;^ax  (N990) 

30 

30 

M:.i,lite  D 

10 

10 

Calcium  hydroxide 

3 

- 

Barium  carbonate 

- 

5 

Diak  No.  5 

1 

1.5 

Cure  Press:  minutes/®F 

30/330 

30/330 

Oven:  hours /°F 

Properties 

24/400 

24/400 

Proposed  specification 
requirements 

Initial 

Tensile  strength,  psi* 

2150 

1640 

1300  minimum 

Ultimate  elongation,  %* 

200 

140 

110  minimum 

Hardness,  Shore  A,  15  sec*** 

79 

80 

80  + 5 

Tension  set,  %* 

4 

4 

8 maximum 

Specific  gravity 

1.90 

1.93 

After  aging  in  high  pressure  oxygen 
(3000  psig^  for  168  hours  at  200°F 


Retention  of  tensile  strength,  %* 

89 

97 

80  minimum 

Retention  of  ultimate  elongation,  %* 

108 

111 

80  minimum 

Chance  in  Shore  A hardness,  15  sec*** 

0 

0 

± 5 maximum 

Ccmpression  set,  %** 

24 

9 

15  maximum 

Change  in  specific  gravity 

o 

o 

• 

o 

o 

• 

-.03  to  +.01 

After  96  hours  at  74®F  in  3000  psiq  oxygen 

vol lowed  by  rapid  blowdown 

Increase  in  inside  diameter,  %* 

13 

10 

15  maximum 

Appearance* 

no 

no 

no 

blisters 

blisters 

blisters 

* Test  performed  on  ARP  568-229  0- rings 

**  Test  performed  on  ARP  568-331  0-rings 

***  Test  performed  on  cylindrical  specimens,  2 

inch  diameter  x 

0.25  inch  thick 

APPENDIX  2 


PROPERTIES  OF  VULCANIZED  VITON  D-80  COMPOUNDS  AND  PROPOSED  SPECIFICATION  REQUIREMENTS 

CPage  2 of  2 pages) 


Properties 


After  96  hours  at  32° F in  air 
Ceiipression  set,  10  sec  reading,  55** 

30  min  reading,  % 

After  168  hours  at  74°F  in  air 
Cc:"pression  set,  30  min  reading,  55** 

After  168  hours  at  200°F  in  distilled  water 
Retention  of  tensile  strength,  %* 

Retention  of  ultimate  elongation,  %* 

Change  in  Shore  A hardness,  15  sec*** 

Velu  ^e  change,  %* 

After  70  hours  at  180’^F  in  S%  trisodium 

Dh:s~?hate  solution 
Retention  of  tensile  strength,  %* 

Retention  of  ultimate  elongation,  %* 

Ciange  in  Shore  A hardness,  15  sec*** 

Volui'.e  change,  %* 

After  168  hours  at  74°F  in  Freon  PCA 
Retention  of  tensile  strength,  %* 

Retention  of  ultimate  elongation,  %* 

Cncnge  in  Shore  A hardness,  15  sec*** 

Volume  change,  %* 

Corrosion  and  adhesion  to  Monel  (70  Ni-30  cu) 

a fter  2 weeks  contact  at  > 90%  relative 

Hu'iciity  and' 74°T 
Aopearance  of  metal  surface* 

Adhesion  of  rubber  to  metal* 


— 15.5_. 
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Proposed  speci fi cati on 
requirements 

57 

35 

45  maximum 

30 

16 

25  maximum 

14 

7 

12  maximum 

94 

108 

90  minimum 

113 

137 

90  minimum 

+8 

+4 

0 to  410 

+4 

+3 

0 to  4 8 

93 

118 

90  minimum 

100 

133 

90  minimum 

4-1 

4-1 

0 to  +5 

4-4 

4-3 

0 to  +6 

67 

74 

60  minimum 

87 

96 

70  minimum 

-10 

-8 

-15  to  4-0 

4-24 

4-25 

0 to  4-30 

smooth 

smooth 

No  pitting  or  roughening 
of  metal 

none 

none 

No  adhesion  to  metal 

*Test  performed  on  AR?  568-229  0-rings 

**Test  performed  on  ARP  568-331  0-rings 

***Io3t  performed  on  cylindrical  specimens,  2 inch  diameter  x 0.25  inch  thick 
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. * Report  No.  9550-037-70 

/4‘  (»•  ^ • 

I.  INTRODUCTION: 

Bulk  oxygen  has  long  been  recognized  as  a potentially  hazardous  fluid.  With  the  advent 
of  modem  aviation  and  space  programs  there  has  been  considerable  information  gained 
regarding  the  safe  handling  and  applicati<m  tA  liquid  oxygen.  This  information  has  been  pre- 
sented in  many  individual  reports  and  several  major  reports  that  attempt  to  consolidate  the 
information  into  a single  "application  and  handling"  document.  The  most  recent  and  com- 
prehensive report  of  this  type  is, 

CHEMICAL  ROCKET/PROPELLANT  HAZARDS 

by  the  JANNAF  Hazards  Working  Group  - Chemical  Propulsion  Information  Agency 

<CPIA).  The  Johns  H<qpkins  University  applied  Physics  Laboratory,  8621  Georgia 

Ave  - Silver  Springs,  Maryland. 

CPIA  Publication  No.  194  - May  1970 

This  report  is  tiie  result  of  a Joint  effort  by  the  major  government  agenciee  afflliated 
with  aviation  and  space  programs.  Army,  Navjr,  Air  Force,  and  NASA.  It  comidles  up  to 
date  state-of-the  art  information  pertaining  to  the  safe  use  hazardous  fluids.  Chapter  18  - 
Liquid  Oxygen  is  presented  in  Enclosure  I.  It  is  recommended  that  this  report  be  con- 
sidered as  a basic  reference  for  liquid  oxygen  handling  procedures  and  designs.  Deviations 
from  its  recommendations  should  only  be  made  after  competent  engineering  review. 


( 


f^(x»rCNo.  ^SS6^’C27‘^7<P 

••  Page  No.  10  , 

r A review  of  USBM  literature  concerning  coal  dust  explosion  indicates 

• that  this  is  a complex  condition  and  influenced  by  many  other  factors  in  addition 
to  oxygen  content.  It  ie  felt  that  this  topic  is  beyond  the  scope  of  this  particular 
report  and  should  be  reviewed  in  a separate  study. 

B.  Filters 

As  noted  earlier  in  this  report,  tiie  presence  of  contaminants  in  the 
oxygen  systems  may  cause  serious  trouble  and  consequently  filters  are  frequently 
used.  Oxygen  filters  must  be  treated  in  a different  manner  than  routine  filters, 
in  most  systems  filters  are  allowed  to  "load-up"  until  the  pressure  loss  across 
the  element  reaches  an  undesireable  point  and  then  they  are  cleaned.  With  oxygen 
filters  it  must  be  remembered  that  the  unit  is  filtering  and  storing  contaminants. 

If  the  stored  contaminants  include  a high  precentage  of  hydrocarbons,  which  may 
be  increasing  with  each  use,  the  filter  can  become  a "bomb". 

For  maximum  safety  in  hazardous  conditions  the  system  designed  and 
operators  should  consider  two  items. 

(1)  Assume  that  the  filter  may  explode  and  locate  or  guard  it  accordingly. 

(2)  Clean  the  filter  at  regular  short  intervals  of  use. 

C.  Liox  Transfer  Operations 

If  the  making  and  breaking  of  transfer  piping  connections  is  to  be  made 
in  hazardous  conditions  an  additional  factor  should  be  kept  in  mind.  Estimates  by 
experienced  field  operations  indicate  that  a leak  at  the  connection  will  occur  20% 
to  50%  of  the  time.  This  is  du:  to  the  change  in  seal  and  joint  clearances  as  the 
system  vuidergos  thermal  distortions  with  the  admission  of  the  cryogenic  fluid  into 
the  ambient  piping.  This  becomes  a routine  occurrence  and  it  is  of  no  great  hazard 
in  liquid  rocket  operations  for  two  reasons: 
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IgniUon  Temperatrures  of  Magnesium  And 
Magnesium  Alloys 

by 

W.  Martin  Fassell,  Jr. 

Leonard  B,  Gulbransen 
John  R.  Lewis 
and 

J.  Hugh  Hamilton 


A simple  reproducible  method  wos  developed  for  determininji  the 
ignition  temperatures  of  magnesium  and  magnesium  alloys  and  bj'  this 
method  mognesium  ond  over  100  magnesium  alloys  were  measured,  l^e 
ignition  temperature  of  magnesium  was  determined  in  Ov-SOi-,  0>-Ni  mix- 
tures and  in  0:  from  0.166  to  10  atm  pressure.  The  ignition  temperature 
of  magnesium  is  generally  lowered  by  olloying  and  increased  by  an  increase 

in  axygen  pressure. 


WITH  the  expanded  use  of  magnesium  alloys  in 
industry,  ignition  temperatures  are  of  consid- 
erable importance,  especially  in  heat  treating  and  for 
service  at  elevated  temperatures.  Magnesium  alloys 
exhibit  a relatively  slow  linear  oxidation  rate  up  to 
temperatures  near  the  melting  point.*  At  some  crit- 
ical temperature  the  rate  of  oxidation  becomes  ex- 
tremely rapid.  This  high  rate  of  oxidation  is  accom- 
panied by  the  emission  of  light  and  additional  char- 
acteristics suggesting  a flame. 

The  literature  concerning  the  ignition  tempera- 
tures of  magnesium  and  magnesium  alloys  is  rela- 
tively incomplete  and  the  values  reported  by  various 
authors  are  not  in  agreement.  The  most  probable 
reasons  for  this  are:  1 — ^The  absence  of  a suitable 
definition  of  ignition,  and  2 — ^the  need  of  a stand- 
ardized method  of  determining  the  ignition  tempera- 
tures of  inflanunable  metals  and  alloys. 

W.  M.  FASSELL,  JR.  it  Anittaiit  Frofmor,  Dtpartmtiit  of  Mtlol- 
Ittigv,  Unifcrsily  of  Utah,  Solt  Lake  City.  L I.  GULIRANSEN  it 
Inflracter,  Deportment  of  Metollurfy,  Ceierodo  Sckoel  of  Minot, 
Golden.  J.  ft.  LEWIS,  Mtmber  AIME,  it  Heod,  DeportnMot  of 
Motolliirgy,  Unnrenity  of  Utoh.  J.  H.  HAMILTON,  Member  AIME, 
it  Director,  Engineering  Esporiment  Station,  Univertity  of  Utali. 

Ditenttion  on  fliit  poper,  TF  3070E,  may  be  tent,  2 copitt,  to 
AIME  by  Sept.  I,  1951.  ktonuscript,  Aug.  28,  1950;  reeitioo.  Doe. 
28,  1950.  St.  Louit  Mooting,  Febrnory  1951. 

Tbit  poper  it  o report  of  work  dm  uor^or  contract  with  tbo 
Tccknicot  Commend,  Chemical  Corpt,  U.  S.  Army. 


The  exact  date  of  the  discovery  of  the  f^ct  that 
magnesium  will  ignite  and  burn  is  unknown.  It  is 
likely  that  H.  Davey  encountered  this  property  ui- 
the  metal  during  its  preparation  in  1803.  The  first 
reference  in  the  literature  specifically  on  ignition  of 
magnesium  is  by  Lenze.  Metz,  and  Rubens.'  They 
investigated  the  inflammability  of  certain  magne- 
sium alloys.  Brown''*  reported  that  magnesium  rib- 
bon will  ignite  in  air  at  507  °C  by  what  was  called 
the  rising  temperature  method.  Hartman,  Nagy,  and 
Brown'  reported  that  magnesium  powder  ignites 
from  475°  to  560°C  depending  on  particle  size. 
According  to  Guise,  Mars,  and  Wilson*  prolonged 
heating  in  air  at  427  °C  of  common  casting  magne- 
sium alloy  causes  it  to  ignite.  Samples  of  magnesium 
alloys  were  placed  directly  in  the  flame  of  a torch 
by  Carapella  and  Shaw.*  These  investigators  ob- 
tained some  evidence  of  melting  prior  to  ignition. 
For  commercial  magnesium,  they  reported  an  igni- 
tion temperature  of  650°C.  Their  values  varied  from 
450°  to  800 °C  for  magnesium  alloys.  Willmore  and 
Peterson*  studied  the  effect  of  air  velocity,  humidity, 
rate  of  heating,  and  foreign  metal  contact  on  the 
ignition  temperature  of  magnesium.  They  conclude 
that  melting  is  not  a prerequisite  for  ignition  and 
that  the  conditions  which  influence  ignition  are  com- 
plex and  difflcult  to  analyze. 

The  only  quantitative  theoretical  treatment  of  the 
ignition  temperatures  of  magnesium  and  magnesium 
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Fig.  2 — Furnace  used  in  ignition  temperature 
experiments. 


d:5°C)  on  any  given  alloy  composition.  In  addition, 
the  ignition  temperature  is  not  influenced  by  com- 
plicating factors  such  as  the  Constable  effect"  (“self 
heating”  of  the  sample) : size  of  sample,  within  rea- 
sonable limits;  rate  of  flow  of  oxygen;  time  of  ex- 
posure; and  rate  of  heating. 

Measurement  of  Ignition  Temperature 

The  alloy  samples  were  melted  in  a small  induc- 
tion furnace,  cast  in  a preheated  split  steel  mold 
(14  in.  diam  x 3 in.)  and  turned  on  a lathe  to  0.375 
in.  and  cut  into  la  in.  lengths.  Power  cross  feeds  of 
0.0018  in.  per  revolution  were  used  to  insure  uni- 
form surface  conditions  on  all  samples.  A hole  was 
drilled  coaxially  % in.  deep  with  a No.  47  wire  gage 
drill  to  provide  a well  for  the  thermocouple. 

The  hot  junction  of  the  thermocouple  was  in- 
serted into  the  well  of  the  alloy  sample  to  be  tested 
and  the  lead  wires  doubled  back  to  form  a U-shaped 
cradle  so  that  only  the  junctioi*  vas  in  contact  with 
the  sample. 

Throughout  the  investigation  the  ignition  tem- 
peratures were  determined  by  measuring  the  tem- 
perature of  the  sample  with  a chromel-alumel 
thermocouple  (28  gage)  connected  to  a Leeds  and 
Northrop  Micromax  recorder. 

The  schematic  arrangement  of  the  furnace  (Hos- 
kins Type  FA120)  with  the  sample  in  position  is 
shown  in  Fig.  2.  This  equipment  was  used  in  all 
ignition  temperature  determinations  in  oxygen,  oxy- 
gen-nitrogen, and  oxygen-sulphur  dioxide  mixtures 
at  atmospheric  pressure. 

With  the  sample  in  position,  the  flow  of  pure  oxy- 
gen or  oxygen  mixture  was  started  through  the 
bottom  of  the  furnace  and  adjusted  to  a rate  of  250 
ml  per  min.  (The  ignition  temperature  of  pure 


magnesium  was  found  to  remain  constant  at  flow 
rates  from  50  to  500  ml  per  min.) 

After  5 min  the  furnace  was  turned  on  (voltagu 
to  furnace  held  constant  at  100  v,  i.e.  83  pet  rated 
voltage) . Heating  was  continued  until  the  recorder 
showed  a sharp  increase  in  rate  of  temperature  rise, 
indicating  ignition.  Aftes-  completion  of  the  test,  the 
tangential  intersection  of  the  two  branches  of  the 
heating  curve  was  plotted  and  the  temperature  of 
ignition  evaluated. 

Oxygen  was  used  for  the  majority  of  the  ignition 
temperature  determinations.  While  this  does  noi 
duplicate  the  conditions  during  heat  treatment,  j| 
does  provide  comparative  results  between  mag- 
nesium and  its  alloys.  When  air  was  substituted  for 
oxygen,  somewhat  erratic  temperatures  were  ob- 
tained, but  with  oxygen  no  such  difficulty  occurred 
and  usually  the  mean  variation  did  not  exceed  2°C. 

The  ignition  temperatures  of  the  following  sys- 
tems have  been  determined:  Mg,  Mg-Ag,  Mg-Bi, 
Mg-Co,  Mg-Ca,  Mg-Ni,  Mg-Sb,  Mg-Pb,  Mg-Zn.  In 
addition  a number  of  other  binary  alloys  have  been 
studied  in  certain  regions  as  well  as  a number  of 


Table  II.  Ignition  Temperatures  of  Magnesium  and  Magnesium 
Alloys  in  Oxygen  at  Atmospheric  Pressure 


Compo* 

iItlon» 

Fct 

Allox- 

Inp 

Element 

1 

leat- 

tlon 

Tera- 

tnre, 

OC 

Compo- 

sition, 

Pet 

Allox- 

ing 

Element 

Igni- 

tion 

Tem- 

per*- 

tni'i) 

00 

Compo- 

sition, 

Pet 

Alloy- 

Ing* 

Element 

iffnl- 

lion 

Tem- 

pera- 

ture. 

OC 

Pure  2MCO 

Mg-Ca 

Mg-Zn 

MK 

623 

1.0 

624 

19.07 

523 

2.0 

630 

19.33 

530 

Mb-A1 

5.0 

633 

19.91 

552 

5.67 

556 

30.14 

518 

5.83 

527 

Mg-In 

30.2 

584 

11.43 

530 

10.0 

613 

31.74 

524 

13.97 

535 

20.0 

593 

83.48 

524 

18.17 

502 

30.0 

586 

51.13 

588 

26.04 

514 

60.72 

542 

33.25 

515 

Mg-Ll 

69.73 

585 

38.65 

560 

0.3 

553 

76.9 

541 

53.7 

535 

0.8 

578 

89.33 

538 

63.15 

462 

4.0 

513 

80.33 

None 

8.0 

514 

Mg-At-Zn 

82.72 

to 

11.4 

518 

1.21  A1 

610 

93.73 

900 

1.12  Zn 

Mg-Mn 

Mg-Ag 

1.0 

621 

2.16  A1 

585 

4.8 

550 

2.0 

616 

2.07  Zn 

9.04 

537 

3.0 

631 

14.12 

540 

3.14  AI 

575 

Mg-Nt 

3.27  Zn 

5.0 

510 

Mg-Bi 

10.0 

517 

4.23  Al 

514 

10.0 

500 

20.0 

SOS  j 

4.19  Zn 

20.0 

548 

1 

Mg-Sb 

3.18  AI 

578 

1.20 

582 

4.98  Zn 

Mg-Cd 

4.38 

585 

7.15 

612 

•5.22 

588 

5.93  Al 

SCO 

8.35 

597 

8.0 

588 

3.58  Zn 

10.78 

586 

21.6 

593 

12.54 

593 

29.1 

586 

6.10  Al 

543 

14.07 

595 

6.02  Zn 

15.75 

603 

Mg-Si 

17.86 

587 

1.83 

610 

10.69  Al 

049 

20.98 

596 

3.15 

625 

14.26  Zn 

23.05 

587 

23.31 

607 

Mg-Sn 

Mg-Al-Cd 

jsn^ 

576 

14.75  Al 

584 

33.19 

578 

10.52 

560 

11.26  Cd 

35.10 

586 

11.34 

556 

41.17 

571 

20.33 

571 

9.5  Al 

544 

44.09 

559 

22.31 

574 

4.03  Cd 

50.03 

541 

25.62 

574 

61.40 

617 

Mg-Cd-Ag 

62.30 

522 

22.0  Cd 

570 

71.80 

535 

Mg-Pb 

0.33  Ag 

80.73 

533 

16.24 

575 

90.52 

551 

29.97 

565 

IS.3  Cd 

550 

45.98 

553 

1.77  Ag 

58.26 

504 

Mg-Co 

24.9  Cd 

592 

1.0 

617 

2.22  Ag 

5.0 

616 

Mg-Zn 

3.04 

595 

26.77  Cd 

567 

4.81 

552 

i 2.3  Ag 

Mg-Cu 

5.23 

546 

10.3 

537 

9.25 

509 

Mg-Cd-Zn 

20.5 

519 

10.34 

537 

19.9  Cd 

553 

30.76 

532 

12.5 

556 

2.78  Zn 
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performed  in  this  laboratory  indicate  that  the  igni- 
tion temperature  of  magnesium  is  lowered  appre- 
ciably by  contact  with  aluminum,  nickel,  and  70-30 
brass.  Silver  and  plain  carbon  steel  did  not  affect 
the  ignition  temperature.  The  samples  were  pre- 
pared by  dsilling  a hole  through  a piece  of  pure 
magnesium  followed  by  reaming  with  a 2/0  taper 
pin  reamer.  The  dissimilar  metal  in  the  form  of  a 
pin  was  driven  in  and  the  ends  turned  oif  thus  giv- 
ing a perfect  contact.  The  values  of  the  ignition  tem- 
peratures of  pure  magnesium  in  contact  with  other 
metals  are  presented  in  Table  VII  (oxygen  atmos- 
phere). 

Discussion  of  Results 

The  method  developed  for  the  determination  of 
the  ignition  temperatures  of  magnesium  and  mag- 
nesium alloys  is  simple  and  reproducible.  As  an 
illustration  of  the  accuracy  of  this  test,  ten  samples 
of  magnesium  of  the  same  lot  were  run  in  oxygen 
by  four  different  individuals  over  a period  of  six 
months.  The  average  ignition  temperature  obtained 
from  this  series  of  tests  was: 

623”C  ± 0.5'C 

The  ignition  temperature  of  magnesium  generally 
is  lowered  by  the  addition  of  alloying  elements  pro- 
viding the  melting  point  (liquidus)  is  iower  than 
pure  magnesium.  Ignition  of  magnesium  alloys  may 
occur  at  temperatures  either  above  or  below  the 


Table  VI.  The  Ignition  Temperature  of  Magnesium 
a Function  of  Fresturc 

in  Oiygen  os 

Pminrc, 

Temperature. 

lentllun 

Atm 

•c 

Temperature 

0.166 

643  645 

644.0 

0.334 

6.76  633 

034.5 

0.365 

628  628 

630 

0.43 

633  633 

633.5 

0.06 

623  622 

633.5 

0.64 

633  634 

633A 

0.606 

631  633 

OSIJ 

1.0 

10  at  633 

633 

1.065 

630  630  628  631 

630 

3.75 

633  626 

6304 

3.0 

635  631 

633 

4.35 

643  645 

045 

5.0 

644  641 

0U.S 

3.00 

640  647 

oa 

T.M 

641  643 

041.0 

7.00 

041  644  644 

043 

0J5 

047  647 

047 

10.0 

040  630  630 

0304 

melting  point  indicating  that  the  conclusions  of 
Carapella  and  Shaw'  are  not  generally  valid.  The 
Mg-Cd  system.  Fig.  3,  is  an  excellent  example  of 
this  effect.  The  melting  point  of  the  al^oy  has  some 
influence  on  the  ignition  temperature,  but  it  is  not 
the  only  factor  that  must  be  considered.  This  is  dis- 
cussed in  detail  in  ref.  14. 

One  rather  unusual  observation  was  made  of  the 
magnesium  and  magnesium  alloy  samples  just  prior 
to  ignition.  Normally  the  oxide  coating  present  is 
white  in  color.  However,  just  an  instant  before  igni- 
tion occurs,  the  oxide  coating  turns  a dark  brown  or 
black  color.  Once  the  color  change  occurs,  ignition 
follows  immediately. 

A correlation  exists  between  the  rates  of  linear 
oxidation  and  the  ignition  temperatures  of  magne- 
sium alloys.  Sufficient  data  to  justify  its  presentation 
is  available  only  on  the  Mg-Al  system.  Qualitanvely, 
however,  all  of  the  alloy  compositions  investigated 
by  Leontis  and  Rhines  show  the  same  relationship. 
Table  VIII  shows  the  correlation  of  the  linear  oxida- 
tion rates  and  the  ignition  temperatures  of  some 
Mg-Al  alloys. 

The  ignition  temperature  of  magnesium  in  oxygen- 
sulphur  dioxide  mixtures  increases  from  623  °C  at 
zero  percent  SO,  to  approximately  the  melting  point 
of  magnesium  (650°C)  at  1.7  pet  SO,.  From  1 to  5.8 
pet  SO,  no  further  increase  is  observed.  Qualita- 
tively, at  least,  it  is  well  known  that  high  concen- 
trations of  SO,  prevent  the  ignition  of  magnesium 
at  temperatures  considerably  above  the  melting 
point.  Thus,  a further  increase  in  the  ignition  tem- 
perature would  be  expected  at  concentrations  above 
5.8  pet  SO,  which  was  the  maximum  concentration 

in  thic  nrnrir 

The  results  obtained  on  the  time-delay  of  the  igni- 
tion of  magnesium  show  that  if  the  furnace  or  bath 
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PREFACE 


In  the  strictest  sense  heterogeneous  combustion  is  defined  as 
combustion  supported  by  heterogeneous  chemical  reaction.  Examples 
of  heterogeneous  reactions  inciude  a gas  reacting  with  another  gas  on  a 
solid  surface  ^r  reacting  with  the  surface  itself.  L'  general  use  the 
subject  of  heterogeneous  combustion  is  considered  in  a much  broader 
context.  It,  in  any  aspect  of  the  combustion  process,  more  than  one 
physical  state  exists,  then  the  over-all  process  is  considered  hetero- 
geneous. By  this  definition  the  burning  of  solid  propellants  which  first 
gasify  and  then  react  homogeneously  would  be  a heterogeneous  problem, 
as  would  be  the  case  of  two  liquid  propellants  reacting  in  the  liquid 
phase  and  having  gaseous  products.  However,  in  this  book  the  primary 
concern  is  with  certain  condensed  state  diffu^on  flames  which  involve 
the  combustion  of  solids  and  liquids  in  gaseous  atmospheres.  In  es- 
sence, droplet  burning  is  considered  as  a heterogeneous  phenomenon, 
even  though  the  principai  energy  release  may  be  the  result  of  homo- 
geneous gas-phase  reactions.  Any  condensed-phase  diffusion  flame 
meets  the  requirement  of  this  definition. 

Gas-phase  diffusion  flames,  or  for  that  matter  gaseous  premixed 
and  decomposition  flames,  can  take  on  heterogeneous  characteristics 
as  well,  if  they  are  supported  by  heterogeneous  reactions  or  create  a 
condensed  phase.  The  paper  by  Markstein  which  is  related  to  metal 
vapor-oxygen  systems  fits  this  classification,  us  do  the  papers  which 
describe  diborane-oxygen  combustion. 

Not  only  do  all  papers  in  this  volume  fall  within  the  general  defi- 
nition, but  t’leyaiso  are  related  to  three  topics  of  great  current  interest 
to  the  combustion  andch^'mical  propulsion  fields.  In  fact,  these  topics — 
combustion  of  metals,  hybrid  rockets,  and  condensation--bear  a direct 
relationship  to  each  other. 

The  hybrid  rocket  motor  is  one  in  which  both  liquid  and  solid  pro- 
pellants are  used.  The  solid  component  is  usually  a singly  perforated 
cylinder  but  can  take  any  shape  similar  to  unrestricted  solid  propellant 
grains.  The  liquid  is  injected  in  the  open  port  area  of  the  grain  at  a 
position  close  to  the  forward  end  or,  in  some  cases,  in  a chamber  vol- 
ume ahead  of  the  forward  end  of  the  grain.  After  ignition,  the  liquid 
apparently  is  vaporized  due  to  the  heat  release  from  the  ignition  phase, 
and  further  combustion  between  the  vapor  and  gasifying  solid  proceeds 
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by  a diffusion  flame.  This  diffusion  mechanism  is  different  from  that 
mentioned  earlier  in  that  the  stagnant  conditions  usually  assumed  for 
particles  no  longer  exist,  and  fluid  mechanical  considerations  become 
important. 

In  addition  to  the  feature  of  controllability,  hybrid  rocket  motors 
gain  a performance  advantage  over  solid  propellant  rockets  in  their 
ability  to  contain  conveniently  large  quantities  of  high-energy  metals 
and  metal  compounds,  such  as  Al,  Mg,  Be,  Zr,  Deli;,  AlLiH^,  etc. 
These  materials  are  dispersed  uniformly  in  the  solid  grain  as  in  metal- 
lized composite  solid  propellants.  The  performance  advantage  of  hy- 
brids can  be  realized  only  if  the  metals  and  metal  compounds  burn  ef- 
ficiently within  the  motor.  Metal  combustion  leads  to  high  boiling  point 
products  in  which  much  of  the  available  heat  is  obtained  from  the  latent 
heat  of  condensation  of  these  products.  For  efficient  performance, 
then,  not  only  must  the  metals  burn  completely,  but  the  product  oxide 
must  condense  within  the  motor  as  well.  Thus,  condensation  phenomena 
are  of  great  importance  in  metallized  systems. 

In  the  initial  section  of  the  book  are  some  of  the  first  published 
works  on  the  analytical  determination  of  metal  burning  rates,  the  vari- 
ous flame  mechanisms  of  aluminum  and  magnesium,  the  combustion  of 
aluminum  in  carbon  dioxide  atmospheres,  and  the  ignition  temperature 
of  beryllium.  Twoother  papers  are  concerned  with  the  high-temperature 
oxidation  of  molybdenum,  tungsten,  graphite,  and  boron  nitride,  which 
are  considered  protective,  high-temperature  materials.  Such  know- 
ledge of  high-temperature  surface  oxidation  contributes  directly  to  the 
knowledge  of  the  over-all  combustion  process  of  metals.  For,  as  point- 
ed out  by  two  groups.  Classman  and  his  co-workers  and  Friedman  and 
Ma£ek,  it  is  the  initial  oxidation  of  the  particle  surface  which  controls 
the  ignition  of  the  metal.  This  fact  is  particularly  significant  in  prac- 
tical propellant  systems.  Similarly,  the  study  on  the  combustion  of 
zirconium  hydride-uranium  fuel  rods,  which  was  motivated  by  the  prob- 
lem of  dispersing  radioactive  materials  during  atmospheric  re-entry, 
contributes  information  on  the  various  models  of  metal  combustion 
which  have  been  proposed. 

The  physical  state  in  which  the  metal  element  is  introduced  into 
the  combustion  chamber  does  not  affect  the  theoretical  performance  ob- 
tainable in  metallized  propellant  systems.  Thus,  if  it  is  difficult  to  ob- 
tain high  efficiencies  with  metal  particles,  then,  perhaps,  the  metal  can 
be  introduced  in  various  other  forms,  such  as  a liquid  all^l-metal  com- 
pound, a polymeric  substance  containing  a metallic  element  in  the  chain, 
etc.  The  possibilities  of  this  approach  lead  to  various  studies  which 
contribute  both  directly  and  indirectly  to  the  understanding  of  metal 
combustion  phenomena.  The  oxidation  and  flame  studies  with  diborane 
and  its  alkyl  derivatives  are  of  particular  interest,  as  are  the  reaction 
studies  between  boron  and  nitrogen  compounds.  A contribution  to  this 
latter  problem  is  made  here  by  Seklemian  and  Lawrence,  who  isolate 
the  adduct  formed  between  pentaborane  and  hydrazine  by  running  the 
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reaction  in  very  dilute  solutions  of  cyclohexane.  Bauer  et  al.  consider 
the  oxidation  of  diethyldiborane  under  explosive  and  nonexplosive  condi- 
tions. Wolfhard  et  al.  report  flame  speed  data  for  diborane.  Their 
observations  on  thr  '^O  spectra  found  An  the  flames  leads  one  to  believe 
that  BO  is  present  only  as  an  intermediate.  Pyrolysis  of  the  alkyls  is 
considered  by  Skinner  and  Snyder,  who  report  experimental  data  on  di- 
borane, and  by  Takima  and  Marsel,  who  discuss  the  mechanisms  for 
the  decomposition  of  the  aluminum  alkyls. 

Papers  in  the  third  section  of  this  volume  deal  with  some  aspects 
of  the  over-all  hybrid  combustion  process,  which  from  Green's  intro- 
ductory review  is  seen  to  center  about  the  problem  of  heat  and  mass 
addition  at  the  fluid- solid  interface.  Refinement  of  the  simplified  theory 
employed  in  this  review  by  introduction  of  boundary- layer  growth  con- 
siderations is  discussed  ^ Marxman  et  al. , and  experimental  results 
are  compared.  Courtney  et  al.  report  spectroscopic  observations  of 
hybrid  burning.  Their  results  give  insight  as  to  the  thickness  of  the 
flame  zone.  Houser  and  Peck  discuss  the  role  of  surface  pyrolysis  in 
determining  soliu  phase  regression  rates.  McAlevy  discusses  various 
modeling  techniques  that  could  prove  valuable  not  only  for  hybrids,  but 
also  for  composite  solid  propellants.  Williams  in  a theoretical  analysis 
considers  the  boundary -layer  distribution  of  trace  species,  such  as 
those  found  in  an  ablation  or  surface  combustion  process.  In  their  paper 
Chen  and  Toong  consider  evaporation  with  combustion  in  a well-defined 
aerodynamic  .configuration. 

Fundamental  to  many  of  the  studies  previously  mentioned  is  the 
formation  and  growth  of  the  condensed  particle  (B,0„  B,  BN,  Al,  MgO, 
etc. ).  Theoretical  and  experimental  studies  of  nucleation  and  conden- 
sation phenomena  are  reviewed  in  many  of  the  p^ers  in  the  last  section. 
Most  deal  with  compounds  classically  used  in  such  investigations;  how- 
ever, one  by  Courtney  reports  some  initial  work  on  a metal  oxide  sys- 
tem. 


This  volume  undoubtedly  contains  one  of  the  largest  and  most  in- 
teresting collections  of  recent  papers  on  metal  and  hybrid  combustion. 
Most  were  presented  at  the  AIAA  Heterogeneous  Combustion  Conference 
in  December  1963. 
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between  a horizontal  and  a vertical  electrode,  this 
particular  configuration  being  convenient  for  flame 
spectroscopy  and  photography. 

Table  1 Highest  brightness  temperatures  reached 
by  aluminum  wires  in  oxygen 


Pressure 

Brightness  temperature, 

Anodized  wire 

Clean  wire 

50  nun  Hg 

2000 

1800  no  ignition 

100  mm  Hg 

2010  all 

1890  no  ignition 

300  mm  Hg 

2010  tests 

2000  ignited 

1 atm 

2025  ignited 

2025  ignited 

4 atm 

2025 

2025  ignited 

10  atm 

2025 

2025  ignited 

20  atm 

2025 

2025  ignited 

The  wires  that  failed  to  ignite  broke  on  the  long 
vertical  leg  close  to  the  top  electrode  where  the 
oxide  coating  apparently  had  not  grown  thick  enough 
at  the  low  oxygen  pressure  to  support  the  weight  of 
the  melted  aluminum  wire. 


It  is  significant  that  the  brightness  temperature 
of  the  wire  at  ignition  was  independent  of  pressure 
and  that  it  was  the  szune  for  the  anodic  oxide  coat- 
ing as  for  the  oxide  coating  which  grew  as  the  wire 
was  heated,  niese  observations  offer  further  sub- 
stantiation for  the  suggested  ignition  mechamism. 


Corot  us  t ion  Mechamisms 


A composite  map  of  the  burning  mechanisms  of  alum- 
inum wires  observed  in  oxygen-argon  mixtures  is 
shown  in  Fig.  7.  Hie  observations  on  vAiich  it  is 
based  were  made  at  pressures  of  100,  300,  and  500 
mm  Hg,  15,30,45,90,120,150,180  and  225  psia  at 
values  of  the  oxygen  mole  fraction  varying  in  steps 
of  0.1  between  0 and  1.  Runs  at  300  and  375  psia 


were  made  at  X, 


0.3, 0.5, 0.7  and  1.  Runs  at  450 


psia  were  made  at  X. 


0.2, 0.3, 0.4, 0.5, 0.7  and  1. 


Additional  low-pressure  tests  were  carried  out  at 
50  mm  Bg  for  Xq  « 0.3, 0.5, 0.6, 0.7  and  0.8. 


Region  It  The  combustion  in  this  region  was  very 
similar  to  that  observed  in  region  1 for  magnesium. 
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Prellmipftry  Report  11.  SpontaT.oouB  of 

Petals  In  Oxygen  under  PreaHuro. 

By  J,  J,  JakoTTSky*  and  S«  fl,  Batsler**. 


This  preliminary  report  deals  with  the  effects  of  oxygen  pressure  on  the 
ignition  temperature  and  combust ihility  of  iron,  copper,  brass  and  lead.  It  is 
the  second  of  a series  which  will  present : the  results  of  an  investigation  being 
made  by  the  Boroau  of  Mines,  on  oxygen-oil  ej^losions.  The  purpose  of  this  re- 
search is  to  obtain  technical  data  that  will  serve  as  a basis  for  safety  precau-  . 
tions,  A general  outline  of  the  problem  has  been  given  in  the  first  report 
(Serial  2507). 

The  present  experiments  were  undertaken  to  determine  (l)  the  relationship 
between  oxygon  pressure  and  the  ignition  temperature  of  the  metals  most  frequently 
used  in  high-pressure  oxygen  apparatus;  and  (2),  the  metals  most  suitable,  as 
regards  safety  and  freedom  from  combustion,  for  use  in  higfh'PZ'essure  oxygen 
systems,  A study  was  made  of  the  relation  between  ignition  temperature  and 
pressure  for  iron,  copper,  and  brass,  which  are  the  three  materials  usually  em- 
ployed, and  for  lead, 

Apparatii?.  V.sq^* 

The  gas  apparatus  used  in  these  e:i^eriments  consisted  essentially  of  the 
following  equipment  (See  Figure  1): 

A 200-cuhic  foot  cylinder  of  compressed  oxygen  from  an  air  liquefaction 
and  reduction  process  was  connactod  by  means  of  copper  tubing  to  a release  valve, 
a pressure  gage  for  indicating  the  pressure  in  the  bomb,  and  the  bomb. 

The  bomb  was  an  old  Parr  calorimeter  bomb  which  had  been  altered,  as 
shown  in  Figure  2,  to  allow  the  wire  (e)  to  he  inserted,  tills  wire  comprising  the 
material  to  he  tested  in  the  bomb.  The  lead-in  through  tho  bomb  consisted  of  a 
brass  piece  threaded  on  the  under  side  and  fastened  with  a heavy  nut.  This  con- 
struction was  adoptsd  because  of  the  high  pressure  to  he  used.  Suitable  load 
washers  were  used  as  paoldng  to  mske  a gas-tl^t  Joint,  The  brass  piece  wa« 
drilled  and  tapered  to  hold  the  fiber  insulation  (b),  throng  the  center  of'Mlifek 
nassed  the  inBalutad  tGimtnAl  U).  The  Wire  i»s  ulaosd  across  the  termipals 
* Assistant  engineer,  Bureau  of  Mines,  Bqpartnsnt  of  the  Interior, 

Assistant  to  pbysioist.  Bureau  of  Minos, 


-»/• 


/^/  9-  2. 

Oxygen  chamber 
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Safe  Handling  of  Large  Qnantities 
Gf  Gaseous  Oxygen  in  Steel  Pipelines 


by  W.  E.  GROVES 
Engin««r,  Gas  Products  Production 
Undo  Div. 

Union  Corbido  Corp. 

New  York,  N.  Y. 

I rtean  pipeline,  judicious  use  of  fillers,  adia- 
balic  compression  temperature,  application  of 
organic  material  and  correct  selection  of  metal 
components  and  pipes  are  all  necessary  con- 
siderations in  the  safe  operation  of  an  oxygen 
steel  pipeline. 


^ I ^UAXSMISSION  of  Ka8oou8  oxygen  by  pipeline 
A has  expanded  v ry  rapidly  in  the  last  decade.  Pipe- 
liiiea  are  now  the  accepted  means  of  supplying  large 
eonsuiners  in  the  metallurgical  and  chemical  industries. 
As  the  demands  of  large  consumers  have  increased,  the 
maximum  pressure  and  maximum  gas  velocity  in 
gaseous  oxygen  pipelines  have  also  increased.  Ix)w- 
carbon  steel  pipe  is  normally  used  for  these  pipelines. 
Since  low-<-arbon  steel  pipe  can  bum  in  oxygim,  it  has 
been  necessary  to  learn  how  to  design,  install  and  op- 
erate steel  pipel’-ies  in  gaseous  oxygen  ser\-ice  in  order 
to  avoid  fires.  This  has  been  accomplished  by  studying 
the  combustion  of  metals  and  organic  materials  in 
oxygen,  by  detennining  the  causes  of  ignition  in  oxy- 
gen pipelines  and  by  analysing  past  oxvgen  pipeline 
fires. 


In  a gasious  oxygen  pipeline  there  are  at  Imst  tlmv 
soun-es  of  ignition  energy: 

1.  Potential  energy  of  oxygen  gris. 

2.  Kinetic  energy  of  oxygen  gas. 

3.  FInergy  introduc(>d  into  pipeline  in  the  form  of 
work  on  a component  of  the  pipeline. 

The  potential  energy  of  the  gas  can  provide  ignition 
energy  when  a valve  is  suddenly  opened  'o(>twcen  a high- 
pressure  and  a low-pn'ssure  sw-tion.  This  results  in 
very  rapid  compression  of  the  low-pressure  gas,  and 
can  theoretically  produce  temperatures  approaching 
the  adiabatic  compression  temperature. 

The  kinetic  energy  of  the  gas  can  provide  ignition 
enenpr  by  accelerating  entrained  particulate  matter 
and  impacting  it  against  valve  disks  or  other  objects 
protruding  into  the  gas  stream,  scraping  it  along  the 
surface  of  the  pipe  or  rubbing  the  particles  against  one 
another.  The  kinetic  energ>'  of  the  gas  stream  can  also 
provide  ignition  energy  by  vibrating  a thin  membrane 
protmding  into  the  oxygen  stream,  by  vibrating  a 
loose  ^ket  between  flang(>s  or  by  traring  loos**  a valve 
disk,  filter  screen  or  some  other  part  of  the  pipeline 
and  cariying  this  part  down  the  pipeline. 

Opening  or  closing  a valve  <an  produce  ignition 
eneri^  by  impacting  a small  piece  of  material  lietween 
the  disk  and  seat  of  the  valve,  and  by  producing  friction 
between  valve  parts. 

In  addition  to  re<*ognizing  the  soun-es  of  ignition 
energy,  one  must  also  have  some  understanding  of  the 
combustion  of  materials  in  oxyg*‘ii. 

COMBUSTION  OF  MATERIALS  IN  OXYGEN 

Organic  maicnais — Organic  materials  are  combustible 
in  air;  therefore,  it  is  natural  to  expect  them  to  be  com- 
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TABLE  I 

Combustibility  Data  for  Organic  Materials 


Material 

Combustibility  Data 

Ignition  temperature  in 
2000-psig  oxygen,  F* 

Impact  producing  ignition 
after  immersion  in  liquid 
oxygen,  ft-lb* 

Heat  of  combustion, 
Btu  per  lb 

Rubber  bonded  compressed  asbestos  sheet  gasket  material 

270  to  340 

41  to  114 

2250  to  3030 

Fluorocarbon  oils,  greases  and  solids 

1 750  to  930** 

114** 

2000  to  3000 

Pipe  and  joint  compounds 

1 570  to  930 

30  to  114 

0***  to  10,000 

Synthetic  rubber  materials 

1 340  to  640 

21  to  114 

6750  to  15,300 

* These  data  obtained  by  test  methods  described  in  International  Acetylene  Association  pubis^tion  entitled  “Anti-Friction  Compounds  for 
Use  with  Gaseous  Oxygen.” 

**  Maximum  capacity  of  test  equipment. 

***  Indicates  material  did  not  ignite  in  Parr  calorimeter. 


bustible  in  oxygen.  Combustion  tests  have  been  run  on 
organic  materials  for  30  years  and  the  combustion  data 
have  been  used  as  an  aid  in  determining  the  safety  of 
specific  applications  of  organic  materials  in  oxygen 
service.  Actually,  if  at  all  po.osible,  inorganic  materials 
are  used  and  organic  materials  are  only  used  where 
inorganic  materials  will  not  perform  satisfactorily. 

The  first  test  indicated  the  ignition  temperature 
under  the  test  conditions  of  organic  material  in  2000- 
psi  oxygen.  The  second  test  determined  the  impact 
necessary  to  produce  ignition  after  immersion  in  and 
while  still  saturated  with  liquid  oxygen.  The  third  test 
measured  the  heat  of  combustion  of  the  material.  A 
fourth  test  provided  a visual  obseiwation  of  the  burning 
of  the  material  in  oxygen  at  atmospheric  pressure.  Ex- 
perience in  evaluating  the  results  of  these  tests  and  in 
their  practical  application  is  a very  important  part  of 
their  usefulness. 

Should  there  be  a case  where  one  does  not  believe 
that  the  results  of  the  four  combustion  tests  together 
with  experience  provide  sufficient  information  to  estab- 
lish the  safety  of  using  an  organic  material  for  a given 
application,  a full  scale  combustion  test  was  conducted. 
In  the  full  scale  test,  the  material  was  ignited  in  the 
piece  of  equipment  in  which  it  is  to  be  used  and  at  the 
oxygen  pressure  at  which  it  is  to  be  used  and  the  results 
of  burning  the  organic  material  were  obseiwed. 

Table  I presents  the  results  of  combustibility  tests 
for  four  classes  of  organic  materials  commonly  used  in 
oxygen  pipelines.  Table  I is  presented  only  to  indicate 
the  wide  range  of  test  results  obtained.  It  is  not  in- 
tended to  indicate  that  materials  having  test  results 
within  these  ranges  are  satisfactory  for  any  particular 
application  in  oxygen  pipelines.  This  table  shows  the 


outstanding  resistance  to  combustion  in  oxygen  of  the 
fluorocarbon  materials.  This  is,  of  course,  the  char- 
acteristic which  makes  these  materials  suitable  for 
many  applications  in  oxygen  service. 

In  addition  to  data  on  the  ignition  of  organic  materials, 
data  on  the  ignition  and  combustion  of  metals  are  re- 
quired. Before  presenting  this  data  on  metals,  some 
consideration  must  be  given  to  the  combustion  of  metals. 

Metal  Combustion—  As  a result  of  experimental  in- 
vestigation, a review  of  the  literature  and  a study  of 
oxygen  pipeline  fires,  an  initial  understanding  of  the 
burning  of  metals  has  been  obtained.  This  burning  can 
be  divided  into  two  phases:  ignition  and  combustion. 
Ignition  is  the  first  phase.  It  precedes  combustion  and 
encompasses  that  period  during  which  the  metal  tem- 
perature increases  from  ambient  to  the  temperature  at 
which  combustion  begins.  Combustion  is  that  phase 
in  which  the  metal  combines  with  oxygen  rapidly 
enough  to  produce  light  and  heat. 

The  resistance  of  a metal  to  ignition  depends  on 
several  factors  including  the  activation  energy  neces- 
sary to  reach  the  ignition  temperature,  the  thermal 
conductivity  of  the  metal,  the  characteristic  of  the 
oxide  that  forms  on  the  metal  surface  before  the  ignition 
temperature  is  reached,  and  the  mass  and  shape  of  the 
particular  piece  of  metal. 

Some  metals  reach  their  ignition  temperature  before 
they  reach  their  melting  point.  Other  metals  melt  be- 
fore they  ignite,  or  ignite  at  about  the  melting  point. 
In  experimental  work  it  has  been  difficult,  because  of 
the  techniques  and  equipment  used,  to  determine  in 
many  instances  whether  the  ignition  or  the  melting 
occurred  first. 

Variation  of  the  ignition  temperature  of  brass,  copper 


TABLE  II 

Ignition  Temperature  of  Metals  in  Oxygen 


Metal 

Ignition  temperature,  F 
Oxygen  pressure 

1 

Resistance  to 
ignition 

Rate  of  combustion 

0 psig 

500  psig 

lOflO  psig 

1800  psig 

Copper® 

1984* 

1625 

1535 

1481 

1 (most  resistant) 

4 (does  not  propagate  combustion) 

430  stainless  steel® 

2490 

1 • • • 

• • • 

• • • 

2 

2 

Mild  Steel®,® 

2330 

! 2020 

1835 

1700 

3 

3 

Iron® 

1706 

1517 

1364 

1166 

• • • 

• • • 

Aluminum 

1220* 

... 

... 

...  1 

4 (least  resistant  to  ignition) 

1 (burns  most  rapidly) 

* Melting  temperature. 

Bureau  cf  Mines  Report  No.  2313. 
® NASA  Technical  Note  D-182. 

® Linde  investigation. 
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Combustion  of  Metals  in  Oxygen 


The  basic  aim  of  the  work 
was  to  develop  a technique  for 
producing  and  utilizing  high 
temperature  sources.  Combus- 
tion of  aluminum  yields  a source 
of  high  intensity  thermal  radia- 
tion. Powdered  metal-oxygen 
flames  are  highly  effective  in 
cutting  through  thick  sections  of 
concrete  and  ceramic  materials. 

In  1948  the  Research  Institute  of 
Temple  University  established  a High 
Temperature  Laboratory  to  study  and 
develop  methods  for  producing  high 
temperatures  (about  3000°  C.).  The 
basic  objective  was  to  establish  tech- 
niques for  producing,  confining,  main- 
taining, and  controlling  high  tempera- 
tures, and  ultimately  to  apply  this 
experience  in  studying  chemical  and 
physical  phenomena  in  this  temperature 
region.  Most  previous  work  has  dealt 
with  chemical  reactions  of  substances  in 
the  gaseous,  liquid,  or  solid  phases 
(2,  7-11,  17,  32,  33).  The  combustion 
of  metals  was  convenient  and  effective 
for  producing  high  temperatures  and 
was  studied  in  considerable  detail. 

The  dictionary  defines  combustion  as 
“any  chemical  process  accompanied  by 
the  evolution  of  light  and  heat.”  O-xygen 
need  not  be  one  of  the  reacting  sub- 
stances; the  reaction  of  hydrogen  with 
fluorine  is  as  truly  a combustion  as  the 
reaction  of  hydrogen  with  oxygen.  The 
combustion  of  metals  therefore  designates 
reactions  of  metals  which  evolve  heat 
and  light.  The  work  described  is  limited 
to  combustion  in  which  the  metals  react 


values  differ  for  combustion  in  fluorine 
or  some  other  atmosphere).  The  heats 
of  combustion  of  some  common  com- 
bustibles and  typical  metals  listed  in 
Table  I are  from  the  recent  compilation 
of  Brewer  (3).  On  a pound  basis  the 
metals  liberate  about  as  much  heat  as 
carbon,  methane,  and  acetylene;  hy- 
drogen is  very  high  because  of  its  low 
atomic  weight.  On  a gram-mole  or 
gram-atom  basis  the  same  is  true, 
hydrogen  now  being  near  the  bottom 
of  the  list. 


The  first  experiments  on  combusuon 
of  metals  were  those  of  von  Ingenn- 
Hausz  in  1782,  in  which  heated  spirals 
of  iron  and  steel  were  plunged  into 
oxygen  (26).  These  experiments  demon- 
strated that  certain  metals  could  be  made 
to  bum  in  oxygen  to  produce  highly 
luminous  flames  generating  large  quanti- 
ties of  heat  and  ligh  t.  These  character- 
istics of  metal  combustion  have  been 
primarily  responsible  for  numerous  prac- 
tical applications  of  this  fundamental 
reaction.  The  ope.ration  of  a photo- 


Table  I.  Heats  of  Conr.bustion 


Combustion 

At.  or 

Kcal./G. 

Kcal./Gram  B.T.U./Lb. 

Kcal./ 

Fuel 

Product 

Mol.  Wt. 

Mole  Fuel 

Fuel 

Fuel 

Gram  0, 

H, 

H,0(1) 

2.016 

68.3 

33.9 

61,000 

4.27 

C 

CO: 

12.0 

94.05 

7.83 

14,100 

2.94 

CH« 

CO:,  H-O 

16.03 

212.7 

13.3 

24,000 

3.32 

C.-H: 

CO:,  HsO 

26.02 

310.5 

11.9 

21,400 

3.88 

CO 

CO, 

28.0 

67.6 

2.41  ' 

4,349 

4.22 

Li 

Li:0 

6.94 

71.3 

10.25  ! 

18,500 

8.93 

Na 

Na,0 

22.997 

49.7 

2.16 

3,900 

6.25 

Be 

BeO 

9.02 

147.0 

16.3  ' 

29,400 

9.2 

Mg 

MgO 

24.32 

143.7 

5.9 

11,600 

9.0 

Ca 

CaO 

40.08 

1S1.7 

3.70 

6.820 

9.4 

Sr 

SrO 

87.6 

140.8 

1.61- 

2,900 

8.8 

Ba 

BaO 

137.4 

133.0 

0.97 

1,750 

8.4 

B 

B:0, 

10.8 

152.7 

14.1 

25,400  . 

6.4 

A1 

AltOa 

26.97 

200.1 

7.43 

13,400 

8.3 

Th 

ThO: 

232.1 

293.2 

1.Z6 

2,300 

9.15 

Ti 

Ti:0: 

47.9 

181.5 

3.79 

6,820 

7.6 

Zr 

ZrO: 

91.2 

261.8 

2.87 

5,160 

8.2 

Fe- 

FoO 

SS.8S 

63.2 

1.13 

2,000 

3.9 

Co 

CoO 

58.94 

57. 0 

0.97 

1,750 

3.6 

m 

NiO 

58.69 

58.0 

0.99 

1,780 

3.6 

5i 

SiO* 

28.06 

210.2 

•7.5 

13,500 

6.6 

Sb 

Sb:Oi 

121.76 

83.5 

0.69 

1,240 

3.5 

Bl 

Bi:0, 

209.0 

^69.0 

' 0.33 

594 

2.88 

Hf 

HfO: 

178.6 

266.0 

• 1.49 

2,680 

8.3 

.\uthor 


History  of  Co^n’ibustion  of  Metals 
Lit. 


Uomarks 


with  molecular  oxygen.  Reactions  with 
other  gases,  including  ozone,  are  di:- 
scribed  in  separate  articles. 

Although  metals  are  not  generallv 
looked  upon  as  fuels,  they  must  be  clas.'ii- 
fied  with  such  solid  combustibles  as  coal 
and  wood.  Their  combustion  differs 
from  that  of  wood  iir  the  forinution  of 
reaction  products  (metallic  oxides)  which 
are  solid  at  room  tcnnierature.  Their 
heats  of  combustion  ^nd  ignition  tem- 
peratures, however,  arc  of  the  same  order 
of  magnitude  as  those  of  various  solid 
nonmetallic  fuels  (interpreted  as  apply- 
ing to  reactions  with  o.\ygen;  these 

* Present  address,  .Aircraft  Nuclear  Pro- 
pulsion Department,  General  Klcrtric  Co., 
l A’cndalc,  Ohio. 


Baker  and  Strong 

(f) 

Cueilleron  and  Scartazzioi 

(fS) 

Scartazzini 

(SO) 

Bunsen  and  Roscoe 

(4) 

Forsythe  and  Easley 

(IS) 

Van  Liempt  and  de  Vriend 

(33) 

Cassel,  Das  Gupta,  and 

(5) 

Guruswamy 

Coffin 

• «?; 

Hart  and  Tomlinson 

ah 

Hartmann,  Nagy,  Brown, 

asst) 

and  Jacobson 

Rasor 

(30) 

Wolfhard  and  Parker 

(S4) 

Zenghelis 

(SS) 

Burner  fed  with  finely  divided  A1  powder  dis- 
persed in  O: 

Measurements  of  radiant  energy  emitted  by 
combustion  of  metals 

Factors  affecting  flame  propagation  through 
dust  clouds 

Burning  times  of  Mg  ribbons  in  various  atmos- 
pheres 

Use  of  finely  divided  metals  in  explosives 
Ignition  characteristics  and  limits  of  flamma- 
bility of  mctc!  dust  dispersions 
Patent  for  use  of  powdered  metal  as  fuel  for 
propulsion  of  submarines 
Optical  measurements  on  stationary  flame  of 
At  and  Mg  bakes  suspended  in  air,  color 
temp,  of  3600°  C.  recorded 
Burning  At  in  MgO  crucible,  qualitative  meas- 
urements of  combustion  temperature 
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capacities  for  the  liquid  phase  are  usually 
a little  higher  than  those  for  the  solid 
phase.  The  biggest  error  b made  when 
data  are  not  available  on  boiling  tem- 
perature, latent  heats  of  vaporization, 
or  the  oxide  species  which  exist  at  high 
temperatures. 

As  Figure  10  shows,  the  combustion 
temperatures  are  periodic  functions  of 
the  atomic  number  of  the  element. 
The  maxima  are  the  metals  of  Groups 
II,  III,  and  IV,  In  the  first  period 
beryllium  has  the  highest  combustion 
temperature;  in  the  second,  aluminum; 
in  the  third,  calcium  (and  probably 
scandium);  in  the  fourth  and  fifth, 
zirconium  and  hafnium,  respectively; 
and  in  the  last,  thorium.  The  minimum 
combustion  temperatures  are  obviously 
obtained  with  the  nonmetals,  the  ab- 
solute or  trivial  minima  being  the  noble 
gases,  as  they  do  not  combine  with 
oxygen.  There  are  secondary  minima 
in  the  transition  group  metals,  occurring 
with  the  monetary  metals — copper, 
'Silver,  and  gold — and  the  last  members 
of  the  noble  metals  such  as  nickel, 
palladium,  and  platinum;  intermediate 
maxima,  probably  at  germanium,  tin, 
and  bismuth,  also  occur  with  the  transi- 
tion metals.  Figure  10  gives  a general 
correlation  of  the  combustion  tempera- 
tures of  metals.  Some  of  the  values  are 
only  estimates  (usually  indicated  with  a 
?),  but  the  whole  relationship  will  not 
change  appreciably  when  better  data  are 
available. 

Flame  temperatures  are  a function  of 
total  pressure.  High  pressures  increase 
tlie  boiling  point  of  the  oxide,  so  that 
higher  flame  temperatures  are  also 
obtained  even  where  the  oxide  decom- 
poses on  vaporization.  The  combustion 
of  aluminum  at  10  atm.  results  in  a flame 
temperature  of  4400“  K.,  compared 
to  3800“  K.  at  1 atm. 

Ignition  Temperature  of  Metals 

In  general,  the  rates  of  oxidation  of 
metals  follow  the  Arrhenius  equation; 
the  rate  of  oxidation  is  increased  with 
increase  in  temperature,  the  exact  rela- 
tionship depending  upon  the  energy  of 
activation  of  the  reaction.  As  the  heat 
released  is  directly  proportional  to  the 
reaction  rate,  this  also  exhibits  the  same 
temperature  dependence.  A tempera- 
ture is  eventually  reached  at  which  the 
heat  generated  begins  to  exceed  the  heat 
dissipated  to  the  surroundings,  the 
ensuing  autogenous  temperature  rise 
brings  the  material  to  the  glow  or  ilame 
point,  and  the  metal  is  said  to  have 
ignited.  This  is  termed  the  ignition 
temperature  and  should  be  a character- 
istic property  of  the  metal,  similar  to 
melting  point,  density,  and  tensile 
strength.  The  fact  that  it  is  not  ordi- 
narily so  considered  is  due  to  the  apparent 


discrepancies  in  the  values  reported  by 
various  investigatonu  However,  most 
of  these  discrepancies  are  undoubtedly 
due  to  failure  to  reproduce  test  condi- 
tions in  every  detail;  in  all  probability 
once  a firm  definition  of  ignition  tem- 
perature is  accepted,  the  precision  and 
accuracy  of  successive  and  independent 
measurements  will  be  enhanced.  It  is 
already  accepted  that  the  factors  to  be 
investigated  as  they  affect  ignition  tem- 
peratures are:  purity  of  the  metal,  gas 
composition  including  moisture  content,  * 
pressure,  velocity  past  the  surface,  state 
of  subdivision,  previous  history  of  the 
metal,  and  apparatus  and  technique. 

The  mechanism  of  oxidation  is  also 
usually  affected  by  temperature,  in  that 
the  rate  law  which  applies  is  different 
for  different  temperature  ranges.  It 
seems  to  be  generally  accepted,  at  least 
for  pure  metals  (although  not  experi- 
mentally verified  in  every  case),  that 
oxidation  proceeds  exponentially  with 
time  at  low  temperatures,  parabolically 
at  intermediate  temperatures,  and  lin- 
early at  high  temperatures.  The  tem- 
perature ranges  corresponding  to  these 
mechanisms  are,  of  course,  different  for 
different  metals.  Cubicciotti  (72)  has 
cited  for  a few  metals  the  'temperature 
at  which  the  oxidation  changes  from 
parabolic  to  linear — for  thorium,  cal- 
cium, and  aluminum,  350“.  400“,  and 
500“  C.,  respectively.  It  is  not  clear 
if  there  is  any  correlation  between  this 
transformation  temperature  and  the 
ignition  temperature.  Thorium  and  cal- 
cium ignite  (in  oxygen)  about  100“  C. 
above  this  temperature,  but  aluminum 
has  an  ignition  temperature  at  least 
600“  C.  above  its  parabolic  to  linear 
transition  temperature.  Perhaps  this 
transition  must  take  place  before  ignition, 
although  such  a statement  lacks  experi- 
mental verification. 

The  ignition  temperature  as  defined 
is  dependent  upon  the  rates  of  heat 
generation  and  of  heat  dissipation.  It 
would  seem  plausible,  therefore,  to 
expect  a correlation  between  ignition 
temperature  and  the  rates  of  oxidation, 
at  least  when  the  oxidation  is  linear. 
This  follows  from  the  fact  that  the 
higher  the  rate  of  linear  oxidation,  the 
more  heat  is  produced  per  unit  time  and 
hence  the  lower  the  temperature  at 
which  ignition  can  occur  (differences  in 
heat  dissipation  due  to  differing  oxide 
properties  arc  ignored).  Such  a correla- 
tion has  been  noted  b>  FasscU  and  others 
{14)  for  various  magnesium  alloys. 
The  linear  oxidation  rate  of  each  alloy 
at  475“  C.  was  tabulated  with  tlie  corre- 
sponding ignition  temperature;  as  the 
oxidation  rate  increased,  the  ignition 
temperature  decreased.  Such  a correla- 
tion, although  perhaps  applicable  to  a 
given  alloy  system,  has  not  been  sliown 
to  metals  in  general. 


Table  IV.  Adiabatic  Combustion 
Temperatures  in  Oxygen  at  1-Atm. 
Pressure 


Adiabatic 

Adiabatio 

Comb. 

Comb. 

Temp., 

Temp., 

Metal 

*K. 

Metal 

•K. 

A1 

3800 

Cr 

3300 

Mg 

3350 

Mo 

3000 

U 

2600 

W 

3209 

Ha 

2000 

Mn 

3400 

K 

1700 

Zn 

2200 

Be 

4300 

Ca 

1700 

Ca 

3800 

Si 

2500 

Sr 

3500 

Sn 

2700 

Ba 

3000 

Pb 

1800 

B 

2900 

Sb 

1700 

Th 

4700 

Bi 

2000 

Ti 

3300 

Hf 

4800 

Zr 

4800 

Fe 

3000 

As  the  ignition  temperatures  of  metals 
have  been  studied  only  sparingly,  the 
factors  affecting  ignition  have  not  been 
clearly  defined  nor  has  the  mechanism 
been  fully  explained.  However,  it  is 
certain  that  metals  can  be  divided  into 
three  classes  based  on  their  ignition 
temperatures:  (1)  metals  that  ignite  at 
or  below  their  melting  points,  (2)  the 
metals  that  ignite  after  they  melt  (mag- 
nesium is  an  example  of  Class  I and 
aluminum  of  Class  II),  and  (3)  metals 
that  have  no  ignition  temperature  (silver, 
mercury,  platinum). 

Some  recently  measured  ignition  tem- 
peratures are  shown  in  Table  V with 
data  of  Mellor  (27).  A single  piece  of 
the  metal  weighing  about  10  grams  was 


Table  V.  Ignition  Temperatures  of 
Metals  in  Oxygen 


M.  P., 

Ignition  Temp.,  ° C. 

Metal 

°c. 

This  work 

Mellor 

Li 

179 

190 

180 

Ha 

■ 97.8 

118 

100« 

K 

63 

69 

70» 

Rb 

39 

a • • 

» • a 

Cs 

28 

• • • 

30“ 

Mg 

650 

625 

540 

Ca 

850 

550 

300 

Sr 

771 

720 

• » • 

Ba 

720 

175 

• » a 

B 

2100 

• « • 

700^ 

A1 

660 

>1000 

580 

Ti 

1730 

• • • 

610 

Zr 

1845 

• a • 

1400“ 

Th 

1800 

500 

400‘ 

Ta 

2996 

• • • 

600 

Cr 

1900 

• • • 

2000 

Mo 

2620 

750 

500-600 

Fe 

1535 

930 

a a a 

Zn 

419 

900 

505* 

Cd 

321 

760 

aaa 

Sn 

232 

865 

2700“.* 

Fb 

327 

870 

aaa 

Sb 

630 

650 

1600“.* 

Bi 

271 

775 

1600“.* 

* Estimated  from  remarks  of  Mellor. 

* Ignition  in  air  not  oxygen. 
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Mo 
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• 
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Table  Vi.  Classification  of  Metals 
According  to  Ignition  Temperature 


ATOMIC  NUMBER  OF  THE  METAL 

Figure  1 1 . Ignition  temperatures  should  be  considered  a characteristic  property, 
as  shown  by  the  periodicity  of  the  ignition  temperatures  at  1.0  atm.  vs.  atomic 
weight 


placed  in  an  Alundum  crucible  con- 
tained in  a Type  FD  104  Hoskins  elec- 
tric furnace  and  heated  to  a predeter- 
mined temperature  in  an  argon  atmos- 
pliere  (a  Chromel-Alumel  thermocouple 
inside  the  crucible  next  to  the  sample 
gave  the  temperature).  When  the  tem- 
lierature  became  uniform,  a stream  of 
o.xygen  was  fed  to  the  top  of  the  crucible 
to  sweep  the  argon  away  and  expose  the 
metal  to  oxygen  (the  velocity  of  the  jet 
was  very  low).  A sight-glass  enabled 
visual  observation  of  the  sample  to 
determine  if  ignition  was  obtained. 
If  the  sample  did  not  ignite,  a new  speci- 


men was  used  and  the  procedure  re- 
peated until  ignition  was  obtained 
(accuracy  no  better  than  ±10°  C.). 

The  metals  studied  are  divided  into 
two  classes  in  Table  VI  and  tabulated 
with  their  Pilling  and  Bedworth  ratio 
(2S).  All  Class  II  metals  listed  have 
melting  points  above  650°  C.,  Class  I 
metals  have  melting  points  below  660°  C. 
It  appears  that  the  alkali  metals 
belong  to  Class  II,  while  the  metals 
of  the  magnesium  group  belong  to  Class 
I.  It  might  be  reasoned  that  metals 
whose  Pilling  and  Bedworth  ratio  is 
greater  than  1.0  (indicating  protective 
oxide  film)  should  not  ignite  until  after 
they  melt  and  their  mobility  in  the  liquid 
states  causes  rupture  of  the  oxide  him. 
This  reasoning  is  in  accord  with  Table 
V'l,  where  all  the  Class  II  metals  indicate 
a ratio  greater  than  1 .0  (improved  experi- 
mental accuracy  might  relocate  the  alkali 
metals  in  Class  I,  although  there  is  no 
reason  why  a metal  with  a nonprotective 
oxide  should  not  melt  before  it  ignites). 

The  ignition  temperatures  of  the  alkali 
metals  decrease  from  lithium  to  potas- 
sium and  a plot  of  ignition  temperature 
vs.  atomic  number  for  this  group  is 
linear.  A similar  plot  for  the  magnesium 
group  is  also  linear,  but  strontium  is 


M.  P., 

Ignition 
Temp.,  P 

: and  B. 

Metal 

° C. 

° C. 

Ratio 

Class  I,  Ignition  at 

or  below  Melting  Point 

Mg 

650 

623 

0.81 

Th 

1800 

500 

1.35 

Ca 

850 

550 

0.64 

Fe 

1535 

930 

2.10 

Sr 

771 

720 

0.61 

Ba 

720 

175 

0.67 

Mo 

2620 

750 

• • • 

Clas.s  11,  Ignition  above  Melting  Point 

A! 

660 

1000 

1.28 

Zn 

410 

900 

1.55 

Sn 

232 

865 

1.32 

Pb 

327 

870 

1.31 

Bi 

271 

775 

1.20 

Sb 

630 

650 

1.44 

Cd 

321 

760 

1.21 

Li 

179 

190 

0.58 

Na 

97,8 

118 

0.55 

- K 

63 

69 

0.45 

value  may  be  in 

error.  The 

ignition 

temperature  of  strontium  from  the  plot 
should  be  about  360°  C.  instead  of 
720°  C.  as  given  in  Table  V. 

That  ignition  temperatures  should  be 
considered  a characteristic  property  is 
supported  by  the  periodicity  shown  in 
Figure  11.  This  variation  is  similar  to 
that  noted  in  similar  plots  of  melting 
and  boiling  points  and  heats  of  forma- 
tion. 

Powdered-MeCal  Flames 

Powdered  metals  dispersed  in  oxygen 
or  air  form  explosive  mixtures  with 
ignition  temperatures  lo’./er  than  those 
of  the  corresponding  bulk  metal.  As 
might  be  expected,  these  mixtures  have 
ignition  temperatures,  limits  of  flam- 
mability, and  minimum  energies  fns 
ignition  just  as  do  the  explosive  mix- 
tures formed  by  the  gaseous  combusti- 
bles such  as  acetylene,  propane,  and 
hydrogen.  Their  flammability  and  ex- 
plosibility  have  been  reported  in  con- 
siderable detail  (79-27),  in  an  attempt 
to  evaluate  all  factors  aiTecting  flame 
propagation. 

The  similarity  between  powdered 
metal-ox>-gen  (or  air)  dispersions  and 


Figure  1 2.  Early  model  of  powdered 
metal  feed  device' 


much  too 

high,  suggesting 

that  this 

combustible  gas-oxygen  (or  air)  mixtures 

Table  VII.  Operating  Data  for  Powdered-Metal  Flames 

Min. 

Explosive 

Onnpn..  Ornm  Stoichiomctnc Composition 
Oxide  Ignition  Mctal/Litcr  G.  metal/  G.  metal/ 

Meta 

Formed 

Temp.,  ° C. 

Air 

1.0» 

B-  Ot 

A! 

AliO, 

645 

0.025 

1.6 

1.12 

Me 

HgO 

520 

0.020 

2.14 

1.5 

Fe 

FeO 

315 

0.105 

5.0 

3.5 

FeiOi 

• • • 

0.105 

3.33 

2.3 

Ti 

TiOt 

480 

0.045 

2.14 

1.5 

TiiOi 

• • • 

0.04'J 

2.87 

2.0 

Si 

SiOi 

775 

0.16 

1.25 

0.88 

Mn 

UnO 

450 

0.21 

4.9 

3.43 

Zr 

ZrOt 

Room  temp. 

0.04 

4.1 

2.87 
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Ignition  Temperatures  of  Metals  in  Oxygen  Atmospheres 

N.  M.  LAURENDEAU  AND  1.  CLASSMAN 
Guggenheim  Laboratories,  Princeton  University,  Princeton,  New  Jersey 

Abstract — The  ignition  temperature  of  ten  common  non-toxic  metals  has  been  determined  experimentally  in  an 
oxygen  environment.  In  this  investigation  a induction  furnace  facility  that  emphasized  the  pre-ignition  surface 
oxidation  effects  upon  the  ignition  temperature  was  used.  The  bulk  ignition  temperatures  of  barium,  bismuth, 
calcium,  iron,  lead,  magnesium,  molybdenum,  strontium,  tin,  and  zinc  were  found  and  compared  to  the  previous 
results  of  Crosse  and  Conway.  The  differences  in  the  results  are  attributed  to  how  the  heating  cycle  is 
carried  out  and  how  the  cycle  affects  the  surface  oxide  coat. 


I.  INTRODUCTION 

In  the  past  decade,  the  use  of  metals  as  a chemi- 
cal fuel  in  rocket  propulsion  devices  has  stimulated 
new  interest  in  the  combustion  and  ignition  of 
pure  metal  species.  Investigation  showed  that  in 
particular  early  quantitative  modeling  of  ignition 
processes  was  applicable  to  a few  limited  cases 
(Mellor,  1967).  A qualitative  model  of  hetero- 
geneous ignition,  postulated  by  Mellor  (1967), 
[see  also  Classman  et  a!.  (1970)],  has  been  used  to 
explain  much  of  the  phenomena  inherent  to  the 
ignition  of  nearly  all  metals.  Unfortunately, 
neither  a quantitative  extension  of  this  model,  nor 
any  other  quantitative  work,  can  be  verified,  due 
to  the  limited  data  available  on  the  ignition  tem- 
perature of  various  metals.  The  present  investiga- 
tion attempted  to  fill  this  need  via  an  experimental 
determination  of  the  bulk  ignition  temperature  of 
ten  common  non-toxic  metals  in  a pure  oxygen 
atmosphere. 

II.  THEORETICAL  BACKGROUND 

The  general  model  of  heterogeneous  metal  igni- 
tion has  been  discussed  at  length  by  Mellor  (1967) 
and  modified  to  a degree  by  Laurendeau  (1968). 
This  work  was  reviewed  by  Classman,  et  a/. 
( 1 970).  Only  those  qualitative  concepts  useful  in 
the  present  investigation  are  repeated  here. 

. As  in  other  heterogeneous  systems,  metals  are 
known  to  be  capable  of  self-heating  to  ignition  in 
an  oxidizing  atmosphere,  under  (he  proper  cir- 
cumstances. The  model  of  Mellor  (1967)  showed 
that  an  unstable  equilibrium  surface  temperature, 
characteristic  of  the  self-heating  potential  of  a 
particular  metal  particle,  could  be  defined.  This 
temperature  is  the  so-called  critical  temperature, 

4 


which  is  defined  as  the  lowest  initial  surface 
temperature  from  which  the  surface  may  self-heat 
to  reach  the  steady-state  combustion  configuration. 

is  commonly  called  the  spontaneous  ignition 
temperature  in  the  literature,  but  here  is  labeled 
the  critical  temperature  in  order  to  avoid  confusion 
with  the  experimental  ignition  temperature.  The 
ignition  temperature,  Tip,,,  is  experimentally  de- 
fined to  be  that  temperature  at  which  there  occurs 
the  most  rapid  rate  of  change  with  time  of  both 
light  intensity  and  sample  temperature,  i.e.,  the 
flame  appears.  This  distinction  between  the  critical 
temperature  and  the  ignition  temperature  is  made 
to  allow  for  the  possibility  of  the  existence  of  a 
self-heating  or  ignition  delay  time. 

Metal  ignition  is  inherently  more  complicated 
than  the  heterogeneous  ignition  of  other  simple 
fuel-oxidizer  systems  due  to  the  formation  of  solid 
phase  products  on  the  surface  during  the  pre- 
ignition process.  Isothermal  oxidation  experin  ents 
have  shown  that,  in  general,  the  metal  oxide  film  is 
protective  at  lower  temperatures,  and  non-protec- 
tive  at  higher  temperatures.  This  phenomenon 
usually  is  explained  by  assuming  that  the  oxide 
film  has  either  become  porous  or  has  cracked  and 
hence  offers  no  protection  at  higher  temperatures  to 
further  oxidation  of  the  surface  by  the  surrounding 
oxidizing  environment.  The  temperature  at  which 
the  oxide  surface  becomes  non-protcctive  is  called 
the  transition  temperature,  r,,,,,,..  Below  this 
temperature,  simple  low  temperature  metal  oxida- 
tion occurs. 

Usually,  the  non-protective  nature  of  the  oxide 
film  is  characterized  by  an  isothermal  surface 
reaction  rate  independent  of  both  time  and,  hence, 
the  amount  of  metal  previously  consumed  in  the 
reaction.  Thus,  TtroHa  can  also  be  defined  as  the 
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SCHEMATIC  OF  EXPERIMENTAL  CONFIGURATION 
FOR  INDUCTION  HEATING 


FIG.  2.  Schematic  of  experimental  configiiration 
for  induction  heating. 


of  SfV  coincides  with  the  middle  of  the  bulk  range 
as  determined  by  Mellor  (1967).  Table  I lists 
alphabetically  all  ten  metals  used  in  the  present 
investigation,  along  with  their  purity,  average 
geometrical  dimensions,  and  average  surface  to 
volume  ratio  {S!V). 

Before  all  tests,  most  metal  samples  were  washed 
in  hexane  and  allowed  to  dry  and  degas  in  a room 
temperature  environment  for  24hrs.  The  three 
metals,  barium,  calcium,  and  strontium,  which 
oxidize  quickly  at  room  temperatures,  were  stored 
and  machined  under  mineral  oil.  In  early  experi- 
ments, they  were  washed  in  hexane  for  one  hour 
at  room  temperature  and  then  degassed  in  a vacuum 
desiccator  for  at  least  24  hrs.  In  later  experiments, 
each  sample  was  put  into  a vapor  degreaser  using 
liquid  freon  for  approximately  three  minutes  just 
prior  to  the  experimental  run. 

TABLE  1 

Simple  Dimensions  of  Experimental  Metals 


Diameter  Length 


Metal 

Purity  (%) 

(cm) 

(cm) 

5/K(mm  *) 

Ba 

99.99 

2.14 

1.83 

0.239 

fii 

99.999 

1.23 

2.57 

0.365 

Ca 

99.5 

2.37 

1.0 

0.365 

Fe 

99.9 

2.52 

1.0 

0.264 

Pb 

99.999 

1.27 

2.60 

0.357 

Mg 

99.96 

2.38 

1.0 

0.285 

Mo 

99.95 

1.59 

2.06 

0.306 

Sr 

99.0 

1.64 

1.75 

0.309 

Sn 

99.999 

1.24 

2.58 

0.366 

Zn 

99.9 

1.90 

1.71 

0.277 

IV.  RESULTS  AND  DISCUSSION 

Table  II  lists  the  ignition  temperatures  to  the 
nearest  5 degrees  of  the  metals  investigated. 
Considering  the  unknown  effects  of  certain  envi- 
ronmental factors,  a scatter  of  ±25  is  considered 
satisfactory. 

A.  The  effect  of  ambient  pressure 

The  present  investigation  was  not  expected  to 
demonstrate  a large  variation  in  ignition  tempera- 
ture with  pressure  since  the  pressure  range  studied 

TABLE  II 


Metal  Bulk  Ignition  Temperatures 


Metal 

Pressure 

Ignition 

temperatures  ( C) 

Average  ign. 
temp  ("O 

Ba 

300  torr 

550,  560,  620,  630, 

590  ± 45 

• 

I atm 

480,  510,  570,  650 

550  ± 90 

5 atm 

535,  540,  600 

560  ± 30 

Bi 

300  torr 

780,  805,  810,  825 

805  ± 25 

1 atm 

715,  735,  750.  750 

735  ± 20 

5 atm 

715,  735,  760 

735  ± 25 

Ca 

300  torr 

790,  795,  800,  800 

795  ±5 

1 atm 

785,  785,  805 

790  ± 10 

5 atm 

760,  775,  805 

780  ± 20 

Fe 

300  torr 

1310,  1320,  1330 

1320  ± 10 

1 atm 

1300,  1310,  1340 

1315  ±20 

5 atm 

1285,  1300,  1315 

1300  ± 15 

Pb 

300  torr 

845,  850,  860 

850  ± 5 

1 atm 

845,  855,  860 

850  ± 5 

5 atm 

810,  830,  840 

825  ± 15 

Mg 

300  torr 

630,  635,  635 

635  + 5 

1 atm 

630,  640,  640 

635  ± 5 

5 atm 

620,  620,  620 

620 

Mo 

300  torr 

795,  795,  810,  810 

800  ± 10 

1 atm 

780,  785,  785 

780  ± 5 

5 atm 

740,  765,  765,  785 

765  ± 25 

Sr 

300  torr 

985,  1015,  1160 

1055  ± 85 

1 atm 

935,  1115,  1175 

1075  ± 120 

5 atm 

1125,  1150,  1165 

1150  ±20 

Sn 

300  torr 

975,  1005,  1015 

1000  ± 20 

I atm 

910,  945,  965 

940  ± 25 

5 atm 

910,  955,  990,  1000 

965  ± 45 

Zn 

300  torr 

815,  835,  840,  880 

840  ± 30~^ 

1 atm 

895,  905,  920 

905  ± 15  / 

5 atm 

1090,  1140,  1150,  1165 

1135  ±35  J 

was  restricted  experimientally  to  one  order  of  mag- 
nitude. An  exception  was  zinc  whose  ignition 
temperature  varied  with  pressure  due  to  the  effect 
of  the  boiling  point  (Classman,  et  al.  (1970), 
Laurendeau  (1968)).  Large  variations  in  may 
certainly  occur  over  a large  pressure  range,  however. 
For  example,  titanium  is  reported  to  have  a T, 
of  1300-1600  °C  in  the  15-200  psia  range,  and*a 
^iBii  of  850-1300  °C  in  the  200-700  psiz  range. 
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As  for  titanium,  most  metals  are  expected  to 
show  a decrease  in  ignition  temperature  as  oxidizer 
pressure  is  increased,  since  the  surface  reaction  i 
rate  would  be  expected  to  increase.  In  the  present  ! 
study,  this  trend  is  observed  only  in  certain  metals,  j 
A Tirana  Controlled  metal  (zinc),  which  always  ; 
exhibits  a protective  oxide  coating,  or  any  metal 
producing  an  extremely  thick  oxide  coat  (stron-  ) 
tium),  may  not  be  influenced  by  oxidizer  pressure,  / 
or  may  have  the  opposite  behavior.  Although  the  / 
present  data  are  not  conclusive,  to  a degree  they  do  ' 
support  the  hypothesis  that  critical  temperature  i 
controlled  metals  have  ignition  temperatures  that  i 
generally  decrease  with  increasing  pressure.  (Laur-  I 
endeau  (1970)  discusses  the  support  given  by  | 
Mellor's  model  to  these  conclusions.)  Thus,  one  ! 
may  conclude  here  that  the  variation  of  the  ignition  ; 
temperature  with  pressure  may  be  the  result  of  j 
whether  a particular  metal  is  critical  or  transition  ! 
temperature  controlled. 

B.  Effect  of  heating  technique 
The  bulk  ignition  data  obtained  would  appear 
to  be  consistent  with  what  one  suspects  in  com- 
parison with  other  data  when  the  procedures  for 
obtaining  the  data  are  evaluated  in  the  context  of 
the  simple  model  described  earlier.  Table  111 
lists  the  present  results  and  other  results.  Except 
for  the  work  at  the  Temple  Research  Institute  very 
little  other  data  are  available.  The  Temple  results 
were  obtained  by  using  a resistance  furnace  at  an 
ambient  gas  temperature  of  one  atmosphere.  1 he 
results  were  reputed  to  be  reproducible  to  within 
±5°C.  However,  the  metals  in  this  case  were 


TABLE  III 

j Comparison  of  Bulk  Ignition  Temperatures'* 


Present 

Temple  Research 

Metal 

results  (T  C) 

Institute  results'' 

Other  results 

Ba 

550  ± 90 

175 

Bi 

735  ± 20 

775 

Ca 

790  ± 10 

550 

805%  704-743'' 

Fe 

1315  ± 20 

930 

Pb 

850  ± 5 

870 

Mg 

635  ± 5 

623 

640',  623  630* 

Mo 

780  ± 5 

750 

Sr 

1075  ± 120 

720 

Sn 

940  ± 25 

865 

Zn 

905  ± 15 

900 

" I atm  pressure,  all  temperature  in  C. 

’>  Conway  a^d  Kirschenbaum  (1954),  Grosse  and  Conway 
(1958), 

' Mellor  (1967). 

■'  Reynolds  (1959). 

' Fassell  et  at.  (1951). 

heated  in  an  inert  gas  atmosphere  to  a specific 
temperatures,  and  then  exposed  to  a flowing  oxygen 
stream.  Thus,  the  oxide  buildup  is  a minimum,  if 
any,  and  the  ignition  temperature  more  closely 
corresponds  to  the  critical  temperature. 

In  the  present  experiments  and  in  the  others 
reported  in  Table  III,  there  is  slow  heating  in  an 
oxygen  atmosphere  and  there  can  be  a buildup  of 
an  oxide  layer.  It  is  in  the  understanding  of  the 
character  of  this  oxide  layer  that  one  can  explain 
the  dilTerences  between  the  data  in  Table  3.  As  a 
convenience  for  the  explanation  to  follow,  specific 
data  about  the  metals  used  are  accumulated  in 
Table  IV. 


TABLE  IV 

Fundamental  Temperatures  of  Interest  for  Metals* 


Metal  oxide 


Metal 

Metal 

oxide  (T°C) 

Metal  melting 
point  (T  C) 

melting 
point  (T-C) 

Metal  boiling 
point  (T  C) 

Metal  boiling 
point  (T  C) 

Transition 
temperature  (T‘C) 

Ba 

BaO 

710 

1923 

1527 

2000 

17 

Bi 

Bi..Oa 

271 

860 

1470 

1890 

, — 

Ca 

CaO 

848 

2580 

1240 

2850 

400 

Fe 

FeO 

1536 

1420 

2872 

— 

1200 

Pb 

PbO 

328 

897 

1753 

1516 

550 

Mg 

MgO 

650 

2800 

1105 

3600 

450 

Mo 

MoOj 

2620 

795 

4507 

1155 

700 

Sr 

SrO 

774 

2430 

1366 

3000 

— 

Sn 

SnO- 

212 

1127 

2260 

1850 

475 

Zn 

ZnO 

419 

1975 

907 

— 

700 

* Taken  and  extrapolated  from  b'ellor  (1967),  JANAF  (1965),  Kubaschewski  and  Hopkins  (1951),  Hodgman  (1964),  Kage 
and  Laby  (1966),  Kofstad  (1966),  an.l  Hauffe  (1965). 

Boiling  points  are  for  760  torr. 


IGNITION  TEMPERATURES  OF  METALS  IN  OXYGEN  ATMOSPHERES 


81 


Consider  first  those  metals  for  which  the  ignition 
temperatures  from  the  two  primary  investigations 
reported  in  Table  III  are,  within  experimental  error, 
the  same.  These  include  bismuth,  lead,  magnesium, 
molybdenum,  and  zinc.  Zinc  is  easily  explained 
through  its  dependence  on  total  pressure  via  the 
metal  boiling  point.  The  other  materials  have  a 
very  thin  oxide  coat  that  is  non-protective  at  lower 
temperatures  due  to  a combination  of  low  metal 
melting  point,  low  a;id  low  oxide  melting 

points,  which  limit  '.he  protective  qualities  of  the 
oxide  shell  (see  Table  IV). 

Now,  the  fact  that  a particular  metal  has  a thin 
porous  oxide  coat  explains  why  the  ignition  tem- 
perature for  such  metals  are  in  excellent  agreement. 
This  type  of  oxide  layer  does  not  prevent  the  natural 
diffusion  of  oxygen  to  the  surface  of  the  parent 
metal.  Thus,  no  matter  whether  heating  is  accom- 
plished in  an  inert  or  oxidizing  atmosphere,  the 
oxide  coat  cannot  have  any  influence  on  the  results. 
This  observation,  along  with  the  nearness  of  the 
melting  point  of  the  oxide  to  the  measured  ignition 
temperature  in  some  cases,  accounts  for  the  good 
agreement  between  the  present  work  and  Temple 
work  for  bismuth,  lead,  magnesium,  and  molybde- 
num. Indeed,  other  results  obtained  by  heating  in 
an  oxygen  atmosphere  with  a resistance  furnace 
(Fassell,  et  al.  (1951))  indicate  that  magnesium  has 
an  ignition  temperature  that  is  very  reproducible 
under  varying  environmental  conditions. 

Consider  now  those  metals  for  which  the  ignition 
temperatures  listed  in  Table  III  are  different. 
These  include  the  alkaline  earth  metals,  barium, 
calcium,  strontium,  and  iron  and  tin.  All  of  these 
metals,  when  heated  in  an  oxidizing  environment, 
either  develop  a highly  protective  oxide  coat  (iron) 
under  the  conditions  of  the  experiment,  or  their 
o.’.ide  layers  are  so  thick  that  they  hinder  the  igni- 
tion process  by  allowing  only  a small  fraction  of  the 
needed  oxygen  to  the  metal  substrate,  and  thus 
delay  the  actual  ignition  of  the  metal  (tin , strontium , 
especially).  In  addition,  the  above  metals,  excluding 
iron,  undergo  a large  amount  of  self-heating  when 
suddenly  exposed  to  an  oxygen  atmosphere.  This 
characteristic  alone  could  easily  account  for  the 
tisagreement  in  the  two  investigations,  especially 
I'or  barium  and  calcium.  Based  on  these  observa- 
tions. any  differences  in  the  ignition  temperatures 
between  the  two  sets  of  data  may  perhaps  be  attrib- 
uted solely  to  whether  an  inert  or  oxidizing  atmos- 
phere was  used  in  the  metal  heating  cycle  of  the 
ignition  process. 

The  oxidizing  environment  in  the  present  inves- 


tigation leads  to  higher  ignition  temperatures  for  the 
five  metals  discussed  above  (see  Table  III).  Tin 
and  strontium  have  thick  oxides  which  hinder 
ignition  and  cause  large  variations  in  the  measured 
ignition  temperature.  The  oxide  layer  in  the 
strontium  runs  is  so  thick,  that  it  supports  molten 
strontium,  as  would  a crucible.  Barium  and  calcium 
undergo  an  extraordinary  amount  of  self-heating. 
Hence,  the  Temple  measurements  must  be  very 
near  the  critical  temperature  for  these  metals. 
Barium  is  particularly  susceptible  to  the  instabilities 
of  the  critical  temperature,  and  thus  gives  rise  to 
large  variations  in  the  measured  ignition  tempera- 
ture. 

The  results  for  calcium  are  quite  reproducible 
because  of  the  consistency  of  its  oxide  layer  in 
dilferent  experimental  runs.  The  present  results 
compare  well  with  the  data  of  Mellor  (1967) 
who  found  an  average  ignition  temperature  at 
1 atm.  of  805  °C.  Reynolds’  results  (1959)  in  a 
flowing  stream  of  air  also  give  comparable  ignition 
temperatures  over  700  “C.  His  data,  although 
lower  due  to  the  removal  of  the  room  temperature 
oxide  scale,  are  significant,  for  they  indicate  a 
higher  ignition  temperature  for  calcium  when 
heated  in  an  oxidizing  atmosphere  in  a completely 
different  type  of  ignition  environment. 

The  above  results,  especially  for  calcium,  indicate 
that  a consistent  bulk  ignition  temperature  can  be 
defined  for  most  metals,  independent  of  the  method 
of  heating,  but  dependent  on  ambient  pressure  and 
the  type  of  oxidizing  environment. 

C.  The  relation  between  ignition  and  combustion 

Visual  observations  of  the  ignition  and  subse- 
quent combustion  of  the  above  metals  generally 
substantiated  Classman’s  criterion  (Classman. 
1959, 1960).  If  the  boiling  point  of  the  metal  oxide 
is  greater  than  that  of  the  parent  metal,  then  com- 
bustion occurs  on  the  metal  surface.  Barium, 
calcium,  magnesium,  strontium,  and  zinc  all 
burned  in  the  vapor  phase,  while  the  rest  burned  on 
the  surface.  Bismuth  (see  Table  IV)  proved  the 
only  exception  to  the  above  combustion  criterion, 
but  its  initial  burning  appeared  to  be  in  the 
vapor  phase  with  subsequent  degradation  to  the 
surface. 

There  appears  to  be  little  correlation  between 
the  type  of  combustion  (surface  or  vapor-phase) 
and  whether  a particular  metal  is  critical  or  transi- 
tion temperature  controlled.  Other  visual  obser- 
vations are  discussed  in  detail  by  Laurendeau 
(1968). 
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protective  oxidation  rates  are  observed  at  low  tempera- 
tures in  the  zr-air  reaction  ( see  Table  8) . 


8.  Titanium 


a.  Critical  Temperatures 

Hill  et  al.  (213)  measured  spontaneous  ignition 
temperatures,  for  Ti  in  and  in  air.  For  bulk  Ti  samples 
of  S/V  = 2.56  mm“^,  the  values  are  1150°C  in  33.3  atm  of 
O2  and  1592°C  in  1 atm  of  air.  Unfortunately,  no  igni- 
tion delay  times  are  given. 

The  transition  temperature  of  the  Ti-0.  system 

- —3 

has  only  been  estimated  within  the  pressure  range  10 
through  760  torr,  and  was  taken  as  900°C.  Subject  to 
this  large  pressure  difference  and  noting  that  a spon- 
taneous ignition  rather  than  critical  temperature  was 
reported  by  Hill  et  al.  (213) , it  may  be  concluded  that 
the  critical  temperature  also  controls  in  the  ignition 
of  bulk  Ti  in  02> 

b.  Ignition  Temperatures 

Littman  et  al.  (241)  studied  the  ignition  of 
Ti  bars  broken  in  tension  in  02?  as  has  been  mentioned 
previously,  this  experiment  falls  outside  the  scope  of 
the  present  report. 

Literature  ignition  temperatures  are  shown  in 
Table  21  and  Fig.  15.  Few  conclusions  can  be  drawn  for 
Ti  in  the  various  gases,  as  a transition  temperature  is 
available  only  in  O2.  Some  of  the  expected  trends  with 
respect  to  sample  size  and  with  respect  to  type  of  experi- 
ment are  seen  in  the  table  and  figure. 


(328) 


Note  that  the  results  of  Hill  et  al.  (213) 
and  of  Dean  and  Thompson  (194)  on  the  ignition  of  bulk 
Ti  in  O2  are  in  disagreement:  according  to  these  in- 
vestigators, a spontaneous  ignition  temperature  at  33.3 
ate  is  IISO'^C  (213) , and  the  ignition  temperature  at  20 
atm  is  815°C  and  at  3.3  atm  is  1315°C  (194),  that  is, 
an  inconsistent  pressure  trend  is  reported.  Perhaps  a 
pressure  dependence  of  the  transition  temperature  has 
come  into  play  here. 

A final  item  is  that  Riehl  and  co-workers  (242) 
could  not  ignite  bulk  Ti  at  a temperature  less  than 
1200°C  in  a H2/air  flame  at  a pressure  of  about  1.67  atm. 

9.  Tantalum 

a.  Critical  Temperatures 

In  oxidation  ei^eriment's  with  bulk  Ta  (S/V  = 
0.845  mm~^)  in  1 atm  of  O2*  Albrecht  et  al.  (157)  re- 
ported an  ignition  delay  time  of  15  min  at  1250°C. 
ignition  was  instantaneous  at  1300°C.  Since  the  tran- 
sition temperature  is  much  below  these  values  (500°C) , 
it  is  concluded  that  the  ignition  of  Ta  in  O2  is  con- 
trolled by  the  critical  temperature. 

b.  Ignition  Temperatures 

Reported  ignition  temperatures  for  Ta  in  O2 
and  air  are  shown  in  Table  22.  Cowgill  and  Stringer 
(159,243)  listed  a value  of  lOOO^C  in  O2  for  a slightly 
smaller  sample  than  that  used  in  (157).  Since 

these  authors  noted  that  the  samp  Iburst  into  flame 


i;  ini-i-mnim 
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TABIE  22. 

LITERATURE  IGNITION  TEMPERATURES  FOR  TANTALUM 


Stated 

Gas 

Sample 

Ignition 

Reference 

Size 

Pressure 

Condition 

Temperature , 

osxssa 

(159), 

4.2  nm  ^ 

B 

1000 

(243) 

(157) 

0.845  mm  ^ 

1 atm 

B 

1300 

Air 

(203) 

<44^ 

1 atm? 

OD 

630 

(220) 

4.32  ma  ^ 

1-7  atm 

QP 

B 

300 

1238-1282' 

1 

Brightness  temperature. 


when  ©2  was  admitted  at  1000®C,  this  value  may  actually 
be  a critical  temperature  as  a result  ©f  sample  self- 
heating during  the  transient  filling  period. 

The  bulk  air  results  (220)  are  consistent 
with  the  air  transition  temperature  of  800®Cj  lower 
ignition  temperatures  observed  in  OD  and  QP  escperiments 
are  most  likely  a result  of  sample  self-heating#  as  was 
the  case  for  similar  experiments  with  Zr  and  Ti. 


(331) 


Evidently  in  this  experiinental  environment  the  criti- 
cal temperature  of  Mo  is  extremely  high  (perhaps  due  to 
large  heat  losses  from  the  samples) , and  interferred 
with  the  oxidation  experiments. 

b.  Ignition  Temperatures 

In  Table  23  literature  ignition  temperatures 
for  Mo  in  stir  are  listed.  Excellent  agreement 

is  seen  between  the  ©3  transition  temperature  of  725°C 
and  the  bulk  ignition  temperatures. 

In  air*  the  DD  result  is  above  the  air  tran- 
sition temperature  (595^0)  $ but  the  QP  datum  is  below 
this  value,  probably  due  to  the  low  critical  tempera- 
ture associated  with  QP  e:q)eriments. 


TABLE  23. 

LITERATURE  IGNITION  TEMPERATURES  VC&  MOLYBDENUM 

Stated 

Gas 

Sample 

Ignition 

Reference 

Size 

Pressure 

Condition 

Temperature, 

OxvRcn 

(177) 

2.33  ima'^ 

1 atm 

B 

750 

(196). 

Alio  g 

1 atm 

B 

750 

(200) 

(36) 

6.7  atm 

B 

725 

Air 

(203) 

1 atm? 

DD 

720 

QP 

360 

On  the  isasis  of  the  ignition  temperature  data, 
no  further  conclusion  may  be  dravm  as  to  which  of  the 
transition  and  critical  temperatures  controls  the  btilk 
ignition  of  Ho. 

11.  Silicon 

Ho  indications  of  Si  self-heating  or  spontan- 
eous ignition  are  present  in  the  literature.  Furthermore, 
very  few  ignition  data  are  available  for  Si  (Table  24) . 

As  transition  temperatures  have  been  estimated  only  for 
the  Si-02  and  Si-H20  systems,  no  conclusion  can  be  drawn 
from  the  data  listed  in  Table  24. 


TABlg  24. 

LITERAIDRE  ICNITION  TEMFERAIURES  FOR  SILICffi? 


Stated 

Gas 

Sample 

Ignition 

Reference 

Size 

Pressure 

Condition 

Tesyierature 

NltroKen 

(203) 

«53ytt 

1 atao? 

QP 

1000 

(204) 

^149^ 

1 atm? 

QP 

1000 

Air 

(203) 

<53JU. 

1 atm? 

QP 

950 

1 aCmi? 

QP 

790 

(204) 

<149^ 

1 atm? 

QP 

950 

DO 

775 

Carbon  Dioxide 

(203) 

1 atm? 

QP 

1000 

(204) 

1 atm? 

QP 

1000 
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SUMMARY 


A study  of  the  high-teraperatoire  oxidation  of  several  aircraft  con- 
struction materials  was  undertaken  to  assess  the  possibility  of  ignition 
under  high- temperature  flight  conditions.  Tests  have  been  made  both  in 
open  and  closed  jets,  and,  in  addition,  the  burning  of  metals  has  been 
observed  under  static  conditions  in  a presstirized  vessel  containing  either 
air,  oxygen,  or  nitrogen.  When  heated  in  an  atmosphere  of  oxygen  or  when 
heated  and  plunged  into  a supersonic  airstreara,  titanium,  iron,  carbon 
steel,  and  common  alloys  such  as  4130  were  found  to  have  spontaneous - 
ignition  temperatures  in  the  solid  phase  (below  melting)  and  they  melted 
rapidly  while  burning.  Inconel,  copper,  I8-8  stainless  steel.  Monel,  and 
aluminum  coiild  not  be  made  to  ignite  spontaneously  at  temperatures  up  to 
melting  with  the  equipment  available.  Magnesium  ignited  spontaneously 
in  either  type  of  test  at  temperatures  just  above  the  melting  temperature. 

A theory  for  the  spontaneous  ignition  of  meta3.s,  based  on  the  first 
law  of  thennodynamics,  is  presented.  Good  correlation  was  obtained 
between  calculated  spontaneous-ignition  temperatures  and  values  measured 
in  supersonic  jet  tests. 

There  appears  at  the  present  time  to  be  no  need  for  concern  regarding 
the  spontaneous  ignition  of  Inconel,  the  stainless  steels,  copper,  alumi- 
num, or  magnesium  for  ordinary  supersonic  airplane  or  missile  applications 
where  the  material  temperature  is  kept  within  ordinary  structural  limits 
or  at  least  below  melting.  For  hypersonic  applications  where  the  material 
is  to  be  melted  away  to  absorb  the  heat  of  convection,  the  res\lLts  of  the 
present  tests  do  not  apply  sufficiently  to  allow  a conclusion. 


INTRODUCTION 


In  the  engineering  of  missiles  or  other  aircraft  to  fly  at  extremely 
high  speeds  it  has  been  customary  to  choose  materials  that  retain  strength 
at  design  temperature.  More  recently,  designers  who  have  been  concerned 
with  aircraft  \mder  transient  thermal  conditions  have  planned  to  use  the 
skin  as  a heat  sink  and,  in  some  extreme  cases,  to  use  the  heat  of  fusion, 
or  melting,  as  a possible  means  of  absorbing  the  aerodynamic  heating. 
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ai2“  e ® I + 0.0000k8e(^-^p'''  (2) 

Conduction  is  omitted  because  the  rods  were  quite  uniformly  heated.  The 
first  term  represents  oxidation  and  is  taken  from  equation  (l) . The 
sec.- id  term  is  3.ibulkin's  theory  for  the  heat  transfer  on  a hemispherical 
nose,  which,  in  this  case,  had  a diameter  of  3/8  inch.  The  last  tern  is 
the  usual  expression  for  radiation.  Thf.  value  of  emissivity  was  taken 
as  0.88.  The  unknown  quantity  T,  the  surface  temperature  for  equilibrium 
conditions,  appears  in  each  term.  The  solutions  of  this  equation  for 
oxide  thicknesses .of  0.0001  and  O.Ofl  are  plotted  in  figure  4.  The  theory 
shows  a slight  dS^^'in  spontaneous -ignition  temperature  with  airspeed 
because  the  convection  represents  a loss,  measured  spontaneous - 

ignition  temperatures  also  show  a slight  «^^Sfith  speed  at  the  higher 
speed  range.  At  I50  ft/sec,  no  ignition  was  obtained  although  the  speci- 
mens were  heated  to  near  melting.  Insufficient  oxygen,  together  with 
nitrogen  enrichment  of  the  boundary  layer,  seems  to  be  the  most  probable 
cause  of  the  failure  to  ignite  at  low  airspeed,  although  r-^duced  erosion 
may  possibly  affect  the  resilt. 

Some  nonferrous  materials  such  as  Inconel  and  copper  were  tested  to 
temperatures  approaching  melting  in  a supersonic  blowdown  jet  with  a 
stagnation  temperature  of  600°  F,  without  obtaining  ignition.  Ihe  same 
results  were  obtained  from  the  simple  heated-wire  tests  in  an  atmosphere 
of  oxygen.  Figure  5 shows  temperature -time  histories  for  wires  of  sev- 
eral materials  tested  in  oxygen  at  500  Ib/sq  in.  abs.  Although  the 
Inconel  and  copper  were  heated  until  they  melted,  no  ignition  was  obtained 
The  rate  of  oxidation  of  these  materials  was  too  small  to  be  measured  by 
the  techniques  used.  The  break  in  the  titanium  curve  is  not  associated 
with  oxidation  but  is  believed  to  result  from  the  heat  absolution  by  the 
alotropic  transformation.  When  the  electric  power  was  cut  off  at  2,100°  F 
the  titanium  spontaneously  ignited  and  burned  vigorously.  Titanium  was 
also  found  to  burn  vigorously  in  an  atmosphere  of  ptire  nitrogen  as  well 
as  in  an  atmosphere  of  air.  The  spontaneous  igaition  temperature  in  air 
at  a pressure  of  1 atmosphere  was  2,900°  F.  Magnesium  was  observed  to 
ignite  when  it  melted,  possibly  because  some  of  the  protective  oxide 
coating  was  floated  off. 
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CONCLUSIONS 


Tests  of  low-carbon  steel  and  several  other  materials  heated  ariifi- 
cially  in  wind  txmnels,  in  air  jets,  and  under  static  conditions  in 
atmospheres  of  air,  oxygen,  and  nitrogen  indicate  the  following; 
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Ignition  Characteristics  of  Metals 

and  Alloys 
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W.  R.  THOMPSON* 
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Acroj«l-<»etienil  Clorp. 

' 

Haersmento,  Calif* 

The  iiinition  characlerUticR  of  riiKiiie  ntnirlurul  metals  an«l  alktys  as  infliirnrcd  by  the  com* 
position  and  pressure  of  the  ambient  atmosphere  are  of  immediate  interest  to  propulsion  design 
engineers.  Tubular  test  sections  of  the  stainless  steel,  cobalt  and  nickel  allays,  liesides  aluminum, 
copper  and  titanium  were  resistance  heated  in  coniroiled  atmospheres  of  osygen,  carbon  dioxide 
and  an  equal  mixture  of  these  gases.  Tube  and  gas  temperatures  .rblained  were  correlated  with 
color  motion  picture  coverage  of  the  manner  in  which  the  tube  heated  and  failed.  Htainless  steels 
and  cobalt  alloys  ignited  within  the  melting  point  range  of  each  material.  Nickel  alkiys  did  not 
ignite  until  the  melting  point  was  reached.  The  rate  of  combustion  increased  with  oxygen  content. 
Stainless  steels  with  a high  nickel  content  appear  most  suited  fnr  applicalioiis  at  high  temperatures 
in  an  oxidiaing  atmoophere. 


THK  ADVKNT  of  nuclear  energy  ai  d rocket  propuMon 
has  focused  attention  on  the  need  tor  a more  complete 
-<  understanding  of  the  mechenisms  involved  in  the  high  tem- 
perature oxidation  and  ignition  of  metals  in  omparatively 
■hart  time  periods.  The  tsrtora  of  metal  composition  and 
fcbrication  hktocy,  metal  temperature  and  the  com|>oeiti<in, 
* preaure  and  superfirial  velocity  of  the  amlaent  atmoephem 
must  be  coasidered  in  any  systematic  evaluation  of  such 
ignition  proeeawe.  In  selecting  materials  to  reaist  ra|>id 
ouidation,  however,  due  emphasis  must  be  given  to  other 
■eeSMary  metal  prerequiaitee,  including  high  thermal  roii- 
ductirity  and  tensile  strength,  low  density,  high  molting 
jxjbit,  ease  of  fabrication,  and  availability  at  reasonable  cost. 

Oxidation  Mechaniama 

Moat  metala  and  alloys,  when  exposed  to  an  oxidising  at- 
nuMphere,  undergo  a chemical  reactior.  with  the  oxidising 
component  of  the  gas  phase,  forming  an  oxidi*  him  or  scale  on 
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the  surface  of  tlu'  metal.  The  physiiwl  and  eh(‘iiiieal  reactions 
controlling  oxidatioii  (c.g.,  the  rate  at  which  tlie  oxide  forms 
and  tile  imture  of  its  bond  to  the  metal  surface)  arc  complex 
functions  of  a number  of  varial>les.  These  iiicliirk*  not  only 
the  chemical  com|iosition  and  physii-al  state  of  the  metal 
surface,  and  the  gixsiietry  of  tin*  nn-tal  o()ject,  l>ut  also  en- 
vironmental factors  (i.e.,  the  chemieal  coni|Misition  and 
fluki-dynamical  cluracteristu's  of  the  gaseous  environment 
ami  the  pressure  and  ti-mperature  of  the  entire  system). 

Those  metals  that  form  a iioii|M>n>us  oxnle  film  which  :td- 
lieres  tiglitly  to  the  base  nwtal  are  immune  to  fiirllM-r  oxhLi- 
tion.  l-niti(Mt  of  the  metal  will  not  n•M-nmlly  (sx-ur  unli‘ss 
this  pi\>tective  film  is  broken.  Nickel  and  aliiminiini  have 
this  ihwinilrle  rharack'ristie.  However,  if  the  oxide  film 
is  iMtrous,  or  dues  not  a.Ihere  to  the  Ixise  im'tal.  o\i.iuti<m  will 
oreur.  I1iis  results  in  (k'struetion  of  tie  metal  tlinaigli  .san- 
plete  conversHHi  to  tie  oxide  f.uin.  Ignititai  .sx'iirs  more 
reatlily  for  im'tabt  forming  su.'h  liinm.  Mild  stetd,  nuilyl.- 
ik’uuni  and  titanium  liave  tls-M'  elianieh'risties.  Fiw  imwt 
e.MnnuMi  iiM'tals.  iirnkT  ambient  atnus>plM'ri.-  eisMlitiiais,  sueh 
oxitlation  raU-s  are  <xini|Niruti\ely  slow  . 

Oxi.lati.Hi  is  an  exuthemiie  lenetUHi.  Kih  slow  rates  of 
uxiiiatHHi  (e.g.,  tlM‘  rusting  of  stix'l)  tie  h.-at  of  r.iietHHi  at  tie 
Mirfair  id  the  ns'tal  is  dissi|iat<xl  priiei|Killy  hy  nHaliielHHi  to 
tls!  Iiulk  tls'  ns-tal  ami  hy  e.Nivi'eti.Hi  to  tls-  atniis>plH're. 
'I1m‘  im‘tal  teffl|N.rature  thus  remains  ens'ntially  at  lie  aiii- 
lm*nl  h*vid.  If,  howevTr  tls-  rate  irf  oxhIhIhni  is  wi  rapiil  tli.it 


cA/mr  *fOL  AMD  sTAMLess  srea  alums 


mcMB.-aAsa  alums 


Fif.  9 Tc«t  furamary  In  oxygen  atmoephare 


may  Ignite.  Thear  result*  indicate  tliat  ignition  of  titanium 
is  also  dependent  upon  the  condition  of  the  oxide  film  and 
consequently  u|M>n  the  particular  testing  tcchni(|ur  employixl. 
Of  ail  the  metals  tested,  titanium  proved  to  be  the  nioet  n>- 
active  metal  at  elevated  temperatures  n'gardli'ss  of  the  com- 
position of  the  atmosphere. 

Conclusions 

The  result*  of  this  investigation  are  graphically  HummurixecI 
in  Fig.  8,  in  which  the  effect  of  gas  comptisitiun  at  a constant 
pressure  is  shown,  and  in  Fig.  9,  in  which  the  ciicct  of  pressure 
ut>on  tubes  in  an  o.xygen  atmos|>here  is  noted.  Tfic  following 
general  conclusions  an*  indirated. 

The  ignition  of  stainless  stt'cU  (contuininf;  nickel)  occurred 
witliin  the  melting  |)oint  ranges  of  the  alloys  during  tests  in  an 
oxygen  atmosphere.  Steel  alloys,  with  no  nickel  contimt  ig- 
nited at  temperatures  below  their  melting  point*.  Tlie  rates 
of  burning  and  destruction  of  the-  test  sections  incnxuwxl  w ith 
inenasing  oxygen  concentrations. 

.Most  of  the  nickel  baaed  alloys  dkl  not  ignib'  until  tlie 
melting  point  was  reached.  Nickel  A did  not  ignib-  in  o.xygen, 
and,  whereas  ignition  was  nobsl  for  the  otlmr  alloys  at  cle- 
vutisl  prrssuri's,  the  rate  of  burning  of  Nickel  A was  geiwrally 
lew-  M>\-ere  than  tliat  obsi-rvetl  for  the  ferrous  bastsi  alloys. 

CoImU  hosed  alloys  ignibsl  at  b'm|ieratun-s  within  their 
iiH'lling  |>oint  rr.nge.  The  rab-s  of  Iniming  were  similar  to 
tliiise  of  the  iroi!  Istsed  alloys;  however,  the  n-sulting  ilanwgi* 
to  Die  test  sections  was  leas  seven*. 


Ignition  dkl  not  occur  with  the  aluminum  alloy  studic'l. 
A cop|M*r  b*st  se<'tion  ignite<l  w hen  tesb*d  in  oxygen  at  the 
;i0l)  psia  |)n*asun*  level.  Titanium  was  the  most  reactive  of 
all  the  metals  tested,  and  was  the  only  metal  which  ignib*d  in 
an  atniimiiherc  of  carbon  dio.vkii*. 

From  these  b*st  n*sult*  it  is  concluded  that  stainless  steels 
with  a high  nickel  content  an*  tls*  most  suitable  nuiteriul  fur 
the  m;inufacturc  of  such  items  as  ru«'ket  engine  combustion 
chanils-rs.  Ihis  metal  is  espix-ially  udaptalde  when*  high 
tem|H*rature  environnient  |ilus  resisbince  to  oxidation  reac- 
tions an*  major  controlling  factors. 
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- silicone  GreaBea. 


Three  Silicone  greases  were  examined  la  oxygen  at 
preBsuree  up  to  2^0  atmosphereB.  The  Ignition  temperaturee 
are  given  In  Table  8 and  shov;  that  the  Ignition  temperatures 
obtained  at  any  given  pressure  in  a flow  of  oxygen  are  greater 
than  under  etatic  condltlone.  Similar  resulte  were  obtained 
with  D.O.Pluld  200  CSTES  100,  Grease  0,41  appears  to  be  the 
most  resistant  of  the  three  silicone  greases  examined  but  Its 
Ignition  temperatures  are  lower  than  those  reported  previously 
for  the  Acheson  compound  G.30  and  for  anti-seize  and  sealing 
confound  AN-0-86. 

TA3LS!  8, 

Ignition  Temperaturee  of  Silicone  Greases. 


leone 

erlal 


Plug  Oook 
grease 


Flow  F 
s (2  l/mln) 
or 

Static  8 


Grease 

D.0.33 


Grease 

0,0.41 


Ignition  Temperature  - 

00 

Individual  Besults, 

Average 

Standard 

deviation 

Grease  0,0.33,  was  also  examined  in  air  flowing  at  2 litres/ 
minute  at  pressures  up  to  250  atmospheres.  Bosults  given  in  Table  9 
show  that  there  is  no  appreciable  change  in  ignition  temperature  trith 
inoreaslng  pressure  and  that  the  ignition  tanperatures  in  air  are 
higher  than  in  oxygen  by  30°  at  50  atmospheres  pressure  and  by  70° 
at  250  atmospheres  pressure. 


TAELS  q 


Ignition  Temperatures  of  Silicone  Grease  S.0.33 
In  air 


Pressure 

ate. 

Tcnltion  Temperature  - ®C 

1 

Individual  Hesults, 

Avera,?:e 

Standard 

Deviation 

50 

281,  271,  283.  283.  338.  254,  30: , 

287 

27  . 

100 

293,  284,  257.  283,  257.  217. 

263 

£ 

175 

256.  272.  260.  268.  270.  210.  233. 

253 

23 

252 

300  . 241»  2'iO.  289.  296.  303.  280, 

280 

In  experiment  Notll^l  1^  viiloh  Grease  D»C*41  was  under  examlnatloni 
ignition  of  the  material  In  the  reaction  tube  was  followed  b7  an 
explosion  in  the  copper  tube  connecting  the  bomb  to  the  exit 
control  valve.  The  copper  tube  was  burst  in  several  plaooSt 
The  incident  is  described  in  Appendix  II. 


Claes  I - DISGUSSION. 

An  examination  of  the  ignition  temperatures  of  the  materials 
reported  in  this  section  leads  to  the  following  conclusions I~ 

1.  Spontaneous  ignition  did  not  oooir.  No  materials  Included 
in  this  section  ignited  \inless  heated  to  l80°0  even  at  the 
highest  oxygen  pressure. 

2*  The  ignition  temperature  fell  with  increasing  oxygen 

pressure  but  the  effect  was  not  marked  at  pressures  above 
30  atmospheres  up  to  the  maximum  of  230  atmospheres. 

At  high  pressures  rate  of  flow  of  oxygen  within  the  range 
examined  had  a minor  effect. 

3«  Of  the  liquid  materials  examined  the  Aroclors  are  clearly 
the  most  resistant  to  ignition.  Whether  these  materials 
are  safe  to  use  regularly  in  high  pressure  oxygen  systems 
is  of  course  not  decided  by  ignition  temperature  alone; 
it  is  not  unreasonable  to  suggest,  however,  that  the 
Aroclors,  if  their  other  properties  are  satisfactory,  may 
be  suitable  for  use  as  lubricants  and  hydraulic  fluids 
in  oxygen  systems, 

4*  ^e  Acheson  compounds  0,30  and  C.T.2,  end  the  hilnlstry 

Anti-seize  Compound  AN-C-86  have  hi^  ignition  temperatures 
unaffected  by  pressure  and  should  be  safe  to  use  in  oxygen 
systems.  Judged  by  ignition  temperature  they  are  to  be 
preferred  to  the  Silicone  materials, 

8,H.Brooks  in  U.S.A,  Bureau  of  Mines  Beports  of  Investigations 
No, 2555  entitled  •‘Spontaneous  Ignition  of  Oils  in  Oxygen  under  Pressure" 
reports  the  ignition  temperatures  he  obtained  for  a few  oils. 

Brooks  used  a static  method  in  '4iich  email  samples  of  oil  distributed 
on  pure  asbestos  were  placed  inside  a steel  bomb  of  4 ces  capacity 
and  heated  until  ignition  took  place.  The  point  at  which  ignition 
occurred  was  determined  by  listening  with  headphones  for  the  explosion 
which  accompanied  the  ignition.  The  work  is  also  described  by 
M.D. Horsey  in  a paper  entitled  "A  Study  of  the  Oxygon-Oil  Explosion 
Hazard"  from  v;hich  the  following  ignition  temperatures  are  takenl- 

011  Igni^:on  Temp.  °C 

Horosono  175 

Mobiloil  A 170 

Sperm  135 

Lineood  120 


!Ehe  effect  of  heating  rate  was  examined  at  175 
atmospheres,  when  it  was  found  that  increasing  the  rate  so  that 
the  sample  was  raised  through  100°  in  one  minute  reduced  the 
ignition  temperature  from  245°  to  177°0.  Ihe  results  are  given 
iu  fable  l6  and  in  all  cases  were  obtained  using  the  normal 
heating  rate  in  a flow  of  oxygen  of  2 litres/minute,  except  om 
series  of  experiments  at  175  atmospheres  at  the  faster  heating 
rate*  fhe  inner  lining  of  tvro  neoprene  hoses,  one  for  oxygen 
and  one  for  acetylene,  made  by  the  British  I'yre  and  Eubber 
Company  to  their  specification  1219*  was  also  examined  in  100 
atmosphsres  at  a flow  rate  of  2 litres/minute.  fhe  average 
ignition  temperatures  were  304°  emd  31200  respectively,  which 
is  about  200  above  the  ignition  temperature  under  identical 
conditions  of-  the  neoprene  lining  tube  submitted  by  the  Hinistiy, 

fABLB  l6. 


Ignition  femperatures  of  Neoprene  Lining  fube 


Pressuro 

1 Ignition  Semperatures  - oc 

With  fabric 

Without  fabric  I 

Standard 

deviatiOE 

Average 

Individual  results. 

Average 

50 

229 

300,  312,  300, 
315.  300,  307. 

306 

7 

100 

176 

279.  292,  292, 
285,  275.  250. 

285 

7 

175 

191 

264,  245.  238. 

243,  251,  230. 

245 

12 

Fast  heating  rate 

178,  176,  168, 
168,  180.  190, 

177 

6 

250 

165 

249,  245,  189, 

162,  170,  248.  175, 

205 

44 

She  mterials  were  also  examined  by  the  >pot>  test  and 
the  minimum  ignition  temperatures  were  as  f ollowe}- 


Neoprene  lining  tube  with  fabric  ~ 330°  0 
Neoprene  lining  tube  without  fabric  - 3»0OQ, 
BfE  Specification  1219  oxygen  hose  - 3?0°0 
BfE  Specification  1219  acetylene  hose  - 370°0 


ll(b)3«  - High  Pressure  Oxygen  Hose  BIB  Specification  ll80« 

She  inner  lining  of  this  hose  manufactured  for  use  in 
hi^  pressure  oxygen  systems  was  examined  at  lOO  and  250  atmoss^eros 
in  a flow  of  oxygen.  No  ignitions  were  obtained  at  250  atmospheres 
when  the  heating  rate  was  the  same  as  that  used  in  the  experiments 
at  100  atmospheres;  hard  carbonised  residues  were  obtained,  When, 
however,  the  heating  rate  was  increased  ignition  occurred  quite 
readily  at  about  175°^*  increase  in  heating  rate  W8.s  not  very 

great;  at  the  faster  rate  the  sample  was  warmed  from  60  to  l60° 
in  one  and  a half  minutes. 

She  results  are  shown  in  Sable  17* 


- :i7  - 
TAHTJ  17 


Ignition  temperatures  of  E.£’«0:xyge2i  Eose 
SIR  Speolflcation  ll80« 


Pressure 

Eeating 

Ignition  temperatures 

- 00 

ate 

rate 

Individual  results. 

Average 

ItcTnaffg. 

100 

Kormal 
(100- 
2000  la 
2 mins) 

314.  330,  333. 
346,  300,  330* 

325 

i6 

250 

Normal 

Pour  non-lgnltions* 
Samples  heated  to  32QO0 

- 

- 

Past 

179.  181,  190, 
172.  168.  161. 

175 

10 

Il(b)4  ~ SleTie  Ooncan  Rose.. 

X sample  of  single  covered  wire  reinforced  high  pressure 
hose  used  by  the  Slebe  Gorman  Company  was  received  for  examination* 
In  special  experiments  t^ssre. Globe  Gorman  had  succeeded  In  causing 
Ignition  of  idontidal  hose  by  adiabatic  oompi>"e3elon* 

the  material  was  examined  at  100  and  250  atmospheres  in 
oxygen  flowing  at  2 litreo/mlnutei  the  results  given  in  table  l6 
show  a marked  reduction  In  Ignition  temperature  at  the  hl^er 
pressure.  the  'pot'  Ignition  tmperature  was  40C*0. 

tABLE  3.8 . 


Imltlon  tanqaeraturea  of  Slebe  Gorman  Bose* 


Ignition  temperatures  - °o 

H 

Individual  results* 

Average. 

Standard 

deviation 

ICO 

373,  ,375.  368.  379.  372.  379*  . 

4_  _ 

250 

150 

16 

Il(b)5  - Silicone  Rubber. 

this  material  was  exat Inod  at  50  175  atmospheres 

In  a flow  of  oxygen  and  at  250  atmospheres  under  static  conditions* 
the  Ignition  temperatures  are  quite  high  and  like  the  other 
Qil leone  materials  reported  in  Olase  I are  not  greatly  affected 
by  Increaseo  in  pressure*  the  material  failed  to  Ignite  in  the 
•pot*  teat  at  500°0* 


tABLS  19 


Ignition  tomperaturea  of  Silicone  Rubber* 


Pressure 

How  (P) 

Ignition  temperatures  - oq 

! 

at  8 

Individual  results. 

Average. 

Standard 

deviation 

50 

p 

355.  351*  360. 

_ _ 355_  . 

5 

175 

p 

297.  333.  290, 

331.  330.  265.  

306 

28 

250 

8 

315.  330,  340. 

-215. 

326 

12 

n(c)  - Carton  Blacks . 


Three  eanples  of  carhon  blades  used  in  rubber  compounding 
were  examined  In  oxygen  at  100  atmospheres  flowing  at  S litres/ 
minute  in  February  1949*  results  are  given  in  Table  20* 

TA3LE  20. 


Ignition  Temperatures  of  Carbon  Blac-ks, 


Material 

Ignition  Temperature  - OQ 

Individual  results 

Average 

309  , 320,  314!..296,_28i,  293. 

302 

HHI 

Thermatomic 

Black 

340.  308,  331,  335»  343,  339. 

m 

HSIi 

Gastex  Blade 
S.fitF . 

30l,_31Q,.  305,_J_Q9.„312.  303. 

307  ■ 

4 

Lamp  Black  was  re»examlned  in  September  1949i  the  ignition 
temperatures  are  given  in  Table  21  end  are  considerably  greater 
at  100  atmosidieres  than  the  results  obtained  in  Februaxy  1949* 

The  heating  rates  used  in  both  sets  of  experiments  were  the  same 
and  in  ell  eases  quite  sharp  breaks  were  obtained  in  the  temperature- 
time curves.  The  eamplee  were  received  as  powders  in  air-tlgiht 
tins.  It  is  difficult  to  explain  the  discrepancy  between  the 
results  obtained  in  February  and  September!  but  it  is  reasonably 
certain  that  pressure  in  the  range  100  > 2^0  atmospheres  does  not 
have  a marked  effect  on  ignition  temperature  and  that  the  carbon 
blacks  have  relatively  high  ignition  temperature  in  high  n^'oesure 
oxygen. 


TAjiac  a 


Ignition  Temperatures  of  Lamp  Black  obtained  in 
September  1949. 


BSI 

Ignition  Temperature  » oq  { 

Individual  results. 

Average 

iiiEiiim 

373,  435.  (failed  to  if 

^ite  in 

four  tests) 

100 

.419,  396,  376.  378,  385,  399. 

.^592 

16 

380.  390.  391.  371.  402.  402. 

mi 

_ 13  . 

HH 

32 

daes  II  SISOUSSION. 

Katural  and  synthetic  rubber  hoses  are  used  in  both  hi^  and 
low  pressure  oxygen  systems.  In  high  pressure  systems  the  hoses 
are  used  mainly  as  flexible  connections  for  dmirglng  cylinders, 
fires  in  such  high  pressure  systems  have  been  reported  but  no 
detailed  accounts  are  available  of  such  incidents  and  they  are 
believed. to  be  infrequent.  Fires  in  low  pressure  hoses  used  with 
oxy-acet;’lero  welding  equipment  are'  more  common.  The  fires  usually 
occur  after  a ‘flashback*!  i.e*  hot  gases  are  forced  back  from  the 
torch  into  the  supply  hose  where  they  may  cause  a hose  to  ignite. 

As  rubber  hoses  are  frequently  used  In  oaygen  systems 
considerable  work  was  carried  out  to  determine  the  ignition 
chameterlstiCB  of  typical  heca  SsiterialB.  The  results  presented 

- 


CLASS  III 


pomias 


She  following  materials  have  been  included  in  this 

Sectiont- 

1.  Balythene. 

2.  Seflon. 

3.  Kel-F. 

4*  Polyvinylchloride. 

5*  Polyvinyl-alcohol. 

6.  Nylon,  » 

7,  Perspex.  k 

8.  Buna.  K 

9,  Bod  Tulcanised  Fibre  « 

10c.  Resin-bonded  fabric  se 

11.  !I!afnol. 

X Indicates  that  the  material  was  submitted  by  the  Hinistiy  of 
Supply. 


Ihe  first  eight  materials  have  all  been  developed  in 
recent  years;  £el-F|in  fact,  is  not  yet  readily  available,  IThe 
last  three  materials  are  Included  in  this  section  because  the 
bonding  material  is  often  a polymer  and  like  the  other  materials 
included  in  this  section  they  may  bo  machined  to  form  seats  and 
gaskets  in  high  pressure  oxygen  systems. 

III.l.  - Polythene  (Polyethylene). 

Small  block  samples  were  cut  from  a rod  of  polythene 
and  examined  in  oxygen  at  2 lltres/minute  and  in  air  at  2 to  10 
litres/minute.  The  average  ignition  temperatures  are  given  in 
Table  22  in  which  the  standard  deviations  ere  shown  in  brackets. 

It  \dll  be  seen  that,  with  either  oxygon  or  air,  pressure  in  the 
range  30  to  23O  atmospheres  has  little  offset  on  ignition  temporaturo 
nor  la  thoro  any  big  difference  between  the  results  with  air  at 
10  lltreo/mlnute,  and  the  rosultR  at  2 litres/mlnute,  although  it 
is  Intoroeting  to  noto  that  in  all  cases  ignition  tomporaturos  wore 
slightly  lower  at  the  higher  gas  rate. 

The  'pot*  Ignition  tomperaturo  was  38O®0. 

TAm.E  22. 


Ignition  Tomperatm’os  of  Polythene. 


Prossuro 

Moan  Ignition  Tempoi*aturo  in  Air. 
°0 

Mean  Ignition  Temp, 
in  Oxygon,  °0 

ats. 

Plow  rate  - 

2 

litros/min.  ' 
10 

Plow  rate  - 
2 

> 1/min 

50 

231 

(13) 

218 

(10) 

235 

(16) 

0 

0 

222 

(31) 

201 

(20) 

_2P5. 

(10) 

173  5/ 

255 

(12) 

208 

( 9) 

171 

(19) 

250  S'& 

222 



215 

ML 

20L 

_J16) 

EEnples  of  Polythene  seats  for  oxygen  rogulatore  were 
examined  in  block  fora  at  100  atmospheres  as  received,  and  after 
storage  for  three  days  at  30°C  in  oxygen  at  100  atnosphares.  It 
will  be  seen  from  Table  23  that  the  Ignition  temperature  of  these 
Polythene  eeats  increased  on  agoing. 


ss  - 


JABUC  23. 


Ignition  gemperaturea  of  Bolytheno  Seats. 


Freeeure 

ate. 

Ignition  Temperature  <^0 

As  received 
Individual  results. 

1 After  accelerated  ag 
Averaee|  Individual  results. 

)ing 

Averacs 

100 

142,  151.  191. 

|200,  195,  188, 
161  1187.  210.  193. 

-196— 

in.2»  ~ leflon  (letraflnoroetbylene  polymer). 

!IhiB  Interesting  material  was  examined  in  the  homh 
in  block  form  and  as  shavings  up  to  pressures  of  S^O  atmospheres. 
Xjqperimonts  wero  carried  out  in  a static  atmosphoro  and  in  a flow 
of  oxygen  at  2 litres/minutei  hut  in  no  case  was  ignition  recorded, 
although  tho  samples  wero  heated  to  In  all  cases  tho 

residue  was  transluscent  when  removed  from  the  homh,  hut  on 
cooling  became  opaquo  and  Indistlnguishablo  from  samples  that  had 
not  been  heated  in  oxygen.  It  was  possible,  however,  to  ignite 
teflon  in  oxygen  at  1 atmosphere  in  the  *pot'  test  at  abnormally 
high  temperatures.  Ihe  material  could  be  seen  burning  feebly 
in  oxygen  preheated  to  530°0.  !l^e  results  of  the  'pot'  test 
are  shown  in  Table  24  in  which  'x'  indicates  failure  to  Ignite. 

TAHJC  24. 


'?ot'  Ignition  Temperatures  of  Teflon. 


Temgerature 

Ignition  Time 
seconds 

Trequenoy 

520 

XXX 

0/3 

530 

60,  72.  70. 

-5b 

550 

30,  28. 

2/2 

III. 3 - Kel-g  (Monoohlore  trifluoro-ethylene  polymer). 

A sample  of  this  new  material  was  obtained  from  imerioa. 
Unlike  Teflon  it  is  a transparent  thermoplastic,  the  physical 
properties  of  which  can  be  modified  by  suitable  treatment. 

There  was  insufficient  for  high  pressure  tests  but  a 
little  of  the  material  was  examined  by  the  'pot'  test,  when 
it  was  found  to  Ignite  at  SOQOO,  but  not  at  3^0°0.  It  may  be 
that  the  exact  'pot*  Ignition  tec^erature  Is  below  600°0,  but 
^ it  is  clear  that  Xel-T  has  a hl^er  ignition  temperature  than 
Teflon  as  determined  by  the  'pot'  teet.  Tha  detailed  results 
are  given  in  Table  23*  in  which  'x'  indicates  failure  to  ignite. 

As  with  Teflon  the  materiel  burned  feebly  when  Ignition  did  occur. 


v/ 


TJiSLS  26. 


'Bot'  Igr  ition  Temoeraturee  of  Rel-T 


|u,.. 

Temperature 

OQ 

Ignition  Tice 
seconds 

Brequonoy 

560 

1 €00 

XXX 

23,  16,  te 

0/3 

3/3 



m,4  Sblyvlnylohlorlde  (P7G). 

(a)  UaplaaticiBedt 

Soma  polyvlnylohlorlde  in  powder  fozm,  obtained  from 
KeserB«l«C.l.Llmited|  was  examined  In  high  preaenre  oxygen 
flowing  at  S litres/minute*  Ihe  reaulta  given  In  Table  26 
show  that  the  ignition  temperature  of  270  falls  from  444°  &t, 

1 atmosphere  to  204°  at  100  atmoepheres  and  l6l°  at  2^0  atmoapherea; 
prosBure  olearly  had  a marked  effect  on  ignition  temperature! 
but  incrcaaea  in  preaaure  above  100  atmoapherea  did  not  greatly 
reduce  the  ignition  temperature* 

TABU  26. 


Ignition  Temperatures  of  Bol^lnylchlorlde* 
(UmdaBtloiaed; 


Pressure 

Ignition  Temperature 

..  oo 

ets. 

Individual  Bosults. 

Average 

1 

425j  45Q.  471.  431. 

. m . 

21 

wm 

245 

9 

100 

229.  224.  198.  210.  l85.  l8l. 

204 

20 

n: 

170.  162.  171.  162.  228.  165. 

160 

31 

K Ir  / a Ui  a X 

161 

5_ 

(b)  Rnaticiaedl 

i.  eemplo  of  polyvinylchloride  plaatioiaed  with  trioroayl 
phosphate  waa  received  from  the  Bescarch  Aseoclation  of  Britiah 
Bubbor  Konufaoturera  end  oxemined  in  block  form*  The  reaulta 
given  in  Table  27  show  tliat  the  plaaticiaed  materiel  has  a ali^tly 
higher  ignition  temperature  than  the  unplaatielsed* 

The  'p>3'<i>  ignition  temperature  of  the  plasticised  was 

450O0, 


TmiC  27. 

Ignition  Temperatures  of  Polyvinylchloride* 
(Haaticiaed)  


Ignition  Tcmporduro 

- 00 

H 

Individual  Bosults. 

Average 

__.50 

266.  265.  280.  273.  275.  284. 

274 



100 

IHH 

BBH 

n 

175.  170.  200,  209*  1S3.  198. 

in 

III* 5 -<  Polyvinyl-alcohol. 

The  first  material  eaamined*  a polyvinyl-^eohol 
oanufcotured  In  Qermany,  containing  phosphoric  Bcid»  bad  a 
lurprlsln^y  high  ignition  temperature  | ae  bo  seen 
from  Table  2>j«  In  order  to  decide  if  reelst&noe  to  ignition 
ware  conferred  by  the  phoaphoric  acidi  teats  were  carried  out 
on  ipeoially  prepared  epeoimena  frae  f^°om  this  addition*  !Bie 
ignition  temperatures  of  the  latter  nstterial  are  shown  in 
dooparlBon  with  thoasof  the  CFeman  material  in  Table  28. 


-24- 


Xt  will  be  Been  that  at  100  etmospheree  the  Oeroru  material 
has  an  i^lon  temperature  that  is  more  than  200°  hi^er 
than  the  material  containing  no  phosphoric  acid«  At  250 
atmospheres  the  German  material  failed  to  ignite  up  to 
temperatures  of  3S0°0  and  when  the  .nampleB  were  removed  from 
the  bomb  they  were  in  a seml^molten  state  with  some  clear 
liquid  lying  at  the  bottom  of  the  boat.  On  cooling  a brittle 
black  residue  was  obtdned. 


JABLS  28. 


Ignition  Temperatures  of  Polyvinyl  Alcohol. 


Ignition  femperature  - °0 

■ 

German  san^le  containing 
phosphoric  acid. 

Material  made  at  Korden 
containing  no  phosphoric  aoi^ 

Hi 

Individual 

results. 

Average 

Individual 

results. 

Average 

50 

443.  440,  421. 
430,  390,  410. 

422 

-324 

100 

429,  442,  480, 

45Q.  454._472. 

■■ 

■ 

250 

■■■ 

1 

Not  examined. 

Small  samples  of  polyvinyl  alcohol  phosphorylated  with 
l^osphoruB  oxychloride  (BOCIt)  were  prepared  and  examined  at  250 
atmospheres  in  oxygen  in  the'^hi^  pressure  bomb.  Under  these 
conditions  the  material  failed  to  ignite  at  temperatures  up  to 
350^0.  0?he  material  Ignited  when  examined  by  the  I pot'  test  at 
the  very  high  temperature  of  660<>0.  She  corresponding  ignition 
temperature  for  the  polyvinyl  alcohol  before  phosphorylation  was 
420°0* 


ni.6  - Nylon. 

Nylon  in  the  form  of  a small  bar  was  received  from  the 
Ministry  of  Supply  and  examined  in  a static  atmosphere  and  in  a 
flow  of  oxygen  at  2 litres/minute.  She  'pot'  ignition  temperature 
of  this  material  was  500*^0  &nd  it  will  be  seen  from  fable  29  that 
there  is  a marked  decrease  in  ignition  tempersture  as  pressure  Is 
Increased;  at  50  atmospheres  the  ignition  temperature  was  328°0; 
at  100  atmospheres  849°0  and  at  175  atmospheres  l88°0.  Ignition 
temperature  increased  slightly  to  219<>0  when  the  pressure  was 
Increased  to  25O  atmospheres.  It  will  be  seen  from  the  table 
that  very  often  only  three  experiments  were  carried  out  at  each 
pressure  as  the  amount  of  material  available  for  test  was  small, 
fhore  is  no  significant  difference  betvreen  the  ignition 
temperatures  cfetermlned  under  static  experiments  compared  with 
the  results  obtained  under  flow  conditions. 


fA3LS  29. 

Ignition  femporobures  of  Nylon. 


Bros sure 

Ignition  femperature  - 1 

ats. 

Static 

Individual  result e. 

Iverage. 

Blow 

Individual  results 

mm 

325,  330.  330._ 

328 

1 100 

235.  251.  261. 

mm 

HRSI 

' — 

M 

160.  203.  200. 

183 

250 

mm 

- 

180,  £20,  221, 
ggg*  

■ 

END  OF  REFERENCE 
156 


REFERENCE 

157 


HUSL  J.  G.j  AND  CLARK.  A.  F.:  A SURVEY  OF  COMPATABILITY 
OF  MATERIALS  WITH  HIGH  PRESSURE  OXYGEN  SERVICE. 

REPT.  275.03-72-11.  NBS  INSTITUTE  FOR  BASIC  STANDARDS. 
CRYOGENICS  DIVISION.  OCT.  1972. 


Final  Report  275.  03-72-11 


on 

A Survey  of  Compatibility  of  Materials  with 
High  Pressure  Oxygen  Service 


prepared  for 

National  Aeronautics  and  Space  Administration 
George  C.  Marshall  Space  Flight  Center 
Huntsville,  Alabama 

LEWIS  RESEARCH  CENTER 
Aerospace  Safety  Research 
and  Data  Institute 
OCT  2 3 19/3 

October  1972  n)  FVELAND.  OBIQ 


NASA  Order  Number  H-9  2 180 A 
Principal  Technical  Representative 
John  G.  Austin 
Huntsville,  Alabama 


Prepared  by 

J.  G.  Hust  and  A.  F.  Clark 
Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
BdiTl^ei^'ICoidrado  80302 


MAY  BE  DISTRIBUTED  AND  REFERENCED  RER 
PHONE  CONVERSATION  WITH  J.  G.  AUSTIN 
AND  GEORGE  MANDEL  ON  2/28/73- 


IMPORTANT  NOTICE 

The  results  of  this  report  are  not  to  be  used  for  advertising 
or  promotional  purposes,  or  to  indicate  endorsement  or 
disapproval  of  the  product(s)  by  the  National  Bureau  of  Standards 

« 

i 


A Survey  of  Compatibility  of  Materials  with 
High  Pressure  Oxygen  Service 

I.  Introduction 

The  Cryogenics  Division  of  the  Nationeil  Bureau  of  Standards  (NBS-CD) 
was  recently  requested  by  the  Marshall  Space  Flight  Center  of  the  National 
Aeronautics  cuid  Space  Administration  (NASA-MSFC)  to  perform  a survey 
and  assess  the  existing  state  of  knowledge  regarding  compatibility  of 
materials  with  high  pressure  oxygen.  Particular  emphasis  is  to  be  placed 
on  past  practical  operational  and  research  experience. 

Material  compatibility,  in  general,  implies  a harmonious  coexistence 
of  all  the  materials  of  a system.  The  lack  of  such  compatibility  can  lead 
to  undesirable  and  sometimes  disastrous  results.  For  example,  the  chemical 
reaction  of  a combustible  material  with  oxygen  in  a system  results  in  corrosion, 
burning,  or  even  explosion.  It  is  clear  that  the  general  definition  of  in- 
compatibility encompasses  many  phenomena.  In  this  study,  however,  we 
have  restricted  ourselves  to  the  consideration  of  materials  exposed  to  high 
pressure  oxygen.  Because  only  high  pressures  are  considered,  any  man- 
related  incompatibilities  are  ignored.  The  harmonious  coexistence  of  materials 
in  a high  pressure  oxygen  system  implies  the  physical  containment  of  the 
oxygen  as  well  as  the  lack  of  significant  chemical  reactions  with  the  oxygen. 

Thus  compatible  materials  are  defined,  in  this  study,  ais  those  materials 
or  combinations  of  materials  with  sufficient  mechanical  strength  to  with- 
stand the  high  pressures  and  whose  properties  are  not  significantly  degraded 
by  the  presence  of  oxygen.  We  will  pay  particular  attention  to  the  ease  with 
which  any  degradation  is  initiated  (reaction  sensitivity),  the  rate  at  which 
degradation  progresses  (reaction  intensity),  and  the  sources  of  degradation 


initiation  (ignition  sources).  The  dependence  of  these  parameters  on 

physical  properties,  such  as  thermal  conductivity,  specific  heat,  density, 

and  heat  of  combustion,  as  well  as  system  characteristics,  such  as  pressure, 

pipe  wall  thickness,  total  mass,  radius  of  pipe  bends,  and  surface  roughness, 

is  considered.  It  is  to  be  noted  that  the  dependence  on  pressure  is  the 

primary  consideration  herej  however,  the  interdependence  of  the  effects 

of  these  characteristics  makes  it  essentially  impossible  to  analyze  any  ^ 

one  separately.  t 

The  objective  of  this  survey  is  to  gather  the  available  information  on 
the  compatibility  of  materials  with  oxygen  as  applied  to  the  production, 
transport,  and  applications  experience  of  high  pressure  liquid  and  gaseous 
oxygen  and  to  compile  this  material  into  a usable  reference  report.  High 
pressure  is  here  defined  to  be  above  about  ZOOO  to  3000  psia.  Since  high 
pressure  projections  sometimes  can  be  made  from  lower  pressure  data, 
some  low  pressure  data  are  also  included.  Low  pressure  data  are  included 
if  they  are  considered  helpful  to  a better  understanding  of  the  behavior  at 
high  pressures. 

It  is  anticipated  that  this  technical  input  to  NASA-MSFC  will  assist  in 
the  establishment  of  practical  and  safe,  but  not  stifling,  guidelines  in  the  future 
use  of  high  pressure  oxygen.  It  is  hoped  that  such  guidelines  will  eventually  be 
commonly  accepted  throughout  NASA,  other  government  agencies,  and  the 
commercial  sector  as  well. 

Recently,  Clark  (1971)  of  NBS  performed  a survey  on  oxygen  compatibility 
of  materials  at  ordinary  pressures.  Information  from  Clark's  report  which 
is  especially  applicable  to  high  pressure  application  will  be  repeated  for 
convenience.  Surveys  of  oxygen  related  accidents  have  been  conducted  recently 
by  Ordin  (1971)  and  Jolinson  (1970)  for  NASA  and  by  McQuaid  and  Cole  (1972) 
for  the  Navy.  Each  of  these  surveys  indicate  a surprisingly  high  rate  of  accidents 
caused  by  material  incompatibility.  The  surveys  by  Ordin  and  Johnson  covered 
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NASA,  some  Air  Force,  and  some  related  contractor  records.  Ordin 
reported  20%  of  the  mishaps  with  liquid  oxygen  and  36%  of  the  mishaps 
with  gaseous  oxygen  involved  material  incompatibility.  Johnson  reported 
56%  were  caused  by  the  presence  of  oxygen  incompatible  materials.  In 
many  cases  more  than  one  factor  was  involved  in  the  mishaps.  For  example, 
procedural  errors  were  involved  in  78%  of  the  mishaps  and  design  errors 
were  present  in  63%  of  the  mishaps  according  to  Ordin.  Even  though  material 
incompatibility  witi>  oxygen  was  present  in  fewer  instances  than  procedural 
or  design  error,  the  percentage  due  to  incompatibility  is  significantly  large 
and  it  is  expected  to  be  even  higher  in  high  pressure  oxygen  systems.  It  is 
also  noted  that  the  accident  rate  due  to  material  incompatibility  in  high  pressure 
gaseous  oxygen  is  almost  twice  that  in  liquid  oxygen. 

McQuaid  and  Cole's  (1972)  survey  indicates  an  accident  in  a Navy 
compressed  gas  system  due  to  spontaneous  ignition  every  four  weeks  during 
the  period  January  1968  to  May  1971.  They  do  not  indicate  what  proportion 
of  these  are  due  to  material  incompatibility,  but  do  state  that  material 
failure  accounts  for  about  half  of  these  accidents;  the  cause  of  the  other 
half  is  unknown.  No  accidents  are  attributed  to  design  failure  or  persoxmel 
error.  From  this  information  one  can  not  rule  out  that  a sizable  proportion 
may  be  due  to  material  incompatibility. 

Recent  trends  in  NASA,  military,  and  commercial  use  of  liquid  (LOX) 
and  gaseous  (GOX)  oxygen  point  toward  use  of  higher  pressures.  With 
this  increased  use  to  10,000  psi  and  higher,  compatibility  considerations 
are  of  paramount  importance.  Deep  concern  with  safety  is  rightfully 
prevalent  throughout  the  field,  both  by  the  producer  and  the  user.  This 
survey  will  better  define  material  incompatibility  problems  and  hazards 
caused  by  the  use  of  high  pressure  LOX  and  GOX.  This  report  contains 
recommended  guidelines  in  later  sections  which  will  hopefully  allow  the 
necessary  flexibility  and  compromise  between  cost  - effectiveness  and 


safety.  Also  included  is  a tabulation  and  assessment  of  available  high 
pressure  compatibility  data  and  an  indication  of  the  availability  of  equip- 
ment. The  next  section  is  a discussion  of  the  compatibility  parameters 
affecting  the  selection  of  materials  for  high  pressure  oxygen  service. 

Following  sections  include  discussions  on  structural  integrity,  chemical 
compatibility,  and  experimental  tests  and  data  which  characterize  the 

♦ 

relative  compatibility  of  different  materials.  ^ 

4 

II.  Material  Selection 

The  selection  of  a given  material  to  fulfill  a specified  function  in 
high  pressure  oxygen  service  must  be  based  both  on  its  physical -mechanical 
properties  as  well  as  its  chemical  properties.  The  principal  chemical 
property  of  interest  here  is  its  potential  reactivity  with  oxygen.  The  relevant 
physical-mechanical  properties  are  primarily  strength  and  plastic  deforma- 
tion properties.  For  example  the  plastic  deformation  of  polytetrafluoroethylene 
may  make  it  unusable  for  a valve  seat  material  at  sufficiently  high  pressure 
and  copper  may  be  too  weak  for  a pressure  chamber,  even  though  they  may  be 
judged  chemically  compatible  with  oxygen.  Also,  the  designer  needs  to 
consider  that  plastics  and  nearly  all  metals  become  more  brittle  at  LOX 
temperatures.  Other  properties  such  as  specific  heat,  thermal  conductivity, 
density,  and  thermal  diffusivity  influence  material  compatibility.  For 
example,  nickel-copper  alloys  are  rapidly  replacing  stainless  steel  in  high 
pressure  oxygen  systems  because  of  the  increased  thermal  conductivity  eind 
diffusivity  of  the  nickel-copper  alloys.  The  higher  thermal  conductivity 
results  in  lower  reaction  sensitivity.  Also,  mechanical  properties  may  be 

« 

altered  in  the  presence  of  high  pressure  oxygen,  e.  g.  crack  propagation 

may  be  enhanced.  • 

Several  good  reviews  of  lower  pressure  oxygen  compatibility  have  been 
written.  Many  of  these  contain  information  basic  to  the  understanding  of  the 
higher  pressure  phenomena.  The  most  recent  review  is  by  Clark  (1971); 
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APPENDIX  I - HIGH  PRESSURE  OXYGEN  COMPATIBILITY  DATA 


PURE  METALS 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

2TOHSS10  lit 

Pressure 

Temp. 

Temp. 

Energy 

Reaction 

Impact 

TMcknesa 

Point 

Point 

(psi) 

(K) 

(K) 

(kg  m) 

Rate 

Reaction  Rate 

(in) 

<K) 

(K) 

Jakowsjcy 

Copper 

15 

1325 

GOX 

and  Butaler 

400 

1180 

GOX 

(1923) 

800 

1130 

GOX 

1200 

1110 

GOX 

1600 

1100 

GOX 

2000 

1100 

GOX 

ti 

Iron 

15 

1210 

GOX 

400 

1120 

GOX 

800 

1050 

GOX 

1000 

1015 

GOX 

1200 

980 

GOX 

1600 

925 

GOX 

2000 

870 

GOX 

A- 2 


AiA<oys 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Teat 

Temp. 

(K) 

Mechanical  Impact 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thickneaa 

(in) 

Flaah 

Point 

(K) 

Fire 

Point 

(K) 

Environment 

Bnergy 
(kg  m) 

Reaction 

Rate 

Austin 

Aluminum 

100 

90 

10 

3/7 

.032 

LOX 

(i972) 

6061-T6 

100 

90 

10 

16/20 

.032 

LOX 

100 

90 

7.4 

4/20 

.032 

LOX 

100 

90 

10 

0/20 

.063 

LOX 

100 

90 

10 

0/20 

.063 

LOX 

500 

90 

10 

0/20 

.063 

LOX 

500 

90 

10 

0/20 

.063 

LOX 

1000 

90 

10 

0/20 

.063 

LOX 

1500 

90 

10 

0/20 

.063 

LOX 

50 

300 

10 

0/20 

.032 

GOX 

100 

300 

10 

9/20 

.032 

GOX 

100 

300 

10 

0/20 

.032 

GOX 

500 

300 

10 

6/20 

.032 

GOX 

. 500 

300 

10 

0/20 

.032 

GOX 

500 

300 

10 

0/6 

.032 

GOX 

1000 

300 

10 

0/20 

.032 

GOX 

1000 

300 

10 

0/6 

.032 

GOX 

Austin 

Aluminum 

500 

90 

10 

3/20 

.063 

LOX 

(1972) 

2014-T6 

1000 

90 

7 

0/20 

.063 

LOX 

1000 

90 

5 

0/20 

.063 

LOX 

1400 

90 

5 

6/20 

.063 

LOX 

100 

90 

10 

0/20 

.090 

LOX 

500 

90 

10 

0/20 

.090 

LOX 

1400 

90 

5 

0/20 

.090 

LOX 

250 

300 

10 

0/20 

.063 

GOX 

500 

300 

10 

0/20 

.063 

GOX 

500 

300 

5 

6/20 

.063 

GOX 

500 

300 

10 

0/20 

.063 

GOX 

500 

300 

10 

0/20 

.063 

GOX 

500 

300 

10 

0/20 

.063 

GOX 

500 

300 

10 

0/20 

.063 

GOX 

500 

300 

10 

2/20 

.063 

GOX 

1000 

300 

10 

2/3 

.063 

GOX 

1000 

300 

5 

2/20 

.063 

GOX 
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ALLOYS  cont. 


Reference 

Matericils 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Teat 

Temp. 

(K) 

Mechanical  hnpact 
Energy  Reaction 
(kg  m)  Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thickness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

(K) 

Environment 

Austin 

Aluminum 

50 

90 

10 

0/20 

.063 

LOX 

(1972) 

22I9-T87 

100 

90 

10 

0/20 

.063 

LOX 

500 

90 

10 

1/2 

.063 

LOX 

1000 

90 

7.  62 

0/20 

.063 

LOX 

1000 

90 

5.54 

0/20 

.063 

LOX 

500 

90 

10 

0/20 

.070 

LOX 

500 

90 

10 

0/20 

.090 

LOX 

500 

300 

10 

0/20 

.063 

CX3X 

500 

300 

5.54 

0/20 

.063 

GOX 

1000 

300 

10 

1/3 

.063 

GOX 

1000 

300 

7.62 

0/20 

.063 

GOX 

1000 

300 

5.54 

0/20 

.063 

GOX 

1000 

300 

5 

0/20 

.063 

GOX 

1400 

300 

10 

1/2 

.063 

GOX 

1400 

300 

9.02 

0/20 

.063 

GOX 

1400 

300 

7.62 

0/20 

.063 

GOX 

1400 

300 

5.54 

0/20 

.063 

GOX 

Austin 

Ferrous  Alloy 

100 

90 

10 

0/20 

.020 

LOX 

(1972) 

A286 

500 

90 

10 

0/20 

.020 

LOX 

1000 

90 

10 

0/20 

.020 

LOX 

1500 

90 

10 

0/20 

.020 

LOX 

100 

90 

10 

0/20 

.050 

LOX 

500 

90 

10 

0/20 

.050 

LOX 

1000 

90 

10 

0/20 

.050 

LOX 

1500 

90 

10 

0/20 

.050 

LOX 

100 

300 

10 

0/20 

.020 

GOX 

500 

300 

10 

0/20 

.020 

GOX 

1000 

300 

10 

2/20 

.020 

GOX 

1000 

300 

10 

0/20 

.020 

GOX 

1000 

300 

9.02 

0/20 

.020 

GOX 

1500 

300 

10 

8/20 

.020 

GOX 

1500 

300 

9.02 

4/20 

.020 

GOX 

1500 

300 

8. 34 

0/20 

.020 

GOX 

1500 

300 

7.62 

0/20 

.020 

GOX 
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ALLOYS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy;  Reaction 
( Ug  m ) ■ Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thickness 

(in) 

Flash 

point 

(K) 

Fire 

Point 

(K> 

FnvlroEimeiTi& 

Austin 

304  Stainless 

15 

90 

10 

0/30 

.063 

LOX 

(1972) 

Steel 

15 

90 

10 

0/20 

. 063 

LOX 

100 

90 

10 

0/20 

. 063 

LOX 

500 

90 

10 

0/20 

. 063 

LOX 

1000 

90 

10 

0/20 

.063 

LOX 

1500 

90 

10 

0/20 

. 063 

LOX 

15 

90 

10 

0/20 

. 090 

GOX 

100 

300 

10 

0/20 

. 090 

GOX 

500 

300 

10 

0/20 

. 090 

GOX 

1000 

300 

10 

0/20 

.090 

GOX 

1500 

300 

10 

2/20 

. 090 

GOX 

1500 

300 

9.02 

0/20 

. 090 

GOX 

1500 

300 

8.  34 

0/20 

.090 

GOX 

Austin 

PH  15-7 

100 

90 

10 

0/20 

. 030 

LOX 

(1972) 

Stainless 

500 

90 

10 

0/20 

. 030 

LOX 

Steel 

1000 

90 

10 

3/20 

.030 

LOX 

1000 

90 

9.  02 

0/20 

. 030 

LOX 

1000 

90 

8.  34 

0/20 

.030 

LOX 

1500 

90 

10 

5/20 

. 030 

LOX 

1500 

90 

9.  02 

0/20 

. 030 

LOX 

1500 

90 

8.  34 

0/20 

. 030 

LOX 

100 

90 

10 

0/20 

.050 

LOX 

500 

90 

10 

0/20 

. 050 

LOX 

1000 

90 

10 

2/20 

. 050 

LOX 

1500 

90 

10 

3/20 

. 050 

LOX 

1500 

90 

9.  02 

0/20 

. 050 

LOX 

1500 

90 

8.  34 

0/20 

. 050 

LOX 

100 

90 

10 

0/20 

. 090 

LOX 

500 

90 

10 

0/20 

. 090 

LOX 

1000 

90 

10 

0/20 

. 090 

LOX 
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ALLOYS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy!  Reaction 
( kg  m)  I Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thickness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

(K) 

Environment 

Austin 

17-7  PH 

15 

90 

10 

2/20 

. 030 

LOX 

(1972) 

Stainless  Steel 

15 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

90 

to 

0/20 

.063 

LOX 

500 

90 

10 

0/20 

. 063 

LOX 

1000 

90 

10 

0/20 

. 063 

LOX 

1500 

90 

10 

0/20 

. 063 

LOX 

15 

90 

10 

0/20 

.070 

LOX 

100 

90 

10 

0/20 

.070 

LOX 

500 

90 

10 

0/20 

.070 

LOX 

1000 

90 

10 

0/20 

.070 

LOX 

1500 

90 

10 

0/20 

. 070 

LOX 

100 

300 

10 

0/20 

.030 

GOX 

500 

300 

10 

0/20 

.030 

GOX 

1000 

300 

10 

0/20 

„030 

GOX 

100 

300 

10 

0/20 

.063 

GOX 

500 

300 

10 

0/20 

. 063 

GOX 

Austin 

Stainless  Steel 

100 

90 

10 

0/20 

. 030 

LOX 

(1972) 

21Ni-6Cr-9Mi'- 

500 

90 

10 

0/20 

.030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 020 

LOX 

100 

90 

10 

0/20 

. 063 

LOX 

500 

90 

10 

0/20 

. 063 

LOX 

1000 

90 

10 

0/20 

.063 

LOX 

1500 

90 

10 

0/20 

. 063 

LOX 

100 

90 

10 

0/20 

.085 

LOX 

500 

90 

10 

0/20 

. 085 

LOX 

1000 

90 

10 

0/20 

. 085 

LOX 

1500 

90 

10 

0/20 

.035 

LOX 

100 

300 

10 

0/20 

. 031 

GOX 

500 

300 

10 

0/20 

. 031 

GOX 

1000 

300 

10 

0/20 

. 031 

GOX 

1500 

300 

10 

0/20 

. 031 

GOX 

Austin 

Stainless  Steel 

100 

90 

10 

0/20 

. 050 

LOX 

(1972) 

22Ni-13Cr-5Mn 

500 

90 

10 

0/20 

. 050 

LOX 

1000 

90 

10 

0/20 

. 050 

LOX 

1500 

90 

10 

0/20 

. 050 

LOX 

100 

300 

10 

0/20 

. 050 

COX 

500 

300 

10 

0/20 

. 050 

COX 

1000 

300 

10 

0/20 

. 050 

GOX 

1500 

300 

10 

0/20 

. 050 

GOX 
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ALLOYS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy  Reaction 
(kg  m)  Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thiclmess 

(in) 

Flash 

Point 

(K) 

Austin 

Haynes  alloy 

100 

90 

10 

0/20 

. 063 

(1972) 

186 

500 

90 

10 

0/20 

. 063 

1000 

90 

10 

0/20 

. 063 

1500 

90 

10 

0/20 

. 063 

100 

90 

10 

0/20 

. 090 

500 

90 

10 

0/20 

. 090 

1000 

90 

10 

0/20 

. 090 

1500 

90 

10 

0/20 

. 090 

100 

300 

10 

0/20 

. 063 

500 

300 

10 

0/20 

. 063 

1000 

300 

10 

0/20 

. 063 

1500 

300 

10 

0/20 

. 063 

100 

300 

10 

0/20 

. 090 

500 

300 

10 

0/20 

. 090 

1000 

300 

10 

0/20 

.090 

1500 

300 

10 

0/20 

. 090 

Austin 

301  Stainless 

100 

90 

10 

0/20 

. 125 

(1972) 

Steel 

500 

90 

10 

0/20 

. 125 

1000 

90 

10 

0/20 

. 125 

1500 

90 

10 

0/20 

. 125 

100 

300 

10 

0/20 

. 125 

500 

300 

10 

0/20 

. 125 

1000 

300 

10 

0/20 

. 125 

1500 

300 

10 

0/20 

. 125 

Austin 

Inconel  600 

15 

90 

10 

0/20 

.031 

(1972) 

15 

90 

10 

0/20 

. 031 

15 

90 

10 

0/20 

. 090 

100 

300 

10 

0/20 

. 031 

500 

300 

10 

0/20 

. 031 

1000 

300 

10 

0/20 

. 031 

1500 

300 

10 

0/20 

. 031 

100 

300 

10 

0/20 

. 063 

500 

300 

10 

0/20 

. 063 

1000 

300 

10 

0/20 

.063 

1500 

300 

10 

0/20 

. 063 

100 

300 

10 

0/20 

. 093 

500 

300 

10 

0/20 

. 093 

1000 

300 

10 

0/20 

. 093 

1500 

300 

10 

0/20 

. 093 

Fire 

Point 

{K) 


Environment 


LOX 

LOX 

LOX 

LOX 

LOX 

LOX 

LOX 

LOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

LOX 

LOX 

LOX 

LOX 

GOX 

GOX 

GOX 

GOX 

LOX 

LOX 

LOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 
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ALLOYS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy!  Reaction 
(kg  m)  Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thickness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

(K) 

Environment 

Austin 

Inconel  7 18 

50 

90 

10 

0/20 

. 125 

LOX 

(1972) 

100 

90 

10 

0/20 

. 125 

LOX 

500 

90 

10 

0/20 

. 125 

LOX 

1000 

90 

10 

0/20 

. 125 

LOX 

1500 

90 

10 

0/20 

. 125 

LOX 

500 

300 

10 

0/20 

• 

.063 

GOX 

50 

300 

10 

0/20 

. 125 

GOX 

100 

300 

10 

0/20 

. 125 

GOX 

500 

300 

10 

0/20 

. 125 

GOX 

1000 

300 

10 

0/20 

. 125 

GOX 

1500 

300 

10 

0/20 

. 125 

GOX 

10000 

10 

0/20 

. 012 

GOX 

Austin 

Inconel  750 

100 

90 

10 

0/20 

. 062 

LOX 

(1972) 

500 

90 

10 

0/20 

. 062 

LOX 

1000 

90 

10 

0/20 

. 062 

LOX 

1500 

90 

10 

0/20 

.062 

LOX 

100 

300 

10 

0/20 

.062 

GOX 

500 

300 

10 

0/20 

. 062 

GOX 

1000 

300 

10 

0/20 

. 062 

GOX 

1500 

300 

10 

0/20 

.062 

GOX 

Austin 

Monel  400 

15 

90 

10 

0/20 

. 031 

LOX 

(1972) 

15 

<10 

10 

0/20 

. 063 

LOX 

100 

300 

10 

0/20 

. 031 

GOX 

500 

300 

10  : 

0/20 

. 031 

GOX 

1000 

300 

10 

0/20 

.031 

GOX 

1500 

300 

10 

2/20 

. 031 

GOX 

1500 

300 

9.  02 

0/20 

. 031 

GOX 

1500 

300 

9.  02 

0/20 

. 031 

GOX 

1500 

300 

8.  34 

0/20 

. 031 

GOX 

1500 

300 

8.  34 

0/20 

. 031 

GOX 

100 

300 

10 

0/20 

. 062 

GOX 

500 

300 

10 

0/20 

. 062 

GOX 

1000 

300 

10 

0/20 

. 062 

GOX 

1500 

300 

10 

3/20 

. 062 

GOX 

1500 

300 

9.62 

0/20 

. 062 

GOX 

1500 

300 

8.34 

0/20 

. 062 

GOX 

100 

300 

10 

0/20 

.090 

GOX 

Austin 

Inconel  625 

10000 

420 

10 

0/20 

. 05 

GOX 

(1972) 

K -Monel 

10000 

300 

10 

0/20 

. 05 

GOX 

II 

Inconel  7 18 

10000 

300 

10 

0/20 

. 05 

GOX 

brazed  with 
Nicrobraze  alloy 
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.\LLOYS  cont. 


Reference  Materials 


Jakowsky  and  Brass 
Butzler(1923) 


Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Envi  ron!tinicnt 

Temp. 

Temp. 

Energy  Reaction 

Impact 

Thicitness 

Point 

Point 

(psi) 

(K) 

(K) 

(kg  m)  Rate 

Reaction  Rate 

(in) 

(K) 

(K) 

15  1360  ClOX 

400  1 190  rox 

800  1 1 30  GOK 

1200  1090  GOX 

1600  1070  GOX 

2000  1050  GOX 
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HALOGENATED  COMPOUNDS 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Pressure 

Temp. 

Temp. 

Energy 

1 React'  .1 

Impact 

T^ckness 

Point 

Point 

(psi) 

(K) 

(K) 

( kg  m) 

! Rate 

Reaction  Rate 

(in) 

(K) 

(K) 

Jamison 

Fluorel  1059 

2000 

297 

2.  8 

0/12 

GOX 

(1970) 
Pippen  and 

Fluorel 

5 

668 

None 

GOX 

Stradling 

25 

630 

728 

GOX 

(1971) 

50 

645 

700 

GOX 

50 

5S1 

581 

GOX 

100 

548 

548 

GOX 

500 

506 

506 

GOX 

1000 

506 

506 

GOX 

1500 

505 

505 

GOX 

2000 

494 

494 

GOX 

Marzani 

Polychloro- 

GOX 

(1968a) 

trifluor- 

GOX 

(1968b) 

ethylene 

4000 

700 

GOX 

(CTFE) 

GOX 

GOX 

Jamison 

KEL-F 

(1970) 

Bar  Stock 

2000 

299 

1.4 

0/18 

GOX 

Pippen  and 

KEL-F-81 

5 

745 

Nome 

GOX 

Stradling 

25 

698 

None 

GOX 

(1971) 

50 

693 

724 

GOX 

500 

639 

639 

GOX 

1000 

647 

647 

GOX 

1500 

643 

643 

GOX 

2000 

647 

647 

GOX 

McQuaid 

CTFE 

3800 

685 

GOX 

(1972) 

Marzam 

Polytetra- 

(1968a) 

fluoro- 

ethylene 

(Teflon)(TFE) 

4025 

735 

GOX 

Jamison 

(1970) 

TFE 

TFE 

2000 

289 

2.  8 

0/21 

GOX 

M 

2000 

286 

1.4 

0/21 

GOX 

tubing 
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HALOGENATED  COMPOUNDS  cont. 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flasia 

Fire 

EEviroHSTraesii 

Pressure 

Temp. 

Tempo 

Energy  ’ Reaction 

Impact 

Thickness 

Point 

Point 

(psi) 

(K) 

(K) 

(kg  m)  . Rate 

Reaction  Rate 

(in) 

(K) 

(K) 

Pippen  and 

Glass 

500 

1.4 

1/2 

GOX 

Stradling 

Filled 

1000 

1.4 

1/i 

0/4 

GOX 

(1971) 

Teflon 

2500 

GOX 

It 

Teflon 

5 

None 

None 

GOX 

25 

741 

None 

GOX 

50 

754 

None 

GOX 

50 

735 

735 

GOX 

100 

733 

73S 

GOX 

200 

728 

728 

GOX 

« 

500 

707 

707 

GOX 

1000 

645 

645 

GOX 

1500 

637 

637 

GOX 

2000 

660 

660 

GOX 

ft 

Virgin 

4000 

0/4 

GOX 

Teflon 

4500 

4/4 

GOX 

Sheet 

5000 

. 34 

0/4 

GOX 

Jamison 

T-EMS372 

2000 

289  1.4 

0/21 

COX 

(1970) 

(J.  L.  Dore) 
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NON-HALOGENATED  PLASTICS 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Fire 

Pressure 

Temp. 

Temp. 

Energy  pie  action 

Impact 

Thickness 

Point 

Point 

(psi) 

(K) 

(K) 

( kg  m)  1 Rate 

Reaction  Rate 

^m) 

(K) 

(K) 

Austin  (1972)  Electrofilm 

100 

90 

1.4 

0/20 

LOX 

2306 

500 

90 

1.4 

0/20 

LOX 

1000 

90 

1.4 

0/20 

LOX 

1500 

90 

1.4 

0/20 

LOX 

100 

300 

1.4 

0/20 

GOX 

500 

300 

1.4 

0/20 

GOX 

1000 

300 

1.4 

0/20 

GOX 

1000 

.300 

1.2 

0/20 

GOX 

1000 

300 

1.  1 

0/20 

GOX 

1500 

300 

1.4 

4/20 

GOX 

1500 

300 

1.2 

0/20 

GOX 

1500 

300 

1.  1 

0/20 

GOX 

" Electrofilm 

too 

90 

1.4 

0/20 

LOX 

2396 

100 

90 

1.4 

0/20 

LOX 

500 

90 

1.4 

0/20 

LOX 

500 

90 

1.4 

0/20 

LOX 

1000 

90 

1.4 

0/20 

LOX 

1000 

90 

1.4 

0/20 

LOX 

1500 

90 

1.4 

0/20 

LOX 

1500 

90 

1.4 

0/20 

LOX 

100 

300 

1.4 

0/20 

GOX 

100 

300 

1.4 

0/20 

GOX 

500 

300 

1.4 

0/20 

GOX 

500 

300 

1.4 

0/20 

GOX 

1000 

300 

1.4 

0/20 

GOX 

1000 

300 

1.4 

0/20 

GOX 

1500 

300 

1.4 

0/20 

GOX 

1500 

300 

1.4 

6/20 

GOX 

1500 

300 

1.2 

5/20 

GOX 

" Electrofilm 

100 

90 

1.4 

0/20 

LOX 

2406 

500 

90 

1.4 

0/20 

LOX 

1000 

90 

1.4 

0/20 

LOX 

1500 

90 

1.4 

0/20 

LOX 

100 

300 

1.4 

0/20 

GOX 

500 

300 

1.4 

0/20 

GOX 

1000 

300 

1.4 

0/20 

GOX 

1500 

300 

1.4 

0/20 

GOX 
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NON-HALOGENATED  PLASTICS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 
Te  mp. 
(K) 

Test 

Temp. 

(K) 

Mechanical  impact 
Energy  Reaction 
( kg  m)  Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Tnichness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

{iq 

Envi  ronsinenS 

Austin(1972) 

Epoxy 

15 

90 

1.4 

20/20 

. 050 

LOS 

Fiberglass 

15 

90 

1.  1 

20/20 

. 050 

LOS 

15 

90 

0.76 

20/20 

. 050 

LOS 

15 

90 

0.48 

20/20 

. 050 

LOS 

15 

90 

0.  19 

4/20 

. 050 

LOS 

15 

90 

0.094 

2/20 

. 050 

i-OS 

100 

300 

1.4 

15/20 

. 050 

GOX 

100 

300 

1.  1 

20/20 

. 050 

GOX 

100 

300 

0.  76 

5/20 

. 050 

GOS 

100 

300 

0.  67 

2/20 

. 050 

GOS 

100 

300 

0.  57 

0/20 

. 050 

GOX 

100 

300 

0.48 

0/20 

. 050 

GOX 

500 

300 

0.  67 

2/5 

. 050 

GOX 

500 

300 

0.57 

0/20 

. 050 

GOX 

1000 

300 

0.57 

1/6 

. 050 

GOS 

1500 

300 

0.57 

1/1 

. 050 

GOX 

Pippen  and 

Gemon  3010 

4000 

1.4 

0/4 

0/4 

GOX 

Stradling 

Polymide 

4500 

1.4 

1/3 

0/1 

GOX 

(1971) 

laminate 

Guter(1967) 

German  Buna 

15 

737 

GOX 

Solid  Black 

300 

588 

GOS 

Pippen  and 

750 

622 

GOX 

Stradling 

Glass  Fabric 

5000 

1.4 

0/4 

GOS 

U971) 

Jamison 

Lexan  1100 

2000 

297 

2.8 

0/22 

GOS 

(1970) 

(Polycarbonate ) 

tl 

Nylon 

2000 

299 

2.8 

0/21 

GOS 

Guter(1967) 

Nylon 

750 

601 

GOS 

1500 

522 

GOX 

2625 

461 

GOX 

3750 

492 

GOS 

Pippen  and 

Nylon  Sheet 

5 

665 

None 

GOX 

Stradling 

25 

677 

684 

GOS 

(1971) 

50 

664 

664 

GOS 

50 

570 

570 

GOX 

100 

548 

548 

GOS 

500 

507 

507 

GOX 

1087 

494 

494 

GOX 
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NON-HALOGENATED  PLASTICS  cont. 


Reference  Materials  Test  Ignition  Test 

Pressure  Temp.  Temp, 

(psi)  (K)  (K) 


McQuaid(1972)  Nylon  '66' 

(Valve  Seat) 

2400 

458 

II 

Nylon  '66' 

200 

575 

Guter(1967) 

Perpex  Block 

750 

562 

and  Shavings 

1500 

557 

2625 

464 

3750 

497 

Marzani 

Polyethylene 

2525 

452 

(196Sa) 

2400 

449 

2350 

449 

750 

452 

325 

457.  5 

325 

457.  5 

250 

>740.  5 

250 

>699 

II 

70%  Poly- 
ethylene 
30%  Fiber- 
glass 

2350 

458 

Marzani 

85%  Polymide 

3350 

613 

(1968a) 

15%  Graphite 

Schwiaghamer 

Polymide  #3 

50 

(1971) 

100 

500 

1000 

Marzani 

Polymide 

3350 

620 

(1968a) 

McQuaid(  1972) 

Polymide 

3375 

622 

Guter(1967) 

Polythene 

750 

50!> 

1500 

478 

2625 

444 

3000 

476 

Mechanical  Impact  Pneumatic  Specimen 

Energy^Reaction  Impact  Thickness 

(kg  m)  1 Rate  Reaction  Rate  (in) 


0 

29% 

100% 

100% 


Flash 

Point 

(K) 


Fire  Em’ironment 

Point 

(K) 


GOX 


GOX 

GOX 

GOX 

GOX 

GOX 

GOX 
GOX 
GOX 
GOX 
I GOX 
I GOX 
I GOX 
! GOX 


I 


GOX 


GOX 


GOX 

GOX 

GOX 

GOX 


GOX 


GOX 

GOX 

GOX 

GOX 
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NON-HALOGENATED  PLASTICS  cont. 


Reference 

Materials 

Test 

If^nition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Envi  ronment 

Pressure 

femp. 

Teinp. 

Energy  Reaction 

Impact 

Thichness 

Point 

Point 

(psi) 

(K) 

(K) 

( l^S  m)  Rate 

Reaction  Rate 

(in) 

(K) 

(Kl 

Maraani 

Polyvinyl  idene 

297  5 

5t)0 

GOX 

(1968a) 

Fluoride 

II 

Polyurethane 

2725 

560 

GOX 

It 

Polyurethane 
Foam,  Renti- 
culated 

2650 

491 

GOX 

tt 

Polyurethane 
Foam  Renti- 
culated.  Fire 
Retardant 

2450 

471 

GOX 

McQuaid 

(1972) 

Polyurethane 
Foam,  Renti- 

culated 

2725 

522 

GOX 

Maraani 

Polyurethane 

(1968a) 

Foam,  Fire 
Retardant 

2450 

471 

GOX 

Guter(1967) 

Polyvinyl 

750 

695 

Alcohol 

1500 

728 

GOX 

(with  H3PO4) 

3375 

593 

Goy 

GOX 

II 

Polyvinyl 

15 

717 

Chloride 

750 

518 

GOX 

(unplasticized) 

1500 

477 

GOX 

2625 

433 

GOX 

3375 

434 

GOX 

GOX 
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Reference  Materials  Test 

Pressure 

(psi) 


Guter(1967)  Polyvinyl  Chloride  750 


(plasticized)  1500 

3375 

" Tufnol  750 

1500 

2625 

Jamison  Vespel  2000 

(1970)  (Polyamide)  2000 

Pippen  and  Vespel  SP- 1 5 

Stradling  25 

(1971)  50 

50 

100 

500 

1000 

1500 


2000 

" Vespel  SP-21  5 

25 

50 

50 

100 

500 

1000 

1500 

2000 

Marzani  Vespel  SP-1 

(1968b)  Polyimide  3325 


Ignition 

Temp. 

(K) 


547 

517 

464 

564 

521 

444 


621 


NON-HALOGENATED  PLASTICS  cont. 


Test  Mechanical  Impact  Pneumatic 

Temp.  Energy!  Reaction  Impact 

(K)  ( kg  m)  I Rate  Reaction  Rate 


297  2. 8 2/38 

297  1.4  0/42 


Specimen  Flash  Fire  Environment 

Thickness  Point  Point 

(in)  (K)  (K) 


GOX 

GOX 

GOX 

GOX 

GOX 

GOX 


GOX 

GOX 


None 

None 

GOX 

722 

None 

GOX 

722 

None 

GOX 

755 

755 

GOX 

724 

724 

GOX 

658 

658 

GOX 

619 

619 

GOX 

588 

588 

GOX 

582 

582 

GOX 

569 

None 

GOX 

784 

None 

GOX 

548 

None 

GOX 

774 

774 

GOX 

766 

766 

GOX 

718 

718 

GOX 

660 

660 

GOX 

620 

620 

GOX 

605 

605 

GOX 

GOX 
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SEALANTS,  THREAD.  COMPOUNDS,  AND  LUBRICANTS 


Reference  Materials 


Test 

Pressure 

(psi) 


Ingition  Test  Mechanical  Impact  Pneumatic  Specimen 

Temp.  Temp.  Energy  Reaction  Impact  Thickness 

(1^)  (K)  ( kg  m)  Rate  Reaction  Rate  (in) 


Flash 

Point 

(K) 


Fi-e 

Point 

(K) 


Environment 


Guter(1967) 

Aircraft  Lu- 

15 

582 

bricating  Oil 

300 

513 

DE  2472  B/O 

750 

498 

1500 

483 

2625 

475 

3750 

480 

Jamison(1970) 

Andox  C Oil 

2000 

299 

1.4 

Nihart  and 

Aroclor  1254 

2000 

649 

'lmith(19<'^) 

7500 

628 

n 

Bur  nil  Brand 

2000 

-773 

Microplates 

7500 

>773 

IT 

Dixon's  Flalie 

2000 

>773 

Graphite  No.  1 

7500 

-773 

Jamison(1970) 

Dow  Corning 

33  Grease 

2000 

297 

1.4 

Pippen  and 

Drilube  822 

5 

Stradling 

25 

(1971) 

50 

50 

100 

500 

1000 

1500 

2000 

Nihart  and 

Eve  rlube 

2000 

489 

Smith(1964) 

No.  811 

7500 

523 

Austin(1972) 

Eve  rlube 

100 

90 

10 

No.  811 

500 

90 

10 

1000 

90 

10 

1500 

90 

10 

100 

300 

10 

500 

300 

10 

1000 

300 

10 

1500 

300 

10 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

0/21 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

GOX 

0/20 

GOX 

721 

None 

GOX 

648 

677 

GOX 

608 

608 

GOX 

561 

561 

GOX 

576 

576 

GOX 

525 

525 

GOX 

511 

511 

GOX 

473 

473 

GOX 

483 

483 

GOX 

GOX 

GOX 

0/20 

. 030 

LOX 

0/20 

. 030 

LOX 

0/20 

, 030 

LOX 

0/20 

. 030 

LOX 

0/20 

. 030 

GOX 

0/20 

. 030 

GOX 

0/20 

. 030 

GOX 

0/20 

. 030 

GOX 
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SEALANTS.  THREAD,  COMPOUNDS,  AND  LUBRICANTS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
EnergypRe  action 
( kg  m)  1 Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

rhickness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

(K) 

Enviromrient 

Austin(1972) 

Everlube 

100 

90 

10 

0/20 

. 030 

LOX 

No.  811  B-2 

500 

90 

10 

0/20 

LOX 

1000 

90 

10 

0/20 

LOX 

1500 

90 

10 

2/20 

LOX 

1500 

90 

9 

0/20 

^^R ; 

LOX 

1500 

90 

8. 

3 

0/20 

LOX 

100 

300 

10 

0/20 

GOX 

500 

300 

10 

0/20 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

GOX 

It 

Everlube 

100 

90 

10 

0/20 

!^H 

LOX 

No.  812 

500 

90 

10 

0/20 

LOX 

1000 

90 

10 

0/20 

1 

LOX 

1500 

90 

10 

0/20 

LOX 

100 

300 

10 

0/20 

GOX 

500 

300 

10 

0/20 

^BR  : 

GOX 

1000 

300 

10 

0/20 

^BR 1 

GOX 

1500 

300 

10 

0/20 

HR 

GOX 

Nihart  and 

Fluorinated 

50 

0 

GOX 

Smith(I964) 

Hydrocarbon 

100 

20  % 

GOX 

500 

50  % 

GOX 

1000 

66.  6% 

GOX 

Austin(1972) 

Fluorolube 

100 

90 

10 

0/20 

^^R  ; ^^B 

LOX 

GR  290 

500 

90 

10 

0/20 

^^R  : ^^B 

LOX 

1000 

90 

10 

0/20 

LOX 

1500 

90 

10 

0/20 

^^R ! ^^B 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

^^R  ; 

GOX 

1000 

300 

10 

0/20 

GOX 

1500 

300 

10 

8/20 

GOX 

1500 

300 

9 

5/20 

^^R  ; ^^B 

GOX 

1500 

300 

8. 

3 

0/20 

. 030 

GOX 

1500 

300 

7. 

6 

0/20 

. 030 

GOX 
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SEALANTS,  THREAD.  COMPOUNDS.  AND  LUBRICANTS  cont. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ingition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy  I Reaction 
( Itg  m)  i Rate 

Pne  umatic 
Impact 

Reaction  Rate 

Specimen 

Thickness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

(K) 

Envi  ronment 

Austin(1972) 

Halocarbon 

100 

90 

10 

0/20 

. 030 

4-llES 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

II 

Halocarbon 

100 

90 

10 

0/20 

. 030 

LOX 

10-25E 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

12/20 

. 030 

GOX 

1500 

300 

8.  3 

2/20 

. 030 

GOX 

1500 

300 

7.  6 

0/20 

. 030 

GOX 

1500 

300 

7.  0 

0/20 

. 030 

GOX 

It 

Halocarbon 

100 

90 

10 

0/20 

. 030 

T.nx 

14-25 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

2/20 

. 0 30 

GOX 

1500 

300 

9 

0/20 

. 030 

GOX 

1500 

300 

8.  3 

0/20 

. 030 

GOX 

II 

Halocarbon 

100 

90 

10 

0/20 

. 030 

14-25ES 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

.0  50 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 
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SEALANTS.  THREAD.  COMPOUNDS.  AND  LUBRICANTS  cont. 


Reference 

Materials 

Test 

Ingition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Envi  ronment 

Pressure 

Temp. 

Temp. 

Energy  Reaction 

Impact 

Thickness 

Point 

Point 

(psi) 

(K) 

(K) 

(kg  m) 

Rate 

Reaction  Rate 

(in) 

(K) 

(K) 

AuQtin(1972) 

Halocarbon 

100 

90 

10 

0/20 

. 030 

LOX 

U-14E 

500 

90 

10 

0/20 

. 030 

ILOX 

1000 

90 

10 

0/20 

. 030 

i-OX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

LOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

II 

Halocarbon 

100 

90 

10 

0/20 

. 030 

LOX 

11-21E 

100 

90 

10 

0/20 

. 030 

LOX 

500 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

n 

Halocarbon 

100 

90 

10 

0/20 

. 030 

LOX 

11-21ES 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

It 

Halocarbon 

100 

90 

10 

0/20 

. 030 

LOX 

13-21ES 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

Nihart  and 

Halocarbon 

Smith(1964) 

Grease  Series 
25-10 

2000.  7500 

704 

II 

Halocarbon  Oil 

GOX 

Series  13-21 

2000,  7500 

708 

GOX 
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SEALANTS,  THREAD.  COMPOUNDS.  AND  LUBRICANTS  cont. 


Reference 


Nihart  and 
Smith(1964) 

Austin(197E) 


Jamison(1970) 

Nihart  and 
Smith(1964) 

Austin(l972) 


Pippen  and 
Stradling(  1971) 


Jamison(1970) 


Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy  j Reaction 
(kg  m)  1 Rate 

Pneumatic 

Impact 

Reaction  Rate 

Specimen 

Thiclcness 

(in) 

Flash 

Pt>int 

(K) 

Fire 

Point 

(K) 

Environment 

High  Purity 

Goop 

2000,  7500 

684 

GOX 

Ini  ox  44 

100 

90 

10 

0/20 

. 030 

LOX 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

Invelco 

33F  Grease 

2000 

294 

10 

0/20 

GOX 

KEL-F 

2000 

708 

GOX 

90  Grease 

7500 

708 

GOX 

Krytox 

100 

90 

10 

0/20 

. 030 

LOX 

280-AB 

500 

90 

10 

0/20 

. 030 

LOX 

1000 

90 

10 

0/20 

. 030 

LOX 

1500 

90 

10 

0/20 

. 030 

LOX 

100 

300 

10 

0/20 

. 030 

GOX 

500 

300 

10 

0/20 

. 030 

GOX 

1000 

300 

10 

0/20 

. 030 

GOX 

1500 

300 

10 

0/20 

. 030 

GOX 

Krytox  240  AC 

5 

621 

None 

GOX 

Gre  ase 

25 

429 

None 

GOX 

50 

None 

None 

GOX 

50 

739 

7 39 

GOX 

100 

731 

731 

GOX 

500 

725 

725 

GOX 

1000 

• 

689 

689 

GOX 

1500 

703 

703 

GOX 

2000 

689 

689 

GOX 

Krytox  240  AC 

Grease 

5000 

300 

1.4 

0/4 

0/4 

GOX 

Krytox 

240  AC 

Grease 

2000 

297 

1.4 

0/20 

GOX 

A-21 


SEALANTS.  THREAD,  COMPOUNDS,  AND  LUBRICANTS  cont. 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

En  vi  roninnieinit 

Pressure 

Temp. 

Temp. 

Energy  Reaction 

Impact 

Thickness 

Point 

P©int 

(psi) 

(K) 

(K) 

( kg  m)  Rate 

Reaction  Rate 

(in) 

(K) 

CK) 

Nihart  and  Linde  Green 


Smith(1964) 

Pipe  Joint 

2000 

629 

GOX 

Compound 

7500 

635 

GOX 

M 

50-50  Soft 

2000 

>773 

GOX 

Solder 

7500 

>773 

GOX 

brooks(1923) 

Linseed  Oil  0 

-3200 

394 

GOX 

Pippen  and 

L9/3T  Grease 

5 

641 

None 

GOX 

Stradling 

25 

671 

678 

GOX 

(1971) 

50 

685 

685 

GOX 

50 

588 

588 

GOX 

100 

551 

551 

GOX 

500 

518 

518 

GOX 

1000 

512 

512 

GOX 

1500 

' 

506 

506 

GOX 

2000 

515 

515 

GOX 

Nihart  and 

Mano  Pipe  and 

2000 

633 

GOX 

Smith(I964) 

Joint  Compound 

7500 

695 

GOX 

II 

MolyKote  Z 

2000.7500 

550 

GOX 

II 

Oxweld  Anti- 

Friction  Com- 

2000 

510 

GOX 

pound  No.  54 

7500 

503 

GOX 

II 

Oxweld  Anti- 

Friction  Com- 

pound No.  64 

2000.  7500 

683 

GOX 

tl 

Oxylube 

2000 

511 

GOX 

No.  703 

7500 

463 

GOX 

It 

Rectorseal 

2000 

647 

GOX 

No.  15 

7500 

628 

GOX 

Guter(1967) 

Silicone  D.  C. 

Fluid  200 

750 

561 

GOX 

CSTICS  100 

3750 

474 

GOX 

A-22 


ELASTOMERS 


Reference 

Materials 

Test 

Pressure 

(pst) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy  Reaction 
(kg  m)  1 Rate 

Pneumatic 

Impact 

Reaction  Rate 

Spscimeia 

Thickness 

(in) 

Flash 

Poimt 

uo 

Fi  re 
Point 
CK) 

roiuiTiienS 

Pippin  and 

Burma-N 

5000 

300 

0.34 

0/4 

0/4 

GOX 

Stradftng 

Rubber 

1500 

500 

0.34 

0/4 

2/4 

GOX 

(1971) 

.'-000 

300 

0.34 

0/4 

4/4 

GOS 

ft 

Butyl 

Rubber 

5 

650 

None 

GOX 

25 

619 

619 

GOX 

50 

617 

617 

GOX 

50 

503 

503 

GOX 

100 

494 

494 

oox 

500 

453 

453 

GOX 

1000 

439 

439 

GOX 

1500 

431 

431 

2000 

Nihart  and 

Duroid  5600 

7500 

742 

GOX 

Smith  (1964) 

Duroid  5650 

7500 

725 

GOX 

Duroid  5870 

7500 

730 

COX 

Duroid  5813 

7500 

736 

r- 

GOX 

2000 

701 

McQuaid 

Ethylene  Prop- 

(1972) 

ylene  Rubber 

2475 

456.  5 

^jOX 

Marzani 

Ethylene  Prop- 

(1968) 

ylene  Rubber 

2500 

457 

GOX 

ti 

Ebonite 

750 

455 

GOX 

1500 

435 

GOX 

2625 

417 

GOX 

3750 

419 

GOX 

Jamison 

Ethylene  - 

(1970) 

F ropylene 

B ubber-EMS 

388  (EPR) 

2000 

294 

1.4 

8/9 

GOX 

Pippen  and 

Fluorosilicone 

2500 

300 

0/4 

GOX 

Stradling 

Elastomer 

3000 

300 

1.4 

0/2 

1/4 

GOX 

(1971) 

3500 

300 

1/2 

COX 

4000 

300 

1.4 

0/2 

1/2 

GOX 

4500 

300 

4/4 

GOX 

5000 

300 

1.4 

0/8 

GOX 
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ELASTOMERS  cunt. 


Reference 

Materials 

Test 

Igniticm 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Pressure 

Temp. 

Temp. 

Ener->y  Reaction 

Impact 

Thichness 

Point 

Point 

(psi) 

(K) 

(K) 

(ky  m)  Rate 

Reaction  Rote 

Jin) 

Schwingh  ame  r 

Fluorinated 

50 

50To 

GOX 

(1971) 

Silicone 

100 

50<To 

GOX 

500 

GOK 

1000 

i '-■"•’■mV 

GOX 

Pippen  and 

Fluorosilicone 

5 

644 

6S2 

GOX 

Stradling 

L-449-6 

25 

653 

653 

GOX 

(1971) 

50 

639 

639 

GOX 

50 

548 

54S 

GOX 

100 

544 

544 

GOX 

500 

529 

529 

GOX 

1000 

498 

49S 

GOX 

1500 

465 

465 

GOX 

2000 

463 

463 

GOX 

Guter  (1967) 

Hycar  Lining 

750 

643 

GOX 

Tube 

1500 

646 

GOX 

2625 

473 

GOX 

3750 

435 

GOX 

ft 

I.  C.  I. 

750 

598 

Standard 

1500 

589 

Ruhb-* 

3750 

470 

t( 

I.G 

750 

524 

Sta. 

1500 

409 

Rub.; 

2625 

408 

3750 

407 

f 

KEL-F  81 

7500 

701 

1/1 

GOX 

Nihart  and 

KEL-F  Elas- 

Smith (1964) 

tomer  3700 

7500 

610 

GOX 

KEL-F  Elas- 

tomer 5500 

7500 

620 

GOX 

Guter  (1967) 

Natural  Rubber 

750 

584 

GOX 

Hose 

1500 

451 

GOX 

2625 

406 

GOX 

A-24 


McQuaid  Neoprene 

(1972)  (Valve 


Diaphragm) 

2300 

454 

Neoprene 

1000 

300 

1500 

300 

4500 

300 

5000 

300 

Guter  (1967) 

Neoprene 

750 

579 

1500 

558 

2625 

518 

3750 

478 

Pippen  and 

Neoprene 

5 

Stradling 

25 

(1971) 

50 

50 

100 

500 

1000 

1500 

2000 

II 

Red  Fiber 

5000 

300 

Sheet 

1500 

300 

2000 

300 

2500 

300 

3000 

300 

Guter  (1967) 

Red  Vulcan- 

15 

648 

ized  Fiber 

750 

545 

Block 

1500 

493 

2625 

483 

3750 

485 

Guter  (1967) 

Red  Vulcan- 

15 

625 

ized  Fiber 

750 

546 

Shavings 

1500 

488 

2625 

462 

3750 

418 

P ubbe  r 

750 

503 

Diaphragms 

1500 

448 

3750 

410 

ELASTOMERS  cont. 


Mechanical  Impact  Pneumatic  Specimen  Flash  Fire  EnvaE-oauenS  j 

Energy!  Reaction  Impact  Thickness  Point  Point 


(kg  m). 


Reaction  Rate 


0/4 

2/3 

4/4 

0 . 34  0/4 


0.34  0/4 

0/4 
1/2 
1/2 
4/4 


GOX 

G0X 

GOX 

GOX 

GOX 

GOX 

GOX 

COX 

GOX 


6U  None  GOX 

600  602  GOS 

£49  649  GOX 

507  507  GOS 

506  506  GOX 

496  496  GOX 

496  496  GOX 

460  460  GOX 

465  465  GOX 


GOX 

COX 

GOX 

GOX 

GOX 


GOX 

SOX 

sox 
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ELASTOMERS  coot. 


Reference 

Materials 

Test 

Pressure 

(psi) 

Ignition 

Temp. 

(K) 

Test 

Temp. 

(K) 

Mechanical  Impact 
Energy!  Reaction 
( Ug  m)  1 Rate 

Pneumatic 

Impact 

Reaction  Rate 

Spscimen 

Tiiichness 

(in) 

Flash 

Point 

(K) 

Fire 

Point 

«K5 

Ear  j ronsment 

Nihart  and 

Rulon  A 

7500 

737 

GOK 

Smith  (1964) 

Rulon  B 

7500 

736 

GOX 

It 

Rulon  C 

7500 

735 

GOX 

Jamison 

Si  Elastomer 

2000 

294 

1.4 

4/20 

(1970) 

SE-342 

II 

Si  Elastomer 

2000 

297 

1.4 

5/9 

GOX 

Pippen  and 

Silicone 

1000 

300 

1.4 

0/4 

COS 

Stradling 

Elastomer 

1500 

300 

1.4 

1/2 

COS 

(1971) 

2000 

300 

1.4 

4/4 

GOX 

3000 

300 

0/4 

GOX 

3500 

300 

4/4 

GOX 

4500 

300 

0.34 

0/4 

GOX 

5000 

300 

0.34 

1/2 

GOX 

II 

Silicone 

5 

None 

None 

GOX 

C -Ring 

25 

6S4 

702 

GOX 

50 

6S8 

6S8 

GOX 

50 

610 

610 

GOX 

100 

656 

656 

GOX 

500 

527 

527 

GOX 

1000 

496 

496 

GOX 

1500 

503 

503 

GOX 

2000 

501 

501 

GOX 

Jamison 

Silicone  Rubber 

2000 

299 

1.4 

0/21 

GOX 

(1970) 

Primer  A-4094 

II 

Primer  SS-4004 

2000 

297 

1.4 

3/6 

GOX 

Schwinghamer 

Silicone 

50 

50% 

GOX 

(1971) 

100 

100% 

GOX 

500 

100% 

GOX 

1000 

GOX 

Jamison 

Silicone  5537 

20 

296.  5 

2.8 

0/21 

GOX 

(1970) 

100 

2 9.  5 

2.8 

3/9 

GOX 

2000 

296.  5 

1.4 

7/16 

GOX 

Cuter  (1967) 

Silicone  Rubber 

750-3750 

598 

GOX 
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ELASTOMERS  cont. 


Reference  Materials 


Test 

Ignition 

Test 

Mechanical  Ii.ipact 

Pneumatic 

Specimen 

Flash 

Fire 

Pressure 

Temp. 

Temp. 

Energy  iReaction 

Impact 

Thickness 

Point 

Point 

(psi) 

(K) 

(K) 

( hg  m)  1 Rate 

Reactit>n  Rate 

(in) 

(K) 

Envi  ronsraent 


Nihart  and 

Teflon  (virgin) 

7500 

Smith  (1964) 

Teflon  (100  x) 

7500 

M 

Viton  A (virgin) 

7500 

Viton  B (virgin) 

7500 

Jamison 

Viton 

(1970) 

V-EMS-338 

2000 

II 

Viton 

A-HS-757A 

2000 

It 

Viton  B 

2000 

Pippen  and 

Viton  Rubber 

3500 

Stradling 

4000 

(1971) 

5000 

It 

Viton  A 

5 

25 

50 

50 

100 

500 

1000 

1500 

2000 

740 

688 


1/1 


578  2/2 

59  3 


GOX 

GOX 

GOX 

GOX 


299 

1.4 

0/20 

GOX 

299 

1.4 

0/20 

GOX 

200 

1.4 

0/21 

GOX 

300 

0/4 

GOX 

300 

. 34 

0/1 

1/3 

GOX 

300 

. 34 

0/4 

GOX 

621 

SJoiae 

GOX 

610 

T40 

GOX 

660 

a 34 

GOX 

590 

5-?0 

GOX 

583 

583 

GOX 

540 

540 

GOX 

523 

523 

GOX 

518 

518 

GOX 

515 

515 

GOX 
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MISCELLANEOUS 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Envi  roiiment 

Pressure 

Temp. 

Temp. 

EnergyjReaction 

Impact 

Thickness 

Point 

Point 

(psi) 

(K) 

(K) 

(kg  m)  t Rate 

Reaction  Rate 

(in) 

<K) 

(K) 

Jamison(1970)  Armstrong  A-2 

2000 

294 

1.4  4/20 

GOX 

GOX 

Activator  A 

100 

294 

1.4  0/22 

Marzani 

Asbestos, 

(1968a) 

TFE,  MOSz 
Phenolic  Resin 

2250 

446.  5 

GOX 

rt 

Asbestos  Cloth 
TFE  Phenolic 
Resin 

2200 

432.  5 

GOX 

It 

Asbestos  Cloth 
Graphite, 

.■ 

Phenolic  Resin 

2200 

430 

GOX 

M 

Carbon 

Graphite  - Coppe  r 

3275 

607 

GOX 

II 

Carbon 

Graphite  - Silver 

3200 

588 

GOX 

II 

Carbon 

Graphite-Babbit 

3100 

576.  5 

GOX 

Pippen  and 

Epibond 

Stradling 

(1971) 

70-1768 

500 

1000 

1500 

2000 

300 

300 

300 

300 

1.4 

4/4 

0/4 

1/2 

1/3 

GOX 

GOX 

GOX 

GOX 

Jamison(1970) 

Epibond  123 
Hardner  931 

2000 

100 

297 

297 

1.4 

1.4 

5/9 

0/21 

GOX 

GOX 

Pippen  and 

2T  Epoxy 

4500 

300 

. 34 

0/4 

1/3 

GOX 

GOX 

Stradling 

(1971) 

5000 

. 34 

0/4 

II 

EA-40  Epoxy 

3500 

4000 

4500 

300 

300 

300 

0/1 

0/4 

4/4 

GOX 

GOX 

GOX 

Marzani 

Laminated 

(1968a) 

Glass-Filled 

Epoxy 

2500 

460 

GOX 

MISCELLANEOUS  cont. 


Reference 

Materials 

Test 

Ignition 

Test 

Mechanical  Impact 

Pneumatic 

Specimen 

Flash 

Fire 

Environment 

Pressure 

Temp. 

Temp. 

Energy  Reaction 

Impact 

Thickness 

Point 

Point 

(psi) 

(K) 

(K) 

( Ug  m)  1 Rate 

Reaction  Rate 

(in) 

(K) 

(K) 

Austin(19V2) 

Epoxy 

15 

90 

10 

20/20 

0.  05 

LOX 

Fiberglass 

15 

90 

7.  62 

20/20 

0.  05 

LOX 

15 

90 

5.  54 

20/20 

0.  05 

LOX 

15 

90 

3.  46 

20/20 

0.  05 

LOX 

15 

90 

1. 38 

4/20 

0.05 

LOX 

15 

90 

0.  68 

2/20 

0.  05 

LOX 

100 

300 

10 

15/20 

0.  05 

GOX 

100 

300 

7.  62 

20/20 

0.  05 

GOX 

100 

300 

5.  54 

20/20 

0.  05 

GOX 

100 

300 

4.86 

2/20 

0.  05 

GOX 

100 

300 

4.  17 

0/20 

0.  05 

GOX 

100 

300 

3.46 

0/20 

0.  05 

GOX 

500 

300 

4.86 

2/5 

0.  05 

GOX 

500 

300 

4.  17 

0/20 

0.  05 

GOX 

1000 

300 

4.  17 

1/6 

0.  05 

GOX 

1500 

300 

4.  17 

1/1 

0.  05 

GOX 

Cute  r(  19  67) 

GACO  Seats 

750 

673 

GOX 

Grade  H22 

1500 

604 

GOX 

3750 

455 

GOX 

Marzani 

Graphite 

3800 

724 

GOX 

Guter(1967) 

Lamp  Black 

750 

646 

GOX 

Jamisor. 

L ocktite 

(1970) 

Grade  C 

2000 

294 

1.4 

0/20 

GOX 

Pippen  and 

F LV  Viton 

25 

None 

None 

GOX 

Stradling 

t^ement 

50 

701 

701 

GOX 

(1971) 

50 

617 

617 

GOX 

100 

632 

632 

GOX 

500 

574 

574 

GOX 

1000 

539 

559 

GOX 

1500 

507 

507 

GOX 

2000 

516 

516 

GOX 

Jamison 

RTV 

2000 

297 

1.4 

4/4 

GOX 

i}uter^(1967) 

Resin  Bonded 

750 

483 

GOX 

Fabric 

1500 

474 

GOX 

3750 

434 

G03C 

Jamison 

Scot  Weld 

(1970) 

Structural 

2000 

297 

1.4 

2/19 

GOX 

It 

Viton  Cement 

1.4 

GOX 

Coating  Material 

O 

O 

o 

399 

0/20 

GOX 
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LONDON:  HER  MAJESTY’S  STATIONERY  OFFICE 
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SUMMARY 

Doubts  have  been  expressed  on  the  significance  of  the  current  'Bomb' 
and  'Pot'  tests  used  to  measure  the  spontaneous  ignition  temperature  of  organic 
materials  in  high  and  low  pressure  oxygen.  An  investigation  by  the  British 
Oxygen  Company  to  explore  some  of  these  doubts  and  to  test  new  materials  is 
described  and  the  results  are  discussed.  Suggestions  are  made  for  improved 
'Bomb'  and  'Pot'  test  procedures,  and  for  investigations  into  the  basic  nature 
of  ignition  processes  and  the  relationship  between  laboratory  tests  and  field 
conditions. 
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1 INTRODUCTION 

After  several  incidents  of  fire  in  high  pressure  oxygen  equipment, 
which  are  outlined  in  Appendix  A,  the  suitability  of  certain  materials  for  use 
in  oxygen  was  reconsidered.  Probably  the  most  important  physical  property 
involved  is  the  spontaneous  ignition  temperature  (SIT)  of  a material  in 
oxygen. 

The  main  U.K.  reference  for  SITs  of  materials  in  high  and  low  pressure 
oxygen  is  the  Ministry  of  Supply  Memorandum  S&T  13/50  , but  this  report,  being 
issued  in  1950,  includes  no  data  on  modern  materials.  Furthermore  SITs  at 
atmospheric  pressure  were  measured  by  a 'Pot*  test  whereas  a 'Bomb'  test  was 
used  at  all  higher  pressures;  both  tests  are  detailed  in  sections  2.1  and  2.2. 
Hence  the  apparent  large  reduction  in  SIT  which  occurs  for  some  materials  as 
the  oxygen  pressure  is  increased  from  1 atm  to  5 atm  and  above,  could  be  due, 
wholly  or  in  part,  to  the  different  methods  of  test.  Some  means  of  correlating 
the  results  of  the  two  tests  is  obviously  desirable. 

1.2  In  the  six  incidents  leading  to  this  study  it  was  possible  that  wear  by 
moving  parts  could  have  generated  particles  of  material,  or  that  'ageing'  of 

a material  either  naturally  with  time,  or  by  contamination,  might  have  occurred. 
The  effects  of  these  factors  on  SIT  had  not  been  investigated  in  either  the 
'Bomb'  or  the  'Pot'  tests.  To  help  clarify  the  above  points  an  R.A.E.  contract 
was  placed  with  British  Oxygen  Company  Ltd.  to  explore  the  above  effects  on 
the  SIT  of  selected  materials;  most  of  which  are  relatively  new  and  are 
intended  for  use  in  future  oxygen  equipment.  At  about  the  same  time  a Mintech 
contract  was  placed  with  Bristol  University,  for  a paper  study  of  test  tech- 
niques and  means  of  assessing  material  compatability  with  oxygen,  which  are 
currently  used  in  the  U.K.  and  the  U.S.A. 

1.3  In  this  Report  the  two  methods  of  test  used  by  B.O.C.  Ltd.,  the  factors 
investigated,  and  the  materials  tested^ are  outlined  in  section  2.  The  test 
results  are  presented  in  section  3 and  discussed  in  section  4.  The  more 
fundamental  aspects  of  this  work  are  linked  with  the  work  of  Bristol 
University  in  section  5 . Conclusions  and  recommendations  are  given  in 
section  6. 

2 EXPERIMENTAL  DETAIL 

2.1  British  Oxygen  Co.  Ltd.  'Bomb'  test 

The  high  pressure  oxygen  test,  referred  to  as  the  'Bomb'  test,  is 
substantially  the  same  as  that  used  by  Cuter  in  1950  and  is  fully  described 


h 
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in  S & T 13/50  . The  'Bomb'  and  the  associated  test  apparatus  are  shown  dia- 

gratranatically  in  Figs.l  and  2.  The  temperature  in  the  'Bomb'  is  increased  at 
a*  rate  of  approximately  20°C  per  minute  and  is  recorded  continuously.  Ignition 
is  indicated  by  a sudden  increase  in  this  temperature. 

2.1.1  Use  with  static  gas,  pressure  in  excess  of  1 atmosphere 

The  glass  boat,  containing  a sample  of  material  weighing  60  mg  is  posi- 
tioned in  the  'Bomb'  so  that  it  is  directly  beneath  the  thermocouple  tip, 
midway  along  the  heating  element.  The  nose  plug  is  tightened  into  the  'Bomb' 
chamber  which  is  then  purged  with  oxygen  at  5 atm  pressure.  The  chamber  is 
then  filled  with  oxygen  to  approximately  90%  of  the  required  test  pressure. 
Heating  is  commenced  and  the  temperature  recorded.  The  pressure  increases  with 
the  temperature,  and  any  excess  gas  is  vented  through  a manually  operated 
valve  in  the  outlet  pipe. 

When  either  ignition  occurs,  or  a temperature  of  400°C  is  reached, the 
heating  is  switched  off.  After  the  system  has  cooled  to  lOO^C  the  gas  is 
vented  and  the  test  sample  examined. 

2.1.2  Flowing  gas  at  1 atmosphere  pressure 

A weighed  sample  is  positioned  in  the  'Bomb'  as  above.  A flowmeter  is 
then  connected  to  the  outlet  and  the  flow  adjusted  to  either  0.2  1/min  or 
2.0  1/rain.  The  meter  is  then  disconnected,  but  the  constant  mass  flow  of 
oxygen  is  maintained  and  is  vented  to  a fume  cupboard.  The  heating  is  then 
switched  on  and  the  experiment  continued  as  above. 

2.2  British  Oxygen  Co.  Ltd.  'Pot'  test 

1 

A diagram  of  the  test  apparatus,  which  is  fully  described  elsewhere 
is  given  in  Fig. 3.  The  temperature  of  the  oxygen  in  the  open  ended  tube  or 
'Pot'  is  maintained  at  a predetermined  value  to  within  ±2°C  for  15  minutes. 

A sample  of  material,  weighing  60  mg  is  placed  on  a Pyrex  glass  spoon  and  is 
then  lowered  into  the  gas  stream.  If  no  ignition  is  seen  within  two  minutes 
the  test  is  repeated  with  a fresh  sample  of  material.  Samples  are  tested  for 
gas  temperature  increments  of  5°C,  either  until  ignition  occurs  or  until  a 
temperature  of  400°C  is  reached. 

2.3  Outline  of  investigation 

2.3.1  Aims 

The  materials  and  the  test  conditions  were  chosen  in  order  to  investi- 
gate the  following  factors: 
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(i)  The  spontaneous  ignition  temperature  of  nylon,  and  of  the 

sealing  compound  ZX32:  both  of  which  were  suspect  materials  in  recent  fire 

incidents. 

(ii)  The  effect  of  'ageing',  either  with  time  or  by  contamination,  on 
the  spontaneous  ignition  temperature  of  nylon  used  in  R.A.F.  line  valves. 

(iii)  The  comparison  of  the  results  of  the  'Bomb'  and  the  'Pot'  tests, 
both  at  atmospheric  pressure,  (see  section  1.1). 

(iv)  The  difference  in  SIT  between  powdered  samples  and  block  samples 
of  equal  weight  of  the  same  material. 

(v)  The  spontaneous  ignition  temperature  of  the  materials  listed  in 
section  2.3.3,  most  of  which  are  relatively  new  and  are  intended  for  use  in 
future  equipment.  These  materials  were  chosen  after  consultation  with  several 
firms  which  have  design  and/or  production  contracts  from  Mintech  HQ. 

2.3.2  Test  schedule 

The  conditions  of  each  test  are  detailed  in  the  results  shown  in  Figs. 4, 

5 and  6 and  are  outlined  below: 

SIT  of  materials  measured  by  'Pot'  test 

60  mg  block  samples  of  each  material,  listed  in  section  2.3.3  were  tested 
at  atmospheric  pressure  with  an  oxygen  flow  rate  of  2 1/min.  60  mg  powdered 
samples  of  each  solid  material  were  also  tested  in  the  same  conditions.  The 
required  ntmiber  of  samples  to  establish  the  ignition  temperature,  or  to  reach 
the  400°C  temperature  limit  of  the  apparatus,  were  used.  The  SIT  was  'estab- 
lished' when  the  first  three  samples  tested  at  one  temperature,  all  ignited. 

SIT  of  materials  measured  by  the  'Bomb'  test 

Six  60  mg  block  samples  of  each  material  listed  in  section  2.3.3  were 
tested  in  static  oxygen  at  10  atm  and  130  a+’m  above  atmospheric  pressure,  as 
these  are  the  working  pressures  of  aircraft  LOX  and  high  pressure  gas  systems 
respectively.  Some  of  the  materials  were  also  tested  at  5 atm  and  50  atm  above 
atmospheric  pressure.  Six  60  mg  powdered  samples  of  each  solid  material  were 
also  tested  under  the  same  conditions  as  the  block  samples. 

So  that  the  'Bomb'  and  'Pot'  tests  could  be  compared,  60  mg  samples,  in 
block  and  powder  form  of  most  materials,  were  tested  in  the  'Bonib'  at  1 atm 
pressure  in  flowing  gas.  A flow  of  2 1/min  was  used  to  give  the  same  mass 
flow  as  in  the  'Pot'  test.  Because  of  differences  in  the  sizes  of  the  two  test 
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apparatuses,  some  tests  were  repeated  in  the  ’Bomb*  with  a £low  of  0.2  1/min, 
so  that  the  gas  velocity  was  the  same  as  in  the  *Pot'  test. 

2.3.3  Classification  of  materials 

The  materials  tested  fall  into  four  main  groups: 

Group  A ~ Nylon 

(i)  New  Nylon  66. 

(ii)  Used  Nylon  66  (valve  seats  of  high  pressure  line  valves  removed 
from  R.A.F.  aircraft  because  of  stripped  threads  etc.). 

(iii)  A new  type  of  nylon  designated  BIOO. 

Group  B - Lubricants  and  sealing  compounds 

(i)  Rocol  MA-1  (water  based,  molybdenum  disulphide  with  organic  soap). 

(ii)  Rocol  dry  film  lubricant  (water  based,  molybdenum  disulphide, 
sodium  silicate). 


(iii)  Achcson  Indu£;tries  Ltd.  ZX32  (DAG517.  A suspension  of  graphite 
in  a non-flammable  fluid) . 


(iv)  Silicone  grease  XG315  (equivalent  to  MS33) . 


Group  C - Elastomers  and  thermoplastic  materials 

(i)  ICI,  silicone  rubbers 

(room  temperature  vulcanised) 

(ii)  Midland  Silicones  Ltd., 
silicone  rubbers 


Silcoset  100 
Silcoset  106 

Silastomer  S2453 
Silastomer  S2475 


(iii)  Dow  Corning,  silicone  rubber  Silastic  55 

(iv)  J.  Walker  S Co.  Ltd.,  Fluolion  G15M 

(PTFE  molybdenum  disulphide 

fibre  glass  mixture). 


Group  D - Adhesives 

(i)  Midland  Silicones  Ltd.,  MS2705 

silicone  adhesive 


(ii)  Douglas  Kane  Ltd.,  shaft 
locking  compound. 


Loktite  D. 
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2.3.4  Preparation  of  materials 

All  samples  as  received  from  the  suppliers  were  handled  with  clean, 
oil  free  tools.  Block  samples  were  cut  into  60  mg  portions  using  clean 
degreased  cutters.  Powders  were  made  by  means  of  a new  degreased  file  cooled 
in  liquid  nitrogen.  A separate  file  was  kept  for  each  material  to  prevent 
cross  contamination.  Only  that  portion  of  the  powder  which  would  pass  through 
a size  30  mesh,  but  not  through  a size  85  mesh  was  used  in  the  tests  as  this 
was  thought  to  be  representative  of  the  size  of  particle  which  could  be  formed 
inside  valves  etc.  by  general  wear.  One  exception  was  however  made:  because 

only  a limited  supply  of  used  nylon  was  available  the  powder  was  graded  by 
size  30  and  size  200  mesh  for  this  material  only. 

3 RESULTS  OF  TESTS  BY  THE  BRITISH  OXYGEN  CO.  LTD. 

The  spontaneous  ignition  temperature  of  each  sample  of  material  is 
shown  diagrammatical ly  in  Figs. 4,  5 and  6.  Detailed  results  of  'Pot*  tests, 
illustrating  test  procedure,  are  given  in  Fig. 7.  A summary  is  given  in  Table  1. 

The  most  noticeable  features  of  the  results  are: 

(i)  The  wide  range  of  measured  SIT  for  certain  nominally  identical 
sample  and  tast  conditions,  especially  in  the  'Bomb'  test. 

(ii)  The  low  SIT  of  some  powdered  'aged'  samples  of  nylon. 

(iii)  The  increase  in  the  SIT  of  several  silicone  materials  with 
increasing  oxygen  pressure. 

Wherever  possible  a statistical  analysis  has  been  made  to  assess  the 
significance  levels  of  the  effects  of  various  factors  on  SIT.  Details  of  the 
analysis  are  given  in  Appendix  B and  the  results  presented  in  Tables  2 to  6. 

As  some  of  the  results  were  indefinite,  being  stated  as  'above  400^0 ' the 
validity  of  the  findings  is  uncertain,  but  some  trends,  summarised  in  the 
table  on  the  following  page  are  apparent. 
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Test 

Material 

Factor  giving 
lowest 

statistically 
significant  SIT 

Factor  giving 
lowest 

individual  SIT 

Comparison  of  'Pot'  at 

Silicones 

'Bomb' 

' Bomb ' 

2,0  1/min  and  'Bomb' 

at  0.2  and  2.0  1/min 

Loktite  D 

'Pot' 

'Bomb' 

1 atm. 

Comparison  of  flow 

Silicones 

High  flow 

High  flow 

rates  in  'Bomb' test 

Loktite  D 

No  significant 

Low  flow 

difference 

Effect  of  pressure 

Silicones 

on  'Bomb'  test 

(not  X6315) 

Low  pressure 

Low  pressure 

X6315  and  Nylon 

High  pressure 

High  pressure 

Loktite  D 

Low  pressure 

Low  pressure 

Comparison  of  block 

and  powder 

11  atm  static 

Silicones 

Block 

Block 

11  atm  static 

Nylon 

Block 

Block 

1 atm  flowing 

Silicones 

Powder 

Powder 

51  atm  static 

Nylon 

Powder 

Both  same 

131  atm  static 

Nylon 

Powder 

Powder 

Effect  of  age  and  use 

Nylon 

Used  material 

Used  material 

4 DISCUSSION  OF  BRITISH  OXYGEN  CO.  LTD.*S  RESULTS 

It  is  apparent  that  the  nature  of  the  test,  whether  'Bomb*  or  'Pot', 
static  gas  or  flowing  gas,  and  that  the  condition  of  the  test  sample,  whether 
in  block  or  powder  fom,  new  or  used,  can  considerably  affect  the  SIT  of  a 
material.  However  no  generalizations  regarding  the  differences  between 
'Bomb'  and  'Pot'  tests,  or  block  and  powder  samples,  can  be  made.  For 
instance  most  silicone  materials  have  a lower  SIT  in  the  'Bomb'  at  atmospheric 
pressure,  than  in  the  'Pot*  at  atmospheric  pressure.  The  reverse  is  true 
for  three  powdered  samples  of  nylon,  and  for  Loktite  D when  the  flow  through 
the  'Bomb'  is  2 1/min,  these  materials  do  not  contain  silicone.  Similarly 
powdered  materials  may  have  either  a higher  or  lower  SIT  than  blocks  of 
materials,  depending  upon  the  oxygen  pressure.  Additionally  nominally 
identical  tests  on  six  samples  yielded  a wide  range  of  SITs  in  some  cases; 
and  the  results  of  the  'Bomb'  test  at  I atm  varied  significantly  with  the 
velocity  of  oxygen.  These  factors  are  discussed  separately  in  the  following 
sections. 


4.1  Spread  of  results 


An  interesting  and  so  far  inexplicable  feature  of  the  *Bomb*  test  results 
which  does  not  occur  with  those  of  the  'Pot*  test  is  the  wide  range  of  measured 
values  for  certain  nominally  identical  conditions.  It  is  presumed  that  generally 
the  SIT  of  a material  is  measured  for  comparison  with  some  predetermined  lowest 
limit  of  acceptability,  and  hence  some  method  of  interpreting  the  spread  of 
results  is  needed.  If  the  distribution  of  SITs  about  the  mean  value  is  random, 
then  95%  of  all  samples  of  material  can  be  expected  to  have  an  SIT  within  two 
standard  deviations  of  the  mean  measured  SIT,  hence  97J%  will  have  an  SIT 
above  the  'mean  minus  two  s.ds'  temperature. 

It  is  therefore  suggested  that  if  the  mean  SIT  minus  two  standard 
deviations,  is  equal  to  or  greater  than  a specified  critical  temperature,  then 
the  material  is  acceptable.  With  this  mode  of  interpreting  the  results  there 
is  a 2J%  or  less  probability  that  the  actual  SIT  of  any  single  sample  falls 
below  the  acceptance  level. 

Although  might  at  first  sight  seem  to  be  high,  it  must  be  remembered 
that  first  this  probability  of  a sample  having  an  SIT  less  than  the  predetermined 
lowest  acceptable  value  will  apply  only  to  borderline  materials;  it  is  expected 
that  many  materials  will  have  SITs  much  higher  than  the  critical  temperature  in 
which  cases  any  risk  will  be  negligible. 

Secondly,  if  a material  only  just  passes  the  acceptability  test  then  for  a 
fire  to  occur  the  2J%  or  less  of  items  having  SITs  less  than  the  critical  tempera- 
ture must  coincide  with  an  occurrence  of  abnormally  high  temperature.  As  normal 
precedures  for  using  oxygen  equipment  are  designed  to  prevent  such  occurrences, 
high  temperatures  are  expected  to  be  rare,  hence  the  probability  of  fire,  even 
with  borderline  materials,  should  be  very  much  less  than  2|%. 

4.2  Ageing  of  nylon 

The  results  (Table  2)  indicate  that  the  SIT  of  nylon  can  significantly 
decrease  over  a period  of  time  in  use  in  a high  pressure  oxygen  system.  The 
exact  cause  of  this,  reduction  is  not  known,  but  it  is  suggested  that  either 
the  nylon  undergoes  some  physical  or  chemical  change  when  used  continually  in 
high  pressure  oxygen,  or  small  amounts  of  contamination  build  up  on  the  surface 
of  the  nylon:  the  ignition  of  such  contaminants  could  release  sufficient 

energy  to  ignite  the  nylon.  Both  of  these  suggested  mechanisms  have  received 
limited  study  in  the  U.S.A.  One  investigator  showed  that  after  prolonged 
storage  in  oxygen  some  materials  are  degraded  physically  and  chemically. 
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however,  no  measurement  of  resultant  SIT  was  attempted.  Another  investigator 
showed  that,  as  would  be  expected,  material  of  high  SIT  can  be  ignited  if  a 
material  of  low  STC  bums  on  its  surface,  and  a 'promoted  ignition  test'  based 
on  this  mechanism,  was  devised. 

This  ageing  effect  was  probably  a contributory  cause  to  some  of  the  fires 
listed  in  Appendix  A. 

4.3  New  materials 

The  increase  in  the  SIT  with  increase  in  oxygen  pressure  of  all  except 

1 

one  silicone  material  is  the  reverse  of  the  findings  of  1950  for  materials  not 
containing  silicone.  This,  together  with  the  fact  that  the  lowest  SIT  was 
300*^0  indicates  that  wider  use  of  silicone  materials  could  be  encouraged  in 
high  pressure  oxygen  systems.  However,  only  limited  tests  have  been  perfoirmed 
and  the  effect  of  ageing  has  not  been  investigated.  More  comprehensive  tests 
would  be  needed  before  any  definite  conclusions  could  be  reached. 

4.4  Effect  of  powl«.$r  ? 

As  can  be  seen  in  Table  3 some  materials  which  can  be  powdered  give 
significantly  different  SITs  in  the  powder  form  than  in  block  form.  However, 
the  effect  of  powdering  varies  amongst  materials  and  for  a given  material, 
depends  upon  test  technique  and  oxygen  pressure.  Mo  consistent  pattern  of 
behaviour  could  be  found,  nor  could  the  change  of  SIT  with  powdering  be 
explained.  As  particles  of  a material  could  be  produced  in  manufacture  and 
assembly,  or  in  use,  then  the  change  of  SIT  with  powdering  can  considerably 
affect  the  overall  compatibility  of  the  material  with  oxygen  systems.  Tests  of 
material  compatibility  with  oxygen  should  therefore  include  the  SIT  of  both 
block  and  powder  samples  (section  5.2). 

The  reduction  in  SIT  at  high  pressure,  of  'aged'  nylon,  due  to  powdering 
may  have  been  a contributory  factor  to  the  fires  which  sparked  off  this 
investigation. 

4.5  Comparison  of  'Bomb'  and  'Pot'  tests 

From  Figs. 4,  5 and  6 it  can  be  seen  that,  with  the  e^tception  of  one 
sample  of  nylon,  the  measured  SIT  of  all  solid  materials  was  lower  in  the 
'Bomb'  at  1 atm  than  in  the  'Pot'  at  1 atm.  Similarly  for  lubricants,  sealants 
and  adhesives,  although  the  statistical  analysis  detailed  in  Table  4 shews  no 
significant  differences,  there  is  some  indication  that  the  'Bomb'  gives  lower 
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measured  SITs  than  does  the  'Pot*.  Hence,  the  apparent  large  reduction  in  SIT 
of  some  materials,  which  was  noted  in  S & T 13/50  as  the  pressure  increases 
from  1 atm  in  the  'Pot’  to  higher  pressures  in  the  'Bomb',  can  be  attributed, 
in  part,  to  change  in  test  technique.  Hence  when  comparing  materials  for 
compatibility  with  oxygen,  effects  of  test  technique  cannot  be  neglected. 

The  conditions  of  the  'Bomb'  and  'Pot'  tests  are  compared  with  one 
another,  and  with  actual  conditions  from  which  a fire  might  arise,  in  Table  5. 
The  two  major  differences  at  atmospheric  pressure  are  flow  rate  and  heating 
rate.  From  Figs. 4,  5 and  6 and  Table  5 it  will  be  noted  that  a change  of  flow 
rate  in  the  'Bomb'  can  cause  a change  in  measured  SIT;  for  solids  a decrease 
in  SIT  accompanies  an  increase  in  flow  rate,  but  for  lubricants,  sealants  and 
adhesives  an  increase  in  flow  rate  causes  an  increase  in  SIT.  Although  the  two 
flow  rates  in  the  'Bomb'  were  chosen  to  give  either  the  same  gas  velocity  or 
the  same  mass  flow  as  in  the  'Pot'  test,  neither  set  of  'Bomb'  test  results  at 
1 atm  correlated  with  the  'Pot'  test  results. 

Some  of  the  differences  could  be  attributed  to  the  wide  difference  in 
heating  rates.  Whereas  in  the  'Pot'  tests  a material  is  lowered  into  hot  gas 
and  a relatively  rapid  rate  of  heating  ensues,  in  the  'Bomb'  test  the  material 
and  the  'Bomb'  are  heated  simultaneously  and  slowly.  Thus  in  the  'Pot'  there 
is  little  opportunity  for  gaseous  material  to  evolve  and  accumulate  at  a sample 
temperature  below  that  of  the  gas,  but  in  the  'Bomb'  test  there  is  ample 
time  for  vapours  to  be  generated  and  accumulated,  and  a combustible  mixture 
might  be  formed  and  ignited  at  a temperature  lower  than  the  'Pot'  ignition 
temperature.  Also  it  is  possible  that  during  the  ,20  minute  heating  period  in 
the  'Bomb'  some  of  the  evolved  vapours  decompose  to  materials  which  have  SITs 
different  from  the  SIT  of  the  original  vapours.  Such  vapours  might  have  a 
lower  or  higher  SIT  than  the  original  vapour  and  could  accelerate  or  inhibit 
the  onset  of  fire.  Alternatively,  slow  heating  might  produce  slow,  but  not  self 
sustaining,  ignition  which  could  lead  to  the  test  sample  being  surrounded  by  a 
layer  of  incombustible  vapour. 

Accumulation  of  vapour  during  the  heating  process  can  be  affected  by  the 
rate  of  flow  of  oxygen  through  the  apparatus,  as  high  flows  will  tend  to  sweep 
away  any  vapour.  In  the  'Pot'  test  it  is  expected  that,  because  of  rapid  heating 
and  relatively  fast  flow  rates,  any  evolved  vapour  will  be  swept  away  rapidly, 
very  little  decomposition  will  occur  and  only  when  a high  temperature  is 
attained  will  combustion  occur.  However,  in  the  'Bomb'  the  sweeping  away  of 
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any  vapour  would  remove  either  ignitable  material  or  inhibitors,  thus  increas- 
ing the  flow  rate  of  oxygen  would  in  the  first  case  increase  the  SIT  by  remov- 
ing ignitable  vapour,  and  in  the  second  case  reduce  SIT  by  removing  an 
inhibiting  blanket  of  vapour.  The  former  might  apply  to  Loktite  and  silicone 
adhesive,  the  latter  to  silicone  grease,  Silicoset  100  powder,  and  Silastic  55 
powder . 

Obviously  the  above  discussion  is  conjectural  and  there  is  relatively 
little  data  on  the  increase  or  decrease  of  SIT  with  flow  rate.  Equally 
obviously  the  'Bomb'  and  'Pot'  tests  cannot  be  correlated,  nor  is  there  any 
ready  general  explanation  of  the  differences.  Hence  the  'Pot'  test  alone, 
which  rarely  gives  the  lowest  SIT  at  atmospheric  pressure,  is  not  suitable  for 
assessing  the  behaviour  of  a material  at  1 atm  or  i.t  higher  oxygen  pressures. 
Additionally  as  shown  in  Table  5,  neither  test  fully  represents  the  nature  of 
ignition  processes  which  are  likely  to  occur  in  oxygen  systems.  As  these  two 
tests  are  generally  accepted  in  the  U.K.  as  the  standard  means  of  measuring  SIT 
and  hence  of  assessing  material  compatibility  with  oxygen,  then  further  study  of 
these,  and  other  test  techniques  is  desirable. 

5 FURTHER  CONSIDERATIONS  OF  MATERIAL  COMPATIBILITY  WITH  OXYGEN 

When  choosing  a material  for  use  in  oxygen  the  overriding  question,  once 
mechanical  suitability  and  absence  of  toxic  hazards  and  odour  have  been  estab- 
lished, is  whether  or  not  the  material  is  a fire  hazard.  This  problem  is 
generally  resolved  in  the  U.K.  by  measuring  the  SIT  of  the  material  using  the 
'Bomb'  and  'Pot'  test  methods.  But,  as  shown  in  section  4.5  the  results  of 
these  two  tests  can  be  widely  and  inexplicably  different,  and,  as  illustrated 
in  Table  5 neither  test  fully  represents  actual  ignition  processes.  Despite 
this  no  other  standard  test  or  set  of  tests,  by  which  to  measure  material 
compatibility  with  oxygen,  in  respect  of  fire  prevention,  is  known  to  exist  in 
the  U.K.  Clearly  some  such  test  is  desirable.  However,  the  work  reported  here, 
and  the  investigation  made  at  Bristol  University  indicate  that  a considerable 
amount  of  basic  work  would  be  necessary  before  a standard  laboratory  test  could 
be  established  and  correlated  with  field  conditions. 

5.1  Basic  work 

There  are  four  major  parameters  which  are  thought  to  affect  ignition  of 
material,  and  which  would  need  investigating. 

(i)  The  temperature,  often  localised,  of  the  material  and  its  immediate 
surroundings. 
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(ii)  The  chemical  condition  of  the  material,  e.g.  surface  oxide  layer. 

(iii)  The  physical  condition  of  the  material,  e.g.  surface  contamination, 
block  or  powder  for  solids,  thick  or  thin  layers  for  liquids. 

(iv)  The  oxygen  pressure. 

The  first  three  of  these  parameters  are  thought  to  be  controlled  by: 

(v)  The  energy  involved  in  the  triggering  process,  e.g.  friction, 
impact,  etc. 

(vi)  The  rate  of  application  of  energy. 

(vii)  The  gas  flow  round  the  material  which  can  remove  unig^-ited  vapour 
or  products  of  combustion,  and  can  affect  local  temperatures. 

(viii)  The  specific  heat  of  the  material  and  its  surroundings. 

(ix)  The  thermal  conductivity  of  the  material  and  its  surroundings. 

(x)  The  thermal  absorption  and  emission  characteristics  of  the 
material  and  its  surroundings. 

The  extent  and  seriousness  of  the  propagation  of  fire  depends  upon  many 
of  the  above  factors  and  also  on: 

(xi)  The  calorific  value  of  the  material. 

Any  basic  work  on  these  factors  would  almost  certainly  need  to  be  related 
to  the  conditions  likely  to  occur  in  actual  oxygen  systems. 

5.2  Interim  standard  test 

Any  study  as  outlined  above  would  be  complex  and  lengthy.  It  is  therefore 
suggested  that  an  interim  standard  test  should  be  adopted.  Although  the  'Pot' 
test  gives  results  which  are  more  consistent  than  those  of  the  'Bomb*  test  it 
is  usable  only  at  1 atm  pressure  and  there  are  no  reliable  means  of  extrapolat- 
ing the  results  to  higher  pressures.  Also  in  most,  but  not  all,  cases,  the 
'Pot*  SIT  is  higher  than  the  'Bomb'  SIT;  and  it  is  the  lowest  measured  SIT 
which  is  particularly  important  in  assessing  material  compatibility  with  oxygen. 
It  is  therefore  suggested  that  the  'Pot'  test,  and  a modified  'Bomb'  test  both 
be  used  as  interim  standards,  new  materials  being  tested  over  a full  range  of 
conditions  and  subsequent  quality  control  tests  being  made  for  only  a few 
selected  conditions,  namely  those  for  which  the  material  has  its  lowest  SIT. 

The  range  of  initial  test  conditions  for  the  interim  standard  test  should 
include: 
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(i)  (a)  Block  and  powder  samples  for  a solid. 

(b)  Thick  and  thin  films  for  a liquid  or  grease. 

(ii)  Oxygen  pressures  of  0,  4,  9,  49  atm  above  atmospheric  pressure 

and  then  at  50  atm  intervals  up  to  the  maximum  working  pressure  of  the  material, 
in  the  'Bomb*  test,  atmospheric  pressure  in  the  'Pot*  test. 

(iii)  A realistic  range  of  flow  rates  of  oxygen. 

(iv)  A range  of  sample  heating  rates. 

Hherever  this  test  shows  that  two  materials  appear  equally  suitable  then 
the  one  with  the  lowest  calorific  value  should  be  used,  as  this  material  would 
be  least  likely  to  ignite,  or  to  propagate  ignition  if  contamination  having  a 
lower  SIT  caught  fire,  the  violence  of  any  fire  will  therefore  be  minimum. 

Unpublished  work  at  R.A.E.  has  shown  that  when  a manually  operated  valve 
is  suddenly  opened,  so  allowing  high  pressure  gas  to  enter  a closed  region 
which  was  initially  at  low  pressure,  transient  temperatures  up  to  300°C  can  be 
attained.  As  such  sudden  temperature  increases  could  occur  in  actual  oxygen 
systems, item  (iv)  above  might  include  sudden  insertion  of  a sample  into  a pre- 
heated 'Bomb*.  However,  as  the  'Pot'  test  showed  that  sudden  heating  of  a 
sample  at  1 atm  tends  to  give  higher  SITs  than  the  slower  heating  rates  of  the 
'Bomb*  test,  and  as  rapid  insertion  of  samples  would  necessitate  modification 
of  existing  'Bomb*  test  apparatus,  it  is  thought  that  item  (iv)  could  be  limited 
to  those  heating  rates  currently  obtainable  with  existing  apparatus. 

In  view  of  the  compression  temperatures  measured  at  R.A.E.  it  is  suggested 
that  the  critical  ignition  temperature  for  assessing  material  compatibility 
with  medium  and  high  pressure  oxygen  should  be  at  least  300°C.  Any  material 
which  might  ignite  below  this  temperature  in  normal  working  conditions,  should 
be  deemed  to  be  incompatible  with  oxygen  in  those  conditions.  Spread  of 
exr>erimentally  measured  SITs  should  be  interpreted  as  suggested  in  section  4.1, 
that  is,  if  the  mean  measured  SIT,  minus  twice  the  standard  deviation  of  the 
measured  SITs  is  above  the  critical  temperature  (300°C)  for  all  proposed 
working  conditions,  then  the  material  is  compatible  with  oxygen. 

6 CONCLUSIONS  AND  RECOMMENDATIONS 

(1)  The  dependence  of  the  spontaneous  ignition  temperature,  SIT,  of  a material 
on  test  techniques  such  as  heating  rate  and  gas  flow  rate,  and  on  sample  con- 
ditions such  as  powder  or  block,  new  and  clean  or  used  and  'aged',  has  been 
demonstrated;  but  no  consistent  trends  were  apparent  (sections  4.1  to  4.5). 
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(2)  Previously  reported  large  decreases  in  SIT  with  increase  in  pressure 
above  atmospheric  are  likely  to  have  been  partly  caused  by  the  change  in  test 
technique  (section  4.S).  With  few  exceptions  the  ’Pot*  test  gives  higher  SITs 
than  the  ’Bomb*  test,  hence  the  use  of  the  'Pot*  test  alone,  to  assess  the 
suitability  of  materials  for  use  in  oxygan,  cannot  be  recommended. 

(3)  Nylon  is  not  recommended  for  use  in  high  pressure  oxygen.  Even  when 
new  or  unused  its  SIT  can  be  below  300°C  (section  3),  and  wear  and  'ageing* 
during  use  can  apparently  lower  the  SIT  to  155°C  (section  4.2).  These  could 
have  been  contributory  factors  to  the  six  fires  from  which  this  investigation 
stemmed. 

(4)  ZX32  a material  suspected  in  one  fire,  did  not  ignite  in  any  test. 

(5)  The  SITs  of  several  relatively  new  silicone  materials  have  been  measured 
and  generally  increase  with  an  increase  in  oxygen  pressure  (section  4.3  and 
Fig. 5).  As  this  is  the  reverse  of  the  behaviour  of  many  non-silicone  materials 
tested  in  1950'^,  silicone  materials  might  well  be  used  more  widely  in  high 
pressure  oxygen  systems.  However,  only  limited  tests  have  been  made  so  far: 
further  investigation  would  be  necessary  before  any  definite  conclusions  could 
be  drawn. 

(6)  The  need  for  a test  or  set  of  tests  by  which  to  define  the  compatibility 
of  a material  with  oxygen  has  been  discussed  (section  5)  and  a programme  of 
work  aimed  at  establishing  such  a test  has  been  outlined  (section  5.1).  An 
interim  standard  test  has  been  proposed  (section  5.2)  and  a method  of  inter- 
preting any  spread  of  results  suggested  (sections  5.2  and  4.1). 
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Table  1 

RANOB  OP  SPCMTimEOUS  IGHITION  TEMPBRATUBBS,  °C«  OF  MAlERtitLS  IK  («YGEH 


Material 

ipot»  test 
2 1/mln 
1 atm 

iBoBh*  test 

2 1/mln 
1 atm 

0.2  1/mln 
1 atm 

Static 

11  atm 

131  atm 

Kylon  66 

New  bloeh 

335  to  >400 

>400 

>4oo 

335  to  385 

285  to  315 

New  powder 

>400 

>400 

>400 

>400 

275  to  310 

6 year  old  bloclt 

290  to  >400 

275  to  360 

4-6  year  old  powder* 

355  to  >400 

215  to  270 

1-5  year  old  block 

300  to  320 

250  to  320 

Up  to  7 year  old  ponder* 

350  to  >400 

155  to  315 

Nf^lon  BlOO 

New  block 

335  to>400 

305  to  355 

New  ponder 

355  to  >400 

265  to  350 

Sllcoset  100  block 

>400 

370  to  >400 

320  to  3;’0 

>400 

Sllcoset  100  ponder 

385 

315  to  355 

345  to  4oo 

355  to  5/5 

>400 

Sllcoset  106  block 

>4oo 

>400 

>4oo 

>400 

Sllcoset  106  ponder 

■>400 

>400 

>400 

>400 

Sllastomer  S2453  block 

>4oo 

>400 

3CS  to  395 

>400 

Sllastomer  S3453  ponder 

380  to  395 

30S  to  320 

360  to  370 

>400 

Sllastomer  S2475  block 

400 

360  to  400 

335  to  375 

>400 

Sllastomer  824*^  pondo* 

375 

295  to  310 

345  to  355 

380  to  >400 

Silastic  55  block 

>4oo 

>400 

>4oo 

365  to  380 

> 400 

Silastic  55  ponder 

>4oo 

345  to  370 

375  to  395 

370  to  385 

>400 

Pluollon  block 

>4oo 

>400 

>400 

>400 

>400 

Fluollon  ponder 

>400 

>400 

>400 

>400 

>400 

Rocol  MA-1 

■Mi 

305  to  330 

Rocol  dry  film  lubricant 

>400 

>400 

>400 

>4oo 

Silicon  grease  XG315 

>400 

375  to  400 

275  to  355 

S5  to  >4oo 

Sealing  compound  Z302 

>4oo 

>400 

>400 

> 400 

Silicon  adhesive  1S27Q5 

340  to  345 

290  to  >400 

345  to  >400 

290  to  360 

310  to  330 

Loktlte  D 

220  to  230 

>4oo 

190  to  >400 

170  to  210 

230  to  280 

* Powder  graded  by  mesh  sizes  30  and  200;  all  other  ponders  graded  by  mesh  sizes  30  and  85. 
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ABSTRACT 

To  evaluate  the  potential  fire  hazards  of  combustible  solids 
in  hyperbaric  atmospheres,  hot  plate  ignition -temperatures,  flame  spread 
rates,  and  minimum  ignition  energies  were  determined  for  various  materi- 
als. The  combustibles  included  cotton  sheeting,  cotton  sheeting  treated 
with  fire  retardants,  cotton  balls,  paper  drapes,  conductive  rubber 
sheeting,  blanket  wool,  polyvinyl  chloride  sheet,  Plexiglas  sheet,  cellu- 
lose sheet,  wood  strips  and  dowels,  and  a Nomex  fabric.  Air,  oxygen, 
and  various  oxygen- nitrogen  atmospheres  were  employed  at  pressures  from 
1 to  6 atmospheres.  Determinations  for  selected  combustibles  were  also 
made  in  oxygen  at  reduced  pressures. 

The  hot  plate  ignition  temperatures  of  the  combustibles  corre- 
lated reasonably  well  with  the  oxygen  partial  pressure.  Flame  spread 
rates  were  also  correlated  with  oxygen  partial  pressure;  however,  the 
rates  tended  to  depend  more  upon  oxygen  percentage  than  upon  total 
pressure.  A noteworthy  finding  was  that  materials  treated  with  certain 
fire  retardants  can  ignite  in  oxygen-enriched  atmospheres  at  lower  tem- 
peratures than  untreated  materials.  Ignitions  of  combustible  solid 
materials  by  electrical  sparks  or  arcs  were  obtained  in  several  instances 
with  electrical  energies  comparable  to  those  which  a human  may  discharge 
under  conditions  of  low  humidity  (10  to  20  mj).  In  addition,  minimum 
ignition  energy  requirements  were  investigated  for  several  anesthetic 
agents  including  cyclopropane,  diethyl  ether,  divinyl  ether,  trichloro- 
ethylene, Fluoromar,  Fluothane,  and  chloroform. 
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TABLE  2.  - Minimum  Hot  Plate  Ignition  Temperatures  of  9 Combustible 
Materials  in  Oxveen-Nitrogen  Mixtures  at  Various  Total 
Pressures, 


Material 

lEnition  Temnerature,  °C 

Total  Pressure 

, atmospheres 

1 

2 

3 

6 

Cotton  sheeting 

Air 

465 

440(425)^/ 

385 

365 

42%  02, 

58% 

N2 

390 

370 

355 

340 

100%  02 

360 

345 

340 

325 

Cotton  sheeting, 

Air 

575 

520(510) 

485(350) 

370(325) 

treated-l’/ 

42%  02, 

58% 

N2 

390(350)  335 

315 

295 

100%  02 

310 

300 

285 

Conductive  rubber 

Air 

480 

395 

370 

370 

sheeting 

42%  02, 

58% 

N2 

430 

365 

350 

350 

100%  02 

360 

345 

345 

Paper  drapes 

Air 

470 

455 

425 

405 

42%  02, 

58% 

N2 

430 

400 

370 

100%  02 

410 

365 

340 

Nomex  fabric 

Air 

>600 

>600 

>600 

560 

42%  02, 

58% 

N2 

550 

540 

510 

495 

100%  02 

520 

505 

490 

470 

Polyvinyl  chloride 

Air 

>6C0 

495 

490 

sheet 

42%  02, 

58% 

N2 

575 

-- 

370 

350 

100%  02 

390 

-- 

350 

325 

Plexiglas 

Air 

595 

• . 

520(395) 

450(400) 

42%  02, 

58% 

N2 

525 

-- 

425(370) 

390(385) 

100%  02 

430 

-- 

- - 

- - 

Cellulose  Acetate 

Air 

>600(520)  — 

535(504) 

470 

42%  02, 

58% 

N2 

525 

-- 

410 

380 

100%  02 

425 

-- 

400 

375 

Blanket  Wool 

Air 

>600 

... 

565 

520 

42%  02, 

58% 

N2 

555 

-- 

495 

455 

100%  02 

500 

450 

400 

1/  Cotton  sheeting  treated  with  Du  Pont  X-12  fire  retardant;  amount  of 


retardant  equal  to  12  percent  of  cotton  specimen  weight. 

2/  Values  in  parentheses  indicate  temperature  at  which  material  glowed. 
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rate  of  burning  and  flame  spread  will  tend  to  be  approximately  the  same,  at 
least  for  relatively  thin  specimens.  Higher  rates  should  result  from  the 
45®  angle  method  or  the  vertical  methodic/  (with  upward  propagation)  because 
of  buoyancy  effects;  the  latter  method  gives  less  reproducible  results  and 
is  generally  used  for  materials  of  lovr  combustibility.  In  the  present  work, 
most  of  the  data  were  obtained  by  the  45®  angle  method  in  a 2-foot  diameter 
steel  sphere  as  described  in  Appendix  4;  the  burning  rack  was  similar  to 
that  specified  in  reference  16. 

Table  3 compares  data  which  were  obtained  for  the  burning  of 
cotton  sheeting  (4.72  oz/sq.yd.)  specimens  by  different  methods  in  air  at 
atmospheric  pressure.  The  flame  spread  rates  (in/sec)  refer  to  the  propa- 
gation of  the  flame  front  over  the  top  surface  and  length  of  the  specimen; 
the  burning  rates  (in/ sec)  refer  to  the  linear  rates  of  material  burning  or 
charring  in  the  same  direction  as  stated  above.  As  expected,  the  lowest 
flame  spread  rate  was  obtained  with  the  specimen  burning  downward  in  a 
vertical  position  (0.05  in/sec)  and  the  highest  rate  with  the  burning  upward 
(2.1  in/sec).  The  rate  by  the  latter  method  was  nearly  3 times  as  high  as 
that  found  by  the  45®  angle  method  and  approximately  20  times  higher  than 
that  observed  by  the  horizontal  method.  In  comparison,  the  burning  rates 
by  the  vertical  method  (burning  upward)  and  the  45®  angle  method  differed 
only  slightly  anc  were  noticeably  lower  than  the  corresponding  flame  spread 
rates. 


TABLE  3.  - Rates  of  Burning  and  Flame  Spread  by  Various  Methods 
for  Cotton  Sheeting  In  Air  at  One  Atmosphere  Pressure. 


Flame  Spread, 
in/sec 

Burning  Rate, 
in/sec 

Burning  Upward  in  Vertical  Position 

2.1 

0.5 

" Downward  '•  " 

0.05 

(^0.05) 

" Upward  at  45®  Angle 

0.8 

0.45 

" in  Horizontal  Position 

0.10 

Flame  spread  rates  from  experiments  conducted  in  open  air  differed 
little  from  the  corresponding  values  found  in  the  sphere.  Also,  analyses  of 
the  gases  in  the  sphere  before  and  after  burning  indicated  that  the  oxygen 
depletion  was  less  than  15  percent  of  the  initial  concentration  for  most  of 
the  materials  examined,  in  air  or  oxygen  at  atmospheric  pressure.  The  excep- 
tions were  the  heavy  weight  materials  like  the  conductive  rubber  sheeting 
(14.75  oz/sq.yd.)  which  consumed  excessive  quantities  of  oxygen.  However, 
experiments  with  an  oxidant  flow  of  ■^'lO  liters  per  minute  indicated  that 
the  flame  spread  rate  was  not  greatly  affected  by  the  oxygen  depletion. 

This  can  be  explained  by  the  fact  that  the  oxygen  percentage  of  the  atmos- 
phere did  not  change  greatly  during  the  fraction  of  the  burning  period  when 


19/  Federal  Spec.  CCC-T-191b,  Method  5902,  Textile  Test  Methods,  Fire  Re- 
sistance of  Cloth,  Vertical,  May  15,  1961. 


TABLE  4.  - Flame  Spread  Rates  of  10  Combustible  tfaterials  in  Various  Oxygen-Nitrogen 

Mixtures  and  at  Various  Total  Pressures. 


Oxygen 
Vol.  % 

Cotton 

Sheeting 

Cotton 

Sheeting, 

Treatedi' 

Conductive 

Rubber 

Sheeting 

Paper 

Drapes 

Blanket 
Nomex  Wool 

Polyvinyl 

Chloride 

Sheet 

Plexiglas 

Sheet 

Cellulose 

Acetate 

Sheet 

White 

Pine 

Strips 

14 

NB^/ 

NB 

NB 

Flame  Spread  Rate,  in/sec 

One  Atmosphere 
NB  NB  — 

21 

0.8 

NB 

NB 

2.0 

NB  NB 

— 

0.2 

NB 

0.2 

42 

1.8 

0.9 

1.0 

3.3 

0 .8  0.5  n! 

1.7  (^100)-' 

0.4 

0.5 

0.4 

0.6 

100 

3.2 

1.7 

1.3 

7.7 

1.0 

— 

1.1 

1.1 

14 

NB 

NB 

NB 

Two  Atmospheres 
NB 

21 

1.2 

NB 

NB 

-- 

0.5 

— 

— 

— 

— 

42 

2.6 

1.4 

1.4 

2.5 

0.6 

0.8 

— 

-- 

14 

NB 

NB 

1.8 

Three  Atmospheres 
NB 

21 

2.0 

-- 

0.8 

3.5 

0.6 

NB 

0.6 

-- 

0.4 

42 

3.7 

-- 

2.3 

7.1 

1.0 

0.8 

-- 

— 

1.6 

14 

1.4 

NB 

NB 

1.8 

Six  Atmospheres 
NB 

21 

3.0 

NB 

1.8 

4.0 

0.7  NB 

NB 

1.4 

NB 

0.7 

42 

5.1 

2.9 

2.5 

10.0 

1.2  7.1 

-- 

-- 

-- 

2.5 

\/  Cotton  sheeting  treated  with  Du  Pont  X-12  fire  retardant;  amount  of  retardant  equal  to  12  percent 
of  cotton  specimen  weight. 

2!  - No  sustained  burning  beyond  a distance  < 1 inch  from  the  point  of  ignition. 

3/  foximate  rate  observed  when  flame  flashed  across  the  nap  of  the  material  following  ignition. 


TABLE  5.  - Flame  Spread  Rates  of  8 Combustible  Materials  in  100  Percent  Oxygen 

at  Various  Pressures. 


Pressure, 

Atmospheres 

Cotton 

Sheeting 

Cotton 
Sheeting 
12%  X-12 

Conductive  Paper 
Rubber  Drapes 

Nomex 

Blanket 

Wool 

PVC 

Cellulose 

Acetate 

Flame 

Spread  Rate, 

in /sec 

0.21 

1.0 

0.5 

0.6 

2.6 

0.5 

— 

0.3 

0.4 

0.35 

1.3 

-- 

— 

— 

— 

— 

— 

0.42 

— 

0.8 

0.8 

4.0 

1.0 

10.0 

0.6 

0.7 

0.84 

2.6 

— 

— 

— 

— 

— 

— 

— 

1.00 

3.2 

1.7 

1.3 

7.7 

1.7 

<<^100.0 

1.0 

1.1 

2.52 

11.0 

— 

2.3 

-- 

2.5 

— 

— 

N2 
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Introduction 

There  i.s  increasing  concern  with  fire  safety  in 
pressurized  chambers  to  !)e  occupied  by  human  be- 
ings. The  chamber  may  be  filled  with  compre.s.sed 
air  or  with  oxygen-enriched  compressed  air.  Such 


iitmospheres  are  encountered  by  patients  and  hos- 
pital personnel  in  hyperbaric  oxygen  chambers  and 
by  divers  in  decompression  chambers.  Deep-sea 
divers  also  make  use  of  oxygen  diluted  with  helium 
We  have  undertaken  an  experimental  study  to 
augment  available  Information  on  the  subject  of  fire 
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sau-ty  m omliiu-d  spaces.  One  „f  the  fir.st  problems 
eiicoiiiitererl  I)y  tho.se  who  are  re.spon.sible  for  diving 
or  other  hyperl»aric  activilie.s  is  tlie  choice  of  cloth 
for  making  cl<ithing,  hc-<l  sheets,  pillf)vv  and  mattress 
co\er.s,  etc  for  u.se  hy  thr)se  who  are  to  be  in  the 
cliamber.  Therefore,  the  first  jihase  of  our  study 
included  combu.stion  tests  on  samples  of  various 
clotli  fabrics  in  air.  with  :md  without  oxygen  en- 
richment, at  pre.s.siires  varying  from  one  to  ten  atm. 
We  give  herein  an  account  of  our  work  on  this  first 
pha.se. 

We  .also  give  the  results  of  tests  made  on  the  same 
fabrics  in  100'/  o.sygen.  'flie.se  findings  are  of  in- 
terest, .among  other  things,  in  connection  with  aero- 
sp.ace  tr.avel;  Ameiic.au  .astronauts  have  in  the  p.ast, 
at  le.a.st,  made  their  .space  flights  in  cabins  filled  with 
cssciitiidly  uit(lihit<*(l 

In  the  l.ast  few  vaairs,  many  papers  h.ave  been  jiub- 
lished  on  lire  .s,afety  in  isolated  chambers  and  on  the 
combustion  rates  of  certain  fabries.  Only  a few  of 
thc.se  publications  can  be  cited  here. 

There  is  a good  review  by  Roth  (8|.  An  ex- 
ten.sive  p.ajier  by  Jlarter  |5|  gives  the  details  of  a 
f.atal  fire  experiencetl  in  a <leconi|)ression  chamber 
of  the  Ifxperiment.al  Diving  Unit  of  the  U.  .S.  Navy. 
Ihe  interesting  results  of  exiieriinents  carried  out 
by  Turner.  .Seg.al.  \'.an<la,  and  Moore  in  a hyper- 
baric oxygen  dmniber  in  the  Hospital  of  the  Good 
Samarit;m,  Los  Angeles,  h.ave  been  reported  [9,  10. 

11 1.  Al.so  of  interest  is  the  work  by  Coleman  [1| 
and  by  W^r.aight  and  Thom.as  |12|  on  the  fl.amm.a- 
bilily  of  clotb  f.abrics,  and  the  experiments  with  mani- 
kins and  dead  pigs  carried  out  by  Deni.son,  Krnsting, 
aii(I  Creswell  at  the  Royal  Air  Force  Institute  of 
Aviation  Medicine  in  ICngland  |.1|. 

Studies  of  combu.stion  in  100'/  oxygen  at  reduced 
Iiressiires  have  been  published  by  Hall  and  Fang  |4] 
and  by  Huggelt,  Von  Ifibe.  Haggerty,  and  Gro.s.sm.an 
(^'1- 

Equipment  and  Technique 

Ihe  pressure  v«-.ssel  used  for  oiir  experiments  is 
made  of  slainle.s.s  .steel;  it  is  0 in.  in  1.1).  by  20  in. 
long,  d'he  head  closure  easily  Ills  in  place  and  .se.als 
on  a Viton  ( )-ring  with  a rotation  of  only  one-eighth 
of  a turn,  'fbus,  new  saini>les  may  be  rapidly  in- 
stalled and  tested. 

'file  \e.s.sel  is  e((uipped  with  a 2-in.-diameter  lami- 
nated-glass window  whicb  lias  a working  pressure 
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of  MO  psig  (about  13S0  fsw‘).  The  vessel  also  has 
a 600  psig  bursting  di.sc,  located  on  the  side  opposite 
that  m which  the  window  is  located. 

Attached  to  the  center  of  the  head  closure  is  a 
,.i-m.-diamcter  rod  on  which  are  mounted  the  sample 
holder,  the  wires  which  bring  electrical  power  to 
the  Igniter,  and  the  thermocoujile  wires.  The  wires 
are  brought  into  the  vessel  through  Conax  pressure 
fittings  in  the  head  closure.  Combustion  rates  are 
measured  between  two  thermocouple  junctions  12.8 
cm  apart,  attached  to  the  sample  holder.  The  latter 
has  a series  of  brass  pins  at  half  inch  intervals  to 
keep  the  sample  strip  in  position  while  being  tested. 

The  combustion  chamber  can  be  used  at  any  angle 
from  horizontal  (0”)  to  vertical  (90°).  The  sam- 
ple IS  ignited  at  one  end  by  an  igniter  made  of 
Chromel  resistance  wire:  when  the  chamber  is 
mounted  at  an  angle  greater  than  zero  with  the 
horizontal,  the  igniter  is  alw.ays  at  the  lower  end 
of  the  sample,  so  that  the  flame  will  travel  upwards. 
The  Igniter  is  heated  by  a measured  quantity  of  elec- 
tricity. A 28-gage  Chromel- Alumel  thermocouple  is 
welded  to  the  Chromel  igniter  to  measure  the  ap- 
proximate temperature.  The  measured  temperature 
tends  to  be  somewdiat  lower  than  the  actual  ignition 
temperature,  because  the  thermocouple  has  some 
cooling  effect  on  that  portion  of  the  igniter  to  which 
It  is  welded. 

To  make  a test,  the  sample  and  sample  holder  arc 
sealed  inside  the  pressure  vessel.  The  latter  is 
evacuated.  The  gas  mixture  to  be  tested,  prepared 
m a separate  cylinder  and  analyzed  in  advance,  is 
bubbled  through  water  and  then  admitted  to  the  ex- 
perimental ve.ssel  until  the  pressure  is  one  atm.  abs 
The  water  bubbler  is  then  bypa.s.sed.  and  drv  gas  is 
lidded  until  the  desired  total  pressure  is  reached 
The  burning-rate  data  given  in  the  tables  arc  the 
actual  rates  measured  by  us.  Hurning  rates  vary,  not 
oiily  with  pressure,  gas  composition,  and  the  angle  at 
which  the  sample  is  held,  but  also  with  the  size, 
shape,  and  weight  of  the  samples,  the  weave  of  the 
cloth,  the  humidity  in  the  chamber,  aiul  other  factors. 

1 he  rates  given  are  therefore  relative,  and  are  use- 
fttl  princiiially  for  purpo.ses  of  cottiparisoii. 

Cuiiibn.it ion  of  Paper  in  Compressed  Air 

Preliminary  tests  (to  be  described  in  a future  inib- 
bcation)  on  paper  strips  6 niin  wide  and  Ki  cm  long 
showed  the  following. 

' fsw  - foot  of  .soluvator  = 0.44.'!  Ih/iii.- 
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1.  'I'hc  titmiiiig  rjite  is  lowest  when  the  sample  is 
held  in  the  horizontal  positit)ii,  highest  in  the  vertical 
position,  and  intermediate  in  other  positions. 

2.  There  is  little  or  no  change  in  the  burning  rate 
in  air,  as  the  pressure  is  increased,  when  the  sample 
is  held  horizontally  (0“),  hut  when  the  sample  is 
held  at  an  angle  greater  than  0",  an  increase  in  the 
(ire.ssurc  has  the  elTect  of  increasing  the  burning 
rate,  at  least  up  to  a ])ressure  of  148  psia  (300  fsw) 
and  up  to  an  angle  of  75°.  The  increase  in  rate 
with  increase  in  pressure  (comitared  with  the  rate 
at  titmospheric  pressure)  is  gretitest  at  an  angle  of 
45°.  Jn  the  vertical  (90°)  itosition,  the  burning  rate 
of  paper  is  highest.  Erratic  flaming  takes  jdace,  so 
that  the  measured  rates  tire  reproducible  only  within 
rather  large  limits. 

3.  At  all  angles,  the  tempenilure  reqtiired  to  ignite 
jiaper  decreases  as  the  iiresstire  incrca.ses. 

We  concltideil  that  the  best  angle  at  which  to  com- 
pare the  btirning  rates  of  variotts  materials  is  45°, 
althotigh  the  most  htizardons  btirning  condition  exi.sts 
when  the  fltimmable  materials  tire  in  the  vertical 
position. 

/’^c.uitlx  jor  Cloth  fabrics  in  Com  pressed  /Hr 

(20/73'/f  - Oxyin'n ) 

A description  of  the  fabrics  tested  is  given  toward 
the  end  of  this  jiaper. 

Ignition  .and  burning  tests  were  made  on  cloth 
strips  about  12  mm  wide  and  lb  cm  long.  This  size 
is  smaller  than  the  one  used  in  most  standard  tests 
and  was  chosen  to  obviate  the  necessity  of  using  a 
flowing  gas  to  keep  the  o.xygen  concentration  fairly 
constant  an<l  to  keej)  the  size  of  the  pressure  vessel 
(and  therefore  the  t|iianlity  of  special  gas  mixtures 
needed)  reasonably  .small. 

'I'able  1 gives  some  of  the  measured  ignition  tem- 
peratures. As  can  be  si'en.  the  reproducibility  of  the 
me.'isureinents  was  rather  poor.  In  the  case  of  both 
treated  and  unireateil  cotton,  the  ignition  tempeni- 
tnre  hills  rapidly  as  the  pressiiri'  increases,  but  this 
elTeet  is  inucb  less  nitirked  with  wool,  Within  the 
eNperiinental  n'for,  chtinge  of  pressttre  showed  no 
increase  in  the  ignition  temperature  of  Notnex. 

Ttibles  1 1 and  1 1 1 list  the  tne.isnred  nites  of  com- 
bustion of  the  fabrics  when  the  sample  strips  were 
held  at  45"  and  at  9()°.  respectively.  In  general,  the 
rates  are  higher  in  the  vertical  position.  The  rates 
with  Koxel  cotton  were  difficult  to  re]>roduce. 

" All  perceiitaKes  are  by  voUinie. 


TABLE  I.  Ignition  Tomporaturea  for  Vertical  Cloth  Strips 
in  ComprcGsod  Air 

Measured  ignition  teniperatiire,  °i‘ 


Total 

Cotton 

Roxel 

pressure, 

psia 

broad- 

cloth 

broad- 

elolli 

Wool 

■Voniex 

Tellon  T 

14.7 

950 

840 

1000 

955 

. _ 

980 

980 

into 

1080 

1 0.SO 

1125 

26 

... 

1005 

— 

.17 

890 

S9 

710 

710 

9,i0 

920 

1195 

800 

9,i0 

980 

m 



— 

— 

970 

980 

1055 

104 

680 

700 

910 

980 

705 

1090 

148 

680 

6.15 

965 

895 

1115 

665 

990 

1000 

The  fact  llial  an  igiiitimi  leinperainre  is  given  in  this  t.iMe 
does  not  mean  that  the  lahri<  lonlimusl  to  linrn  after  ignit!  >n. 
.See  Tables  it.  III,  \',  and  \'l  ford.it.t  on  Inirning  rates. 

I•'adl  teniperatiire  in  the  table  is  for  .1  separate  lest. 


TABLE  II.  Burning  Rate  of  Cloth  Strips  Held  at  an  Angle 
of  45"  in  Compressed  Air 


limititiK  cni  .-ir 


Iircssurc, 

psia 

(‘ollon 

lrri> 

doth 

C'littotl 

hro.nldi'th 

Ki»xd  cotton 
titoa«K’loth 

Wo.*! 

N -M',.  \ 

14.7 

0.58 

0.71 

1.16 

1,76 

1.  ' 

*■.  ' 

** 

37 

I.6S 

2.41 

- 

X 

S‘> 

3. 56 

7. SR 

0.71 

0 22  X 

104 

5.78.  tt 

U.R2 

0 70 
0,74 

* 

*■ 

126 

- 

- 

UR 

H.07,  1t 

tt.  tt 

6.S4.  *.  * 

f 

Uali*  \Vil^  (i 

.10  fatit  to 

iiiiMsim-. 

tt  In  anollitM  rjt(f  w.is  uNt*  !**«•  it*  iiMMsm*’. 

*Saniiilt*  iKiiitiMl  willi  i •>h<mu  ll.iim*  ulnrh  t'XtinKuislifl  jtsrlt  lifinir 
M‘a('hinK  (ho  hisi  tlit'iiiiocniiiilt . 

I Sttino  as  oxoopl  (h  ll nuo  ur.ik. 

1 Siini|ilo  ilid  nnl  iuntif.  i\rn  in  «.»ni.iii  v\ilh  tl»«  tuniiri 
luninolo  s\  tah»i|s  sjymu  t«  pi  .iit-  l t-\pi  iimom*. 


I'.ffcrt  oj  Pn's.init  on  Piuninij  Knlcs  in  .Ur 

When  the  s.'imple  was  heltl  :it  an  tingle  of  45"  tiitd, 
in  some  ctises,  when  held  tit  90°,  increasing  the  tiir 
pressure  u])  to  about  148  ]>siti  (300  fsw)  increastd 
the  combustion  rtite  of  the  sanqiles. 

.^.s  can  be  seen  in  Ttible  I\'^,  when  the  pressure  of 
the  tiir  is  increased,  the  partial  pre.ssnre  of  oxygen 
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TABLE  in.  Burning  Rate  for  Vertical  Cloth  Strips  in 
Compressed  Air 


Total 

pru.ssure, 

Burning  rate,  cin/sec 

Koxci  cotton 



- - — 

psia 

liroadriotit 

Wool 

•Momex 

14.7 

26 

« 

2.08,  t 

0.52 

.17 

0.85 

4« 

« 

, . 

. ^ 

59 

t 

2.52 

0.77,  t 

70 

• • 

81 

• • 

. _ 

« 

104 

t •• 

2.17 

0.66,  t 

126 

** 

■ - 

0.91 

148 

2.92,  XU), 
■S-21.  t,  ft,  « 

1.04 

* 

Cotton  terry  d<ith  ami  cotton  hroadcloth  burned  too  rapidly 
to  make  rate  measurcnients. 

retlon  cloth  ignited  (to  give  a small  bine  flame)  in  contact 
with  the  igniter  at  pressures  of  59  psia  (10()  fsw)  and  above, 
but  was  self-extingnishing  Iteyond  the  igniter. 

Beta  Hberglas  faliric  neither  ignited  nor  burned. 

* Fabric  igniijd,  bnt  flame  extingnished  itself  before  a rate 
could  be  nieiisnred  with  the  thermocouples. 

t 1 he  flame  climbed  all  the  way  to  the  top;  no  clear  thermo- 
couple peaks  were  .seen  on  the  recorder  chart  due  to  the  height 
of  the  initial  flame. 

t Flamed  up  high  while  igniter  was  on,  but  theti  extinguished 
itself;  no  smoldering  ob.served. 

••Flamed  up  high  while  igniter  was  on,  then  smoldered 
part  of  the  w.iy  up  the  strip, 

tt  .Similar  to  ••,  but  smoldered  all  the  way  to  the  top, 
tt  I'.ven  though  the  burning  rates  measured  between  the 
thennoconples  were  not  very  great,  the  sample  flamed  too  high 
for  .safety. 


iiicrease.s.  1 hi.s  wtntltl  e,\]>Iititi  why  tlie  burning  rate 
increases,  if  it  were  tiot  for  the  f;ict  that  the  partial 
pressure  of  the  diluetit  nitrogen  incretises  in  exactly 
the  same  proimrtion  as  that  of  oxygen.  It  mu.st 
therefore  be  coticlutled  that,  at  a nitrogen  percentage 


TABLE  IV.  Equivalent  Pressures  and  Partial  Pressures  of 
Oxygen  for  Various  Conditions 


Partial 

pressure 

lotal  prcs.siirc 

of  oxygen,  atm 

fsw 

p.sia 

atm,  ahs 

air 

25%  O, 

0 

14.7 

1.00 

0,21 

0.25 

25 

25.8 

1.76 

0.17 

0.44 

SO 

17.0 

2.5 1 

0.51 

0.61 

75 

48.1 

1.27 

0.69 

0.82 

100 

59.2 

4.01 

0.84 

1.01 

125 

70.1 

4.79 

1.00 

1.20 

1.50 

81.5 

S..54 

1.16 

1..18 

200 

101.7 

7.06 

1.48 

1.77 

250 

1 26.0 

8.57 

1.80 

2.14 

100 

148.2 

10.1 

2.11 

2.52 

Ticxtiii';  HKSK.xtit'ii  jofii.VM, 


of  about  79%,  the  increa.sed  (lamping  effect  of  nitro- 
gen when  the  total  pressure  is  increased  i.s  le.s.s  than 
the  increased  burning  effect  of  oxygen.  W'e  ha\e 
found  that  this  is  no  longer  true  at  pressures  much 
above  tibout  ISO  jisia;  jit  the  higher  pressures,  the 
late  of  comluistion  in  air  seems  t(>  stav  fairly  con- 
stiint  as  the  pressure  is  iticreased. 

licsults  for  Cloth  luihric.t  at  lliiilwr  O.i  vi/rn  /’(•/•- 

callages 

Each  of  the  fabrics  that  appeared  to  lie  reasonaI)ly 
safe  in  compres.sed  air  was  tested  in  :i  mixture  of 
24.9%  oxygen  and  75.1 '1  nitrogen.  These  tests 
were  made  becau.se  there  are  times  when  divers  in 
decompression  chamhers  and  i)atients  in  hyperlxiric 
liospital  chambers  breathe  lOOM  oxygen  g.as  through 
face  masks.  It  is  possible  tluit  oxygen  le.aking  out 
through  the  masks  into  the  chamber  might  enrich 
the  air  so  that  the  resultant  o.xygen  concentration 
W'ould  be  greater  than  the  20.‘)5'1  which  is  normally 
present  in  air. 

The  results  for  24.‘l%  oxygen  are  given  in  Table 
It  is  .seen  that  wool  and  Ro.xel  cotton  both 
burned  rapidly.  The.se  fabrics,  although  the  y art* 
siifer  than  untreated  cotton  in  comjiressed  air.  do  not 
have  the  e.xtni  safety  f.aclor  that  is  desirable  for  use 
in  compres.sed  air  th.at  might  he  slighth  enriched  in 
oxygen. 

The  fabrics  that  .survived  the  24.9^'r  o.wgen  ex- 
periment were  tested  in  mixtures  of  30}y'c  oxygen 


TABLE  V,  Burning  Rates  for  Vertical  Cloth  Strips  at  25 '7- 
and  Higher  Oxygen  Percentages 


Total 

pressure, 

psia 

Roxel 
cotton 
broad > 
cloth, 
24.9%  Oa 

HunitUR  rate,  cm  ^tv 
li 

Ntunex 

plltm 

24.9*0 

Os  Jlt.V','.  O,  ' d;  ‘ 

41.3' ; O? 

14.7 

1.13 

t t 

* 

26 

— 

— 

t 



37 

6.43 

1.54 

1.19 



59 

6.67 

1.33 

1.61 

2.48  J 

0.63 

2.06 

104 

l.OII 

1.36 

1 ; 

1.27 

14H 


i.y? 


1 


2.55 


Tliv  ililuciK  ill  all  cast's  was  nitioRtMi. 

Ill  24.0%  ()?.  wool  ami  iintrcaU'd  cott..n  bioadt  loth  st>  rai.idlv 

that  the  rate  couMmit  be  mcaHiirnl.  ' ^ 

In  24.9%  Os,  Teflon  Rave  a sinull  blue  flame  in  contact  with  the  inniter 
hilt  there  was  no  coinhiistion  lieyoml  die  iRiiiter. 

Meta  hiberglas  dhl  not  burn  at  all. 

♦.Sampli.  burned  so  rapidly  that  llu  rale  could  m»t  be  iiieasiireil. 

the  rate  of  conilmstion  oi  the  main  part  of  the  .<lrip  w.i>  low 
the  initial  flame  was  so  high  that  the  second  thcrmoconplr  was  healeii  at  the 
as  the  first ; hence,  no  rale  could  he  measured. 

t Flume  extingulslied  Itself  before  reachitig  the  last  tiienmicoiitde. 
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aii<l  fi‘^.1'/.  nitrogen.  'I'lit*  ivsnlts  arc  also  given  in 
'I'altle  V.  At  50.9'/,  o.\ygen,  Nomex  fabric  flared 
np  rapidly,  altliougli  the  combustion  of  the  main  part 
of  the  strip  was  still  slow.  Teflon  fabric  burned  a 
distance  of  a few  centimeters,  but  the  flame  always 
went  out  before  the  whole  strip  was  burned.  At 
41.3'/  oxygen,  the  strips  of  Teflon  fabric  burned 
slowly  all  the  way. 

A’(’jr«//.v  in  Oxygen 

Kx|)eriments  in  oxygen  were  carried  out  as  follows. 

1 . 'Pile  test  ve.s.sel  was  evacuated. 

2.  In  the  ca.se  of  the  runs  at  an  angle  of  45°,  water 
vapor  was  admitted  to  a pressure  within  about  2 mm 
Hg  of  the  vapor  pressure  of  water  at  room  tempera- 
ture. For  te.sts  at  90°,  no  water  vapor  was  admitted. 

3.  Pure  oxygen  was  then  admittefl  to  the  desired 
pressure. 

In  the  hope  of  obtaining  a good  comparison,  all 
the  hibrics  were  tested  in  oxygen  at  an  angle  of  45°. 
However,  all  the  flame-resisttmt  hdrrics  except  Teflon 
and  Betti  Fiberghis  burned  so  erratically  and  flam°d 
u])  so  high  tluit  the  rtites  could  not  be  measured, 
even  :it  oxygen  jiressures  .as  low  as  0.21  atm. 

'I'cflon  .and  Beta  Fibergltiss  were  also  tested  in 
pure  oxygen  in  the  vertical  position.  The  results 
with  'I'eflon  are  given  in  Table  VI.  In  the  vertical 
position,  the  burning  nite  bectime  fairly  rapid  at  a 
pressure  of  0.84  .atm,  but  the  fltime  did  not  appear 
to  be  very  hot. 

Bet:i  Fiberghis  cloth  showed  no  signs  of  combus- 
tion, even  at  a pressure  of  2.12  atm  of  undiluted 
oxygen  in  the  verticiil  position. 

Dcscril'tion  of  Fabrics 

A description  of  the  fabrics  tested  and  some  com- 
ments (III  the  results  are  given  below. 

Colton 

White  cotton  terry  cloth  (8.1  oz/yd-')  and  a white 
light-weight  cotton  broadcloth  (3.1  oz/yd“)  were 
both  te.sted.  The  terry  cloth  was  tested  just  as  re- 
ceived from  the  retailer.  1'he  broadcloth  was  a part 
of  a shirt  which  had  been  laundered  many  times  be- 
fore it  was  cut  up  into  samples  for  the  burning  tests. 
Both  burned  too  rapidly  in  the  vertical  position  to 
give  rates  that  could  he  measured  in  our  equipment, 
even  at  atmo.spheric  jiressure.  In  the  vertical  posi- 
tion, the  fuzz  (nap)  rapidly  burned  off  the  terry 


TABLE  VI.  BuminB  Rate  of  TcAon  Cloth  in  Oxygen* 


Partial 
pressure 
of  Oa, 
utmt 

Burning  rate, 
cm /sec,  at  an 
angle  of 

45“ 

90° 

0.21 

t 

X 

0.53 

t 

• • 

0.84 

0.73 

2.60,  ft 

1.16 

1.42 

— 

1.48 

0.63 

3.02,  tl 

2.12 

1.23 

3A7 

* 'I'he  oxygen  contained  water  va|)or  for  the  4S°  angle  tests, 
but  was  dry  for  the  vertical  teats.  The  oxygen  was  the  stand- 
ard II.  S.  P.  ga.s,  containing  99.6'. (.  oxygen  and  0.4'  ( argon. 

T See  Table  IV'  for  corresponding  air  pressures. 

i Burned  only  at  and  near  the  igniter,  then  extinguished 
itself. 

*•  Smoldered  for  S cm  after  the  igniter,  then  extinguished 
it. self. 

ft  In  another  run  the  strip  smoldered  and  curled  for  its 
entire  length. 

Note:  Repetition  of  a symbol  represent.sa  separate  test. 

cloth ; meanwhile,  the  main  body  of  the  cloth  burned 
at  a somewhat  lower  rate.  At  45°  the  nap  did  not 
flame  up,  and  the  burning  rate  could  be  measured; 
this  burning  rate  for  terry  cloth  turned  out  to  be 
lower  than  for  the  light-weight  broadcloth. 

Roxel  Fabric 

A sample  of  white  Roxel  cotton  cloth  (5.4  oz/ 
yd")  was  supplied  by  Hooker.”  Roxel  is  the  trade 
name  for  cellulosic  fabric  finished  with  tetrakis  (hy- 
droxymethyl jphosphonium  chloride  (THPC)  in  a 
proprietary  system  developed  by  Hooker,  based  on 
wo“k  originally  done  [7|  at  the  .Southern  Regional 
Research  Laboratory  of  the  U.  S.  Department  of 
Agriculture.  The  flame-retardant  finish  will  with- 
stand repeated  laundering.  Ro.xel  fabric  is  commer- 
cially available  at  jirices  slightly  higher  than  those 
of  cotton. 

When  the  flame  from  a match  (or  cigarette  lighter) 
was  brought  in  contact  with  the  lower  end  of  a strip 
of  Roxel  held  vertically  in  the  air  of  the  room,  the 
fabric  burned  while  heated  by  the  flame,  but  com’nis- 
tion  stopped  as  soon  as  the  match  or  lighter  was 
withdrawn.  During  the  burning,  the  Roxel  gave  off 
irritating  fumes.  With  regard  to  the.se  fumes,  the 
fallowing  information  was  supplied  to  us  by  Hooker: 
During  charring  of  THPC-treated  cotton  at  400°C. 

“ See  the  last  paragraph  under  Acknowledgments  for  a lo  t 
of  the  complete  name.s  and  addresses  of  companies  that  sui>- 
plied  us  samples  and  information. 
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ABSTRACT 


Materials  Testing  in  a Gaseous  Oxygen  Environment 

David  L.  Pippen 
Jack  S.  Stradling 

The  techniques  developed  at  the  NASA  White  Sands  Test  Facility  for 
testing  materials  in  a gaseous  oxygen  environment  are  discussed. 
Propagation  rate,  flash  and  fire  point,  electrical  arc  ignition,  and 
pneumatic  and  mechanical  impact  sensitivity  test  equipment  are  de- 
scribe^ Each  test  method  provides  a rapid  means  for  evaluating 
materials  for  possible  use  in  oxygen  environments  or  for  material 
screening.  The  test  systems  described  can  be  used  with  various  gas 
mixtures  as  well  as  with  100  percent  oxygen.  The  data  from  test 
techniques  described  were  used  for  determining  the  compatibility  of 
materials  used  in  the  low  and  high  pressure  oxygen  systems  of  the 
Apollo  spacecraft  and  will  continue  to  be  employed  in  support  of 
Skylab  and  Shuttle  test  requirements. 


Table  2--Flash  and  Fire  Point  Test  Results 


Material 


Nylon  Sheet 


Silicone  0-Ring 


Fluorel  Sheet 


Vespel  SP-21 


Test  Pressure 
(psia) 

Flash  Point 
(''F) 

Fire  Point 
(°F) 

Test  Chambe 

5 

740 

None 

L 

25 

760 

773 

L 

50 

568 

568 

H 

100 

529 

529 

H 

500 

464 

464 

H 

1087 

432 

432 

H 

5 

None 

None 

L 

25 

774 

806 

L 

50 

639 

639 

H 

100 

723 

723 

H 

500 

490 

49U 

H 

1000 

434 

434 

H 

1500 

447 

447 

H 

2000 

444 

444 

H 

20 

800 

807 

H 

50 

790 

790 

H 

100 

767 

767 

H 

250 

723 

723 

H 

500 

712 

712 

H 

1000 

648 

648 

H 

1500 

629 

629 

H 

2000 

616 

616 

H 

3000 

603 

603 

H 

5 

566 

None 

L 

25 

953 

None 

L 

50 

935 

935 

H 

100 

921 

921 

H 

500 

835 

835 

H 

1000 

730 

730 

H 

1500 

658 

658 

H 

2000 

631 

631 

H 

❖ Li  = 50  psia  maximum  low  pressure  test  chamber 
H = 3000  psia  maximum  high  pressure  test  chamber 
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ABSTIIACT 


Tht>  fntTfty  required  for  ignition  of  various  materials  and  the  rate  at  which  flames 
spread  over  the  surface  after  i|?nition  were  determined  in  oxysen-nitrogen  and  oxygen- 
helium  mixtures  in  orcier  to  assess  the  fire  haiiards  associated  with  proposed  space 
cabin  atmospheres. 

It  was  found  that  flames  spread  more  rapidly  in  oxygen-helium  mixtures  than  in 
comparable  oxygen-nitrogen  mixtures.  The  experimental  data  correlated  well  with  the 
specific  heats  of  the  gas  mixtures  per  mole  of  oxygen,  indicating  that  the  flame 
temperature  is  the  dominant  factor  in  determining  flame  spread  rates.  A theoretical 
model  of  flame  .spread  was  developed. 

Slightly  more  energy  was  required  to  ignite  materials  in  oxygen-helium  than  in 
oxygen-nitrogen  mixtures:  however,  the  difference  was  snvtll  enough  so  as  not  to 
reduce  significantly  the  fire  hazards,  especially  since  the  flames  spread  more  rapiUiy 
once  the  material  /as  ignited. 

It  was  conciuaed  that  fire  hazards  are  greater  in  oxygen-helium  atmospheres  than 
in  oxygen-nitrogen  atmospheres. 


N 


FLAME  SPRE/VD  RATE  (in./  see.) 

FI  or  UK  2 

l<’lti»"'  Kprniil  rate  for  paper  remaN  heat  eapaeitp  of  atmosphere. 


FLAME  SPREAD  RATE  (in/' sec.) 


FIGURK  3 

Flame  spread  rate  for  eelhtlose  aeetate  versus  heat  capaeitii  of  atmosphere. 


5 


END  OF  REFERENCE 
162 


V 


REFERENCE 

163 

HUGGETT,  C.j  VON  ELBE.  G.;  HAGGERTY.  W.;  AND  GROSSMAN.  J. 
THE  EFFECTS  OF  m%  OXYGEN  AT  REDUCED  PRESSURE  ON  THE 
IGNITIBILITY  AND  COMBUSTIBILITY  OF  MATERIALS. 
SAM-TR-65-78.  ATLANTIC  RESEARCH  CORP.  (AD-i|77338). 

1965, 


COfy  3 


AD  477  338 

THE  EFFECTS  OF  100%  OXYGEN  AT  REDUCED  PRF«!- 

nr''MA°Tt  iONITIBfLlTY  AND  COMBUSTIBILITY^ 

Ut^  MATERIALS 

Clayton  Huggett , et  al 

Aerospace  Medical  Division  (AFSC) 

Brooks  Air  Force  Base,  Texas 

December  1965 


1 


SAM-TR.firi-78 


_;,-V  A '' VU 

vs-  ' -'r’  : ''■■■. 


■',f 


rE  EFFEC 


'■•  "'''-Sh  -'v.  ' ■ < ■ ■■ 

'.•  :-•  •'."  'y-/ 


QP  MATERIAtS 


■ •1.;.  ^ ^ V ■ 0- 


4S'.  ! 


^ •'  . *v 


^ . •■  ■ > ■ ’■/}.!■''  '''  : " i-.., '■’ 

Ct A^N- HUGGETi^ , Pkoi ’e^jil. i f 

f f - ’’  ■ '..  • ;%V' -i 

, ,'•  ..,?,  „ ,-■■■■•  ,v 

-j  k ' • '.  ■*  ■ p v^v.  '•*  ^ .’ 

^■'  ' * , C •-  * . . • ; ;>  «.  .‘*vV  , '••..•;>  V- 

/t,-  •-  ’iO  y.  •>•  f y-Vlf  e-  •■  , ’ * 

: • ^ -3  >v.-  . 

.t' 5-"  ' . 

, ' ■ • V ,'  ■.■■..  ■ ;.•’■•  * ■■‘5  r!  xip-’.i,  ■-'■ 


.,  VI--/*.-  ’ 


"p.- ..  f. 


' * -i,  • .'>;•■  ■'Y-J.'i' 


.J  December  1965 


-..‘rvA 

■,'.  . • 'sv.' 


tjSAP ‘SchopJ  ot  Aerospace  AfedlcW  ;vi^  , 
Aerospace  Medical  Divfeioir-<:4FS^)'  ' 

Broidis  Air  Force  Base,  Texd^  ’ ^-'■.■.  v.v 

. ■■""■.->  ■■■'  "--.vs-r'r  m 

■ ••■,  ■■  .’.jp.,.,  •■  Jr; 

Reproduced  by  (ho  ' 

: CLEARINGHOUSE  -V?  . 

I |°'’ Federal  Scientific  & Technical  ^ - :’;?.  '”=‘i'V. 

Informafion  Spiingfield  Va.  22151  ' . • - 


Qualified  requcslcrs  may  obtain  copies  of  this  report  from  DDC.  Orders  will 
be  expedited  if  placed  tliroiiKh  the  librarian  or  other  person  designated  to  request 
documents  from  DOC. 


When  IT.  S.  Government  drawings,  specifications,  or  other  data  are  used  for 
any  purpose  other  than  a definitely  related  government  procurement  operation,  fhe 
government  thereby  incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the 
fact  that  the  government  may  have  formulated,  furnished,  or  in  any  way  supplied 
the  said  drawings,  specifications,  or  other  data  is  not  to  be  regarded  by  implication 
nr  otherwise,  as  in  any  manner  licensing  the  holder  or  any  other  per^,on  or  corpora* 
tion,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented 
invention  that  may  in  any  way  be  related  thereto. 


HO.  LIMITATION  PER  AF 


SAM 


LETTER  DATED  7-11-67, 


ABSTRACT 


An  investigation  was  conducted  to  determine  the  effect  of  prolonged  exposure  to 
an  atmosphere  of  100%  oxygen  at  a pressure  of  268  mm.  Hg  on  the  fire  hazards 
associated  with  space  cabin  materials.  The  ignitibility  and  combustibility  of  standard 
reference  materials  and  samples  of  materials  normally  found  in  space  cabin  simulators 
were  determined  both  before  and  after  a 30*day  exposure  to  such  an  oxygen  atmosphere. 

The  experimental  results  show  that  flame  spreads  over  the  surfaces  of  materials 
much  faster  in  the  268  mm.  Hg  oxygen  atmosphere  than  in  air.  Some  msteriala  which 
would  not  sustain  combustion  in  air  burned  vigorously  in  the  oxygen  atmosphere. 
Prolonged  storage  in  the  oxygen  atmosphere  had  no  appreciable  effect  on  the  flame 
spread  rate.  However,  the  geometry  and  composition  of  the  material  influenced  this 
rate  significantly.  No  major  differences  were  found  in  the  energies  required  for 
ignition  of  materials  in  air,  in  oxygen,  or  after  storage  in  oxygen. 

Proper  selection  of  materials  used  in  construction  of  space  cabins  and  simulators 
can  significantly  reduce  fire  hazards. 


equivalent  partial  pressure  of  oxygen  (160  mm. 
Hg),  indicating  the  magnitude  of  the  effect  of 
the  inert  nitrogen  in  air. 

The  outcome  of  this  initial  series  of  tests 
confirms  that  the  process  by  which  flames 
spread  over  the  surfaces  of  materials  is  a 
very  complex  one.  The  geometry  of  the  sur- 
face was  found  to  be  a very  important 
parameter.  As  noted  from  the  results  .of  this 
test  series,  flames  propagate  along  sharp 
corners  or  edges  approximately  five  times 
faster  than  over  a flat  smooth  surface.  Al- 
though several  methods  of  preventing  burning 
of  the  edges  were  developed,  none  was  adapt- 
able to  the  storage  tests.  The  aluminum 
silicate  paste  became  very  brittle  during 
storage  and  flaked  off  the  samples.  The  metal 
strip.s  were  too  bulky  to  fit  into  the  storage 
tubes  and  were  not  adaptable  to  many  of  the 
geometries  involved  in  the  apace  cabin  samples. 


This  applies  also  tf  i;;eometrics  such  as  flat 
sheets  or  cylindric  rods.  It  was  therefore 
decided  to  conduct  the  storage  tests  with 
specimens  (0.5  inch  wide  by  4 inches  long) 
cut  from  the  samples  and  to  permit  the  flame 
to  run  along  the  edges.  Admittedly,  the  flame 
spread  rates  would  not  be  as  reproducible  as 
desired,  but  any  gross  differences  in  rates  be- 
fore and  after  storage  would  be  detectable. 

Flame  spread  rates  over  standard  samples. 
The  rates  at  which  flames  spread  over  the  sur- 
face of  standard  materials  in  air  at  normal 
barometric  pressure,  in  pure  oxygen  at  258 
mm.  Hg  absolute,  and  in  the  oxygen  at- 
mosphere after  prolonged  storage  in  oxygen 
are  shown  in  table  XI.  The  flame  spread  rates 
in  air  were  very  consistent  over  different  por- 
tions of  the  same  specimen.  The  flame  spread 
rates  in  the  oxygen  atmosphere,  however, 
varied  over  different  portions  of  the  same 


TABLE  XI 

Effect  of  oxygen  and  storage  in  oxygen  on  flame  spread  rates  over 
various  materials  (edges  not  inhibited) 


Flame  spread  rate  (in./sec.) 

Material 

In  258  mm.  oxygen 

In  air 

Before  storage 

After  30>day 
storage 

Butyl  rubber 

0.006 

0.40  ± 0.04 

0.31  ± 0.04 

Canvas  duck 

NP 

0.26  ± 0.06 

— 

Cellulose  acetate 

0.012 

0.28  ± 0.12 

0.24  ± 0.12 

Kel-F 

NI 

NI 

NI 

Natural  rubber 

0.010 

0.61  ± 0.06 

0.61  ± 0.08 

Neoprene  rubber 

NI 

0.32  ± 0.04 

0.26  ± 0.05 

Nylon  101 

NI 

0.19  ± 0.06 

0.16  ± 0.01 

Plexiglas 

0.005 

0.36  ± 0.01 

0.24  ± 0.01 

Polyethylene 

0.014 

0.26  ± 0.06 

0.36  ± 0.06 

Polypropylene 

0.010 

0.36  ± 0.01 

0.86  ± 0.12 

Polystyrene 

0.0S2 

0.80  ± 0.20 

0.61  ± 0.01 

Polyvinyl  chloride 

NI 

0.10  ± 0.01 

0.06  ± 0.01 

Silicone  rubber 

NI 

0.14  ± 0.01 

0.14  ± 0.01 

Teflon 

NI 

NI 

NI 

Vlton  A 

NI 

0.003  ± 0.002 

0.01  ±.  0.006 

All  MRipIn  except  canvu  duck,  3 by  Ui  by  In.;  canvas  duck,  3 by  Vj  by  >/»  in. 
NP  — No  sustained  propasatlon  of  flame. 

NI  — No  lEnition  of  material. 


TABLE  XII 


Effect  of  oxygen  and  storage  in  oxygen  on  flame  spread  rates  over 
various  space  cabin  materials  (edges  not  inhibited) 


Material 

Flame  spread  rate  (in./sec.) 

In  air 

In  258  mm.  oxygen 

Before 

storage 

After  30-day 
storage 

Aluminized  Mylor  tape 

1.95 

Aluminized  vinyl  tape 

NI 

3.1  ± 0.4 

3.0  ± 0.4 

Asbestos  insulatinsr  tape 

NI 

0.08 

0.06 

Chapstick 

NI 

J.82 

Cotton  shirt  fabric 

NP 

1.60  ± 0.06 

2.10  ± 0.8 

rJlectrieal  insulatinpr  resin 

NI 

0.27 

0.20 

Electrical  terminal  board 

NI 

0.06  ± 0.01 

0.06  ± 0.01 

Filterelas  insulatinfir  tape 

NI 

4.2  ±:  0,6 

2.0  ± 0.8 

Foam  cushion  material 

0.19 

12.4 

11.3 

Foamed  insulation 

0.002 

2.2  ± 0.2 

3.0  ± 0.3 

Food  packet,  aluminized  paper 

NI 

0.28  ± 0.06 

0.^6  * 0.06 

Fond  packet,  brown  aluminum 

NI 

0.7  ± 0.30 

0.8  ± 0.20 

Food  packet,  plastic 

0.33 

0.56 

0.47 

Class  wool 

NI 

NI 

NI 

Maskinp:  tape 

0.17 

1.82 

— 

Paint,  3-M  velvet 

NI 

0.15  ± 0.01 

0.31  ± 0.02 

Paint,  Capon  ivory 

NI 

0.38  ± 0.04 

0.36  ± 0.02 

Paint,  Pratt  & Lambert,  grey 

NI 

0.60  ± 0.2 

0.24 

Pump  oil 

NI 

0.89 

— 

Refrigeration  oil 

NI 

0,82  i:  0.07 

— 

Rubber  tubing 

0.03 

0.24 

0.25  ± 0.06 

Silicone  gtease 

NI 

0.92 

Solder,  rosin  core 

NI 

0.18 

0.26 

Sponge,  washing 

0.07 

8.1  ± 0.1 

10  ± 2 

Teflon  pipe  sealing  tape 

NI 

NI 

NI 

Teflon  tubing 

NI 

NI 

NI 

Tygon  tubing 

0.18 

0.60  ± 0.05 

0.62  ± 0.06 

Wire,  Mil  W76B,  orange 

NI 

0.67  ± 0.06 

0.64 

Wire,  Mil  W76B,  blue 

NI 

— 

0.67 

Wire,  Mil  W7CB,  yellow 

NI 

— 

0.64 

Wire,  Mil  W16878,  green 

NI 

NI 

NI 

Wire,  Mil  W16878,  black 

NI 

NI 

NI 

Wire,  Mil  W16878,  yellow 

NI 

NI 

NI 

Wire,  MU  W1G878,  white 

NI 

NI 

NI 

Wire,  misc.,  white,  3/32  dim. 

NI 

0.33 

0.26 

Wire,  misc.,  black-  3/16 

NI 

— 

0.40 

Wire,  misc.,  brown,  7/32 

NI 

0.61  ± 0.06 

— 

Wire,  misc.,  yellow,  7/G4 

NI 

0.89 

— 

Wire,  misc.,  yellow,  5/32 

NI 

0.41 

— 

NP  — Nu  sustained  propaffution  of  flame. 
NI  — No  iirniUon  iif  material. 


oxyiren  pressure,  and  pressure  changes  were 
followed  by  means  of  mercury  manometers. 
After  completion  of  the  storage  tests  the 
samples  were  reweighed  and  the  weight  change 
recorded.  A sample  of  natural  rubber  was 


stored  under  a pressure  of  160  mm.  Hg  of 
oxygen.  The  results  of  these  tests  are  shown 
in  table  XIII.  The  pressure  in  the  sample  tube 
containing  natural  rubber  decreased  from 
160  mm.  Hg  to  129  mm.  Hg  during  the  252-day 
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By  John  Howard  Kimzey,  NASA-Manned  Spacecraft  Center 

INTRODUCTION 


A series  of  experiments  was  conducted  to  learn  the  effects  of  weightless- 
ness or  "zero  gravity"  on  a flame.  This  program  was  undertaken  so  that  the 
seriousness  of  an  accidental  fire  in  a spacecraft  may  be  evaluated,  and  means 
of  controlling  such  an  event  may  be  developed.  Many  materials  hi  a space- 
craft are  flammable.  A fire  could  result  from  any  number  of  malfunctions  in 
the  100-percent-oxygen  environment. 

Only  two  instances  were  found  in  the  literature  regarding  flammability  in 
zero  gravity.  In  1956,  Kumagai  and  Iscda  reported  on  combustion  of  liquid 
droplets  in  a falling  chamber.  Data  showed  that  as  the  droplet  diameter  de- 
creased the  flame  diameter  increased.  Time  was  less  than  one-third  second. 
Next,  Hall  in  1963  observed  a burnh^  candle  in  aircraft  tests  with  intervals 
reported  to  be  as  long  as  25  to  28  seconds.  He  concluded  that  the  coloration 
change  to  deep  blue,  and  some  thermocouple  data,  indicated  a somewhat  hot- 
ter flame  than  in  Ig.  Both  of  these  earlier  workers  indicated  that  a steady- 
state  condition  existed. 


ZERO-G  FLAMMABILITY-FEASE  I 


A comparison  between  a flame  in  Ig  and  zero-g  environments  is  indicated 
in  f^re  1.  hi  Ig  burning  of  paraffin  (shown  in  the  left  side)  a series  of  events 
takes  place  simultaneously.  Solid  material  is  converted  to  a gas,  thereby 
absorbing  energy.  The  gas  physically  mixes  with  the  surrounding  atmosphere 
and,  in  chemically  reacting  with  the  oxygen,  liberates  energy.  Hot  gas  prod- 
ucts are  formed:  carbon  dioxide,  carbon  monoxide,  water  vapor  and  a long 
list  of  minor  constituents  ranging  from  hydrogen  to  complex  acids,  alcohols, 
and  other  organic  compounds.  These  products  are  formed  through  various 
intermediates  including  atoms  and  free  radicals.  The  high  temperature  of 
these  gases  contributes  to  their  low  density.  The  gases  rise  out  of  the  flame 
zone,  allowing  more  oxygen  to  enter  and  mix  with  the  fuel  gases.  Thus  a 
steady  state  is  possible  and  the  flow-in  can  b&  equated  to  the  flow-out.  The 


TABLE  K - BURNING  RATES  IN  Ig  AND  ZERO-g 


Rate  of  burningy 

inch  per  second 

Fuel^ 

Ig 

Zero-g 

15  psia 
air 

5 psia 
oxygen 

15  psia 
oxygen 

15  psia 
air 

5 psia 
oxygen 

15  psia 
oxygen 

Neoprene 

0.2 

- 

0.10 

- 

Silicone 

0.04 

0.5 

1.1 

0.08 

- 

Teflon 

0.0 

- 

- 

- 

- 

Polyurethane 

MB 

0.6 

0.7 

0.08 

0.15 

Dacron^ 

- 

0.6 

my 

- 

0.08 

0.15 

Note: 

1.  Fuel  is  tubular  ( #10  AWG  I.  D. ) and  threaded  over  a steel  or 
ceramic  mandrel. 

2.  Dacron  thread  is  wrapped  around  polyurethane. 

3.  Ignition  is  provided  by  electric  resistance  coil. 

4.  Temperature  of  atmosphere  is  65  ± 5®  F. 


22 


END  OF  REFERENCE 
16N 


REFERENCE 

165 


DAWN,  F.  S,:  NONMETALLIC-MATERIALS  DEVELOPMENT  FOR 
SPACECRAFT  APPLICATIONS.  CONFERENCE  ON  MATERIALS  FOR 
IMPROVED  FIRE  SAFETY.  NASA  SP-5096,  1971. 


► 

i 

i 

1 ■ ■■  1 MU-M  .I.— g=r 

j 

■ 

: 

' 

i 

. 

1 

t 

J 

‘ 

— 

1 xai . 

J 

. * 

• 

• •*■•.  1 

> 1 

CONFERENCE  ON 
MATERIi^LS  FOR  IMPROVED 
FIRE  SAFETY 


MANNED  SPACECRA^^^^ER 
HOUSTON,  TEXAS 
MAY  6-7,  1970 


NASA  SP-5096 


CONFERENCE  ON 
MATERIALS  FOR  IMPROVED 
FIRE  SAFETY 


MANNED  SPACECRAFT  CENTER 
HOUSTON,  TEXAS 
MAY  6-7,  1970 


Technology  Utilization  Office  1971 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

Washington,  D.C. 


FOREWORD 


The  Manned  Spacecraft  Center  was  pleased  to  host  the  NASA  Confer- 
ence on  Materials  for  Improved  Fire  Safety  which  was  held  May  6-7, 1970. 
Tliis  document  is  a compilation  of  papers  presented  at  the  conference  and 
represents  the  culmination  of  several  years  of  effort  by  NASA  and  indus- 
try which  was  directed  toward  the  common  objective  of  minimizing  the 
fire  hazard  in  manned  spacecraft  and  in  some  other  related  areas.  One  of 
the  more  serious  problem  areas  in  the  Apollo  program  was  the  flammability 
of  nonraetallic  materials.  The  effective  and  timely  solution  of  this  problem 
area  resulted  from  much  of  the  effort  reported  herein  and  contributed 
greatly  toward  the  successful  achievement  of  landing  men  on  the  Moon 
and  returning  them  safely  to  Earth. 

Each  year  on  Earth  the  loss  in  property  and  human  lives  resulting  from 
fire  is  enormous.  The  materials  developed  for  improved  fire  safety  and  the 
many  lessons  and  knowledge  gained  in  the  course  of  conducting  this  re- 
search and  development  are  quite  extensive  and  should  find  many  direct 
and  useful  applications  in  industrial,  commercial,  and  domestic  areas. 
With  the  judicious  and  proper  application  of  such  information  it  should 
be  possible  to  make  a large  step  toward  minimizing  this  age-old  hazard  to 
mankind. 

Robert  R.  Gilruth 

Director 

Manned  Spacecraft  Center 
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MATERIALS  FOR  IMPROVED  FIRE  SAFETY 


Table  XYlI.-^FlmHmability  Test  Results  on  Typieal  Apollo  Nonrnetallic 

Materials 

[Silieono  ignitor,  100  poreont  oxygon] 


S'-Vis’,  in./scc 


Materials  Top  ignition  Bottom  spnition 


1G.5  psia  G.2  psia  1G.5  psia  »1G.C'  psia  G.2  psia 


Beta •'NI  NI  NI  NI  NI 

Teflon SE  SE  .05  .30  .30 

PBI 20  .10  .41  30  .80 

Asbeston 'SE  SE  SE  SE  SE 

Nomex 33  .10  1.00  .00  .00 

Viton SE  SE  SE  SE  SE 

Pluorel. SE  SE  SE  SE  SE 

CNR SE  SE  SE  SE  SE 

Velcro  02  .01  .50  .37  .35 


“ 00  percent  oxygen,  40  percent  nitrogen.  ° SE— -Self-extinguiBliing. 

b Ni—No  ignition.  Astro  Velcro. 


Table  XVIII. — Offgassing  Characteristics  of 
New  Materials 


Materials 

Total 

organic, 

Carbon 

monoxide, 

A«g/g 

Odor 

Burette 

0.6 

3.0 

0.2 

Polysulfone 

Fluorinated 

.9 

.2 

1.0 

polyurethane 

89.0 

8.0 

.6 

Polyquinoxaline 

.5 

4.3 

1.3 

Asbestos  foam 

4.1 

3.7 

1.7 

Fypro 

1.0 

4.0 

.7 

ant  plastic  for  helmet-visors  and  instrument 
panels.  Flame-resistant  plastic  films  for 
thermal  insulations  and  packaging  materials 
also  are  needed.  In  addition,  the  development 
of  flame-resistant  organic  fibers,  elastic 
fibers,  finer  diameter  glass  fibers,  elastomers, 
coatings,  adhesives,  films,  and  fasteners  is 
continuing  with  emphasis  on  improved  physi- 
cal properties. 

Many  of  the  materials  developed  for  the 
Apollo  Program  are  in  cominercial  and  mili- 
tary use.  Interchanges  of  information  are 
taking  place  with  the  aircraft  indus  ry, 


which  is  interested  in  building  improved 
flame-resistant  airplane  interiors,  with  the 
U.S.  Army  for  possible  use  as  flameproof, 
inflatable-portable  hospitals,  and  with  the 
U.S.  Navy  for  potential  sea  laboratory  appli- 
cations. Other  potential  applications  are 
noted  in  table  XX. 
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New  Materials  for  Manned  Spacecraft, 
Aircraft,  and  Otl  • Applications 


Matthew  I.  Radnofsky 
Manned  Spacecraft  Center 


The  NASA  nonmetallic-materials  develop- 
ment program  has  achieved  a high  degree  of 
fire  safety  within  the  Apollo  spacecraft. 
When  properly  adapted  for  other  uses,  many 
of  the  nonflammable  and  fire-resistant  mate- 
rials developed  by  NASA  should  make  a sig- 
nificant contribution  toward  firepi'oofing  air- 
craft and  other  interiors. 

Although  the  overall  objectives  of  fire- 
proofing a spacecraft  cabin  ai’e  similar  to 
those  of  fireproofing  an  aircraft  interior, 
some  significant  differences  merit  considera- 
tion in  the  final  selection  of  materials.  The 
spacecraft  ci’ew  bay  contains  a closed  envi- 
ronment, while  an  aircraft  cabin  contains  a 
ventilated,  open  environment.  Therefore, 
considerations  of  odor  and  toxic  offgassing 
are  much  more  critical  for  spacecraft  than 
for  aircraft.  In  addition,  manned  spacecraft 
to  date  have  operated  in  space  with  a 100- 
percent-oxygen  atmosphere,  while  most  air- 
craft operate  with  an  air  or  mixed-air-and- 
oxygen  atmosphei’e.  This  factor  has  severely 
limited  the  use  of  materials  in  spacecraft  in- 
teriors because  veiy  few  nonmetallic  materi- 
als exist  that  will  not  burn  in  oxygen. 

When  materials  for  aircraft  are  selected, 
other  considerations  are  of  greater  impor- 
tance. Foremost  among  these  considerations 
is  durability.  Because  of  the  relatively  short 
usage  time  in  currently  operational  space- 
craft, compromises  have  been  made  in  this 
area  in  favor  of  improved  fire  safety.  Func- 
tional utility  for  the  duration  of  a single  mis- 
sion (with  adequate  margins)  has  been  an 
acceptable  criterion.  However,  nonmetallic 


materials  that  will  withstand  the  rigors  of 
repetitive  usage  are  requii’ed  for  aircraft. 
With  the  advent  of  increasingly  long  space 
missions,  the  variation  in  durability  criteria 
between  aircraft  and  spacecraft  lessens. 

For  the  airlines,  aesthetic  considerations 
are  almost  as  important  as  durability.  To 
date,  this  factor  has  been  of  little  concern  in 
spacecraft-interior  design.  How’ever,  aes- 
thetic considerations  become  important  with 
increasingly  long  space  missions. 

While  many  of  the  fibrous  materials  used  in 
the  spacecraft  cannot  be  dyed  and  ai*e  availa- 
ble only  in  white  or  varying  shades  of  brown, 
methods  of  coloring  fire-resistant  fibers  are 
being  sought  actively  by  industry.  The  appli- 
cability of  many  of  the  recently  developed 
nonflammable  and  fire-retardant  spacecraft 
materials  for  many  commercial-aircraft 
items  such  as  curtains,  upholstery,  carpets, 
decorative  panels,  cabinets,  paper  products, 
oxygen  lines  (and  associated  equipment  such 
as  masks),  and  straps  is  reviewed  and  dis 
cussed  in  this  paper. 

FIBROUS  MATERIALS 
Asbestos  Fiber 

Undoubtedly,  the  hif?hest  degree  of  non- 
flammability can  be  obtained  with  inorganic 
fibers  such  as  asbestos  and  fiber  glass.  Asbes- 
tos, a natural  mineral  fiber,  is  not  used  in 
any  exposed  areas  of  the  spacecraft,  how- 
ever, because  of  a tendency  to  shed  particu- 
late matter.  This  shedding  is  caused  by  the 
short  staple  length  of  the  individual  fibers, 
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MATERIALS  FOR  IMPROVED  FIRE  SAFETY 


Table  XLV. — Fabric-Characteristics  Summary 


Combustion  rate,  in/see  Physical 


Fabric 

Weight, 
oz/sq 
yd  • 

Air 

10  psia 

35  percent  oxygen, 
65  percent  nitrogen 

6.2  psia 
oxygen 

$ 

rt 

’w  13 
Q.  Gi 

CO  « 

fH  O 

16.5  psia 

60  percent  oxygen, 
40  percent  nitrogen 

Elongation, 

percent 

(b» 

Breaking  strength 
(warp),  Ib/in. 

(b) 

Tear  strength,  g 
(e) 

Wear  resistance, 
number  of  cycles 

(d) 

Folding  endurance, 
number  of  cycles 

(e) 

Stiffness,  in/lb 
(f) 

Nylon 

. 6.9 

“NA 

NA  0.78 

NA 

NA 

22  350 

>6400 

174 

>5000 

0.002 

Beta  4190B 

. 6.5 

0 

0 0 

0 

0 

8.1  106 

2400 

148 

>5000 

.003 

Beta  4484/Teflon. 

. 6.1 

0 

0 0 

0 

0 

8.9  142 

>6400 

151 

>5000 

.003 

Teflon— bleached 

8.7 

NA 

0.29  .13 

0.435 

NA 

67  59 

5100 

93 

>5000 

.0002 

T162-42 

Teflon — natural... 

. 16.9 

NA 

NA  .21 

.725 

NA 

56  172 

5400 

343 

>5000 

.002 

Nomex  (HT  90- 

6 2 

NA 

.121  .63 

1.90 

NA 

40  325 

>6400 

689 

>5000 

.001 

40) 

Nomex — treated — 

7.3 

NA 

NA  .42 

NA 

NA 

10  128 

3000 

353 

>5000 

.004 

POCl3Br2 

Polybenzimida- 

5.0 

NA 

NA  .003 

.009 

NA 

20  149 

4600 

206 

>5000 

.004 

zole — untreated 

Polybenzimida- 

8.0 

0 

NA  0 

NA 

NA 

60  188 

>6400 

234 

>5000 

.002 

zole— treated — 
POOL 

Polybenzimida- 

5.9 

NA 

NA  .14 

NA 

NA 

20  184 

5700 

721 

>5000 

.002 

zole — treated — 
POCl3Br2 

Durette  (X-400) . . 

6.2 

NA 

p SE  .31 

.813 

NA 

30  138 

5900 

126 

>5000 

.0003 

X-410 

5.0 

NA 

SE  .29 

NA 

NA 

14  200 

3000 

96 

>5000 

.001 

X-420 

5.6 

NA 

NA  .30 

NA 

NA 

13.3  124 

4100 

93 

>5000 

.002 

Nickel  chromium 

18.0 

0 

0 0 

0 

0 

NA  176 

5400 

869 

>5000 

.008 

(Karma  cloth  or 
Chromel-R) 

Fypro  5007/7 

6.0 

0 

.29  .7 

NA 

0.8 

24  154 

3800 

836 

>5000 

.003 

Kynol  fiber 

NA 

NA 

.27  .71 

(SE)  (SE) 

NA 

5.0 

(SE) 

20  '■1.7 

NA 

NA 

>5000 

NA 

* Physical  test  method  according  to  Federal  Standard  (FED  STD)  191,  method  5041. 

*■  Physical  test  method  according  to  FED  STD  191,  method  5104, 

' Physical  test  method  according  to  FED  STD  191,  method  5132. 

Physical  test  method  according  to  FED  STD  191,  method  5302. 

* Physical  test  method  according  to  American  Society  for  testing  materials  specification  ASTM-D  2176. 
' Physical  test  method  according  to  FED  STD  191,  method  5202. 

* Physical  test  method  according  to  FED  STD  191,  method  5306  (C517  wheel). 

Physical  test  method  according  to  FED  STD  191,  method  5304  (600-grit  paper). 

‘ Physical  test  method  according  to  FED  STD  191,  method  5450. 
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characteristics 

Outgassing 

Abr-sion, 
number  of  cycles 

(K) 

Abrasion, 
number  of  cycle.s 
(h) 

I.S 

aa 

Electrostatic  charge, 

nanocouiombs 

(j) 

Thermal  conductivity, 
cal/sec-cm2  (°C/em) 
(k) 

Sample  thickness,,  in. 
(I) 

Odor 

(m) 

Carbon  monoxide, 
pg/g 

Total  organics, 
pg/g 

Cost, 

dollars 

Availability 

Supplier 

2468 

870 

7.98 

8.0 

1.49  X 
10-1 

0.0145 

12 

1.2 

0.0003 

3/yd 

Commercial 

Stern  and  Stem 

198 

85 

.5 

2.0 

1.69X 

10-* 

.008 

NA 

NA 

NA 

6/yd 

Commercial 

Oweris-Goming 

125 

1200 

22.7 

18.0 

1.2X 

10-‘ 

. 008  to 
.009 

NA 

NA 

NA 

10/yd 

Available  on 
special  order 

Owens-Corning 

584 

600 

4.8 

20.0 

2.1  X 
10-1 

.009 

0.9 

.7  34.0 

30/yd 

Commercial 

NA 

1075 

1952 

11.2 

32.0 

1.8  X 
10-1 

.018 

1.7 

4.2 

9.0 

30/yd 

Commercial 

E.  I.  du  Font 

943 

260 

4.9 

8.0 

1.58X 

10-1 

.013 

7 

.4 

1.0 

8/yd 

Commercial 

Stem  and  Stem 

450 

227 

10.9 

.06 

1.6  X 
10-1 

.014 

NA 

NA 

NA 

“ 6/yd 

Experimental... 

Dynatech 

629 

143 

98.5 

40.0 

3.0  X 
io-i> 

.0135 

5 

2.4 

3.0 

200/lb 

Government  use 
only 

Cv>lanese 

2481 

1651 

26.9 

2.6 

3.2  X 
10-5 

.017 

NA 

NA 

NA 

° 6/yd 

Experimental 

Dynatech 

1200 

1500 

38.7 

2.4 

4.8  X 
10-5 

.014 

NA 

NA 

NA 

NA 

Experimental 

Monsanto 

467 

116 

89.1 

2 0 

1.3  X 
10-1 

.012 

NA 

3.7 

0 

25  to 
50/yd 

Being  evaluated. 

Monsanto 

145 

65 

28.9 

18.0 

1.8  X 
10-1 

.0118 

11 

2.8 

1.0 

NA 

Experimental 

Monsanto 

100 

350 

43.4 

.01 

2.0  X 

io-« 

.013 

NA 

NA 

NA 

NA 

Experimental 

Monsanto 

2034 

977 

68.8 

0 

NA 

.010 

NA 

NA 

NA 

150  to 
1500/lb 

Available  on 
special  order 

Fabric  Research 
Laboratory 

217 

41 

49 

12 

2.0  X 
10-1 

.015 

.7 

4 0 

1.0 

6.50/yd 

Commercial 

Travis  Mills 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

5/lb 

Commercial 

Carbomndum 

i Physical  test  method  according  to  Sweeney  test  method. 

Physical  test  method  according  to  Cenco-Fitch  test  method. 

' Physical  test  method  according  to  FED  STD  191,  method  5030. 

“ Physical  test  method  according  to  MSC  specification  MoC-PA-D-67-13;  2.5  or  lower  is  acceptable. 
“Not  available. 

° Treated. 

» Self-extinguished. 

« Breaking  tenacity,  g/denier. 


Table  XLIX. — Characteristics  of  Fhiorocarbon  Elastomers 


Combustion  rate,  in/sec  Physical  characteristics 

(“) 


Material 

10  psia 

35  percent  oxygen, 
65  percent  nitrogen 

6.2  psia  oxygen 

16.5  psia  oxygen 

16.5  psia 

60  precent  oxygen, 
40  percent  nitrogen 

Elongation,  percent 
(b) 

Tensile 
strength,  psi 
(b) 

Tear 

strength,,  Ib/in. 

(c) 

Embrittlement 
temperature,  "P 
(d) 

Specific  gravity 

(e) 

Durometer, 
Shore  A 
(f) 

Hydrogen 
permeability, 
l/m2/24  hr  <e) 

Fluorel  1059  L-23171-1 

..  ‘NA 

iSE 

NA 

NA 

210 

2045 

122 

NA 

1.99 

71 

NA 

Fluorel  1071 

..  NA 

NA 

SE 

NA 

200 

1370 

55 

-60 

2.03 

55 

NA 

Fluorel  1076 

..  NA 

SE 

SE 

NA 

350 

1250 

77 

-86 

1.97 

45 

NA 

Fluorel  1079K 

NA 

SE 

'0.040 

NA 

300 

1523 

75 

-90 

2.02 

49 

NA 

Fluorel  L-3203-6 

..  NA 

NA 

SE 

NA 

75 

1558 

128 

NA 

2.11 

97 

NA 

Fluorel  L-3251-3 

..  NA 

SE 

SE 

NA 

75 

1820 

61.5 

NA 

2.08 

96 

NA 

Fluorel  L-3203-6  RL  3550, 
25  percent  asbestos. 

NA 

NA 

SE 

NA 

25 

100 

128 

NA 

1.94 

97 

NA 

Viton  238-12-1 

..  NA 

>SE 

‘ .030 

NA 

NA 

613 

NA 

NA 

NA 

NA 

NA 

Viton  238-26-1 

..  NA 

0.016 

‘ .025 

SE 

230 

800  to 
1240 

95 

“-65 

2.11 

57 

NA 

Viton  238-97-1  on  Beta 

..  NA 

.037 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Viton  238-46-1 

..  NA 

NA 

.016 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Viton  238-46-2 

..  ‘SE 

'SE 

'SE 

NA 

500 

1587 

166.2 

-222 

2.0 

70 

0 

Viton  238-98-1  » 

..  NA 

‘SE 

NA 

NA 

70 

765 

NA 

NA 

NA 

“50 

NA 

Viton  238-99-1  p 

..  NA 

'SE 

'SE 

NA 

NA 

NA 

NA 

NA 

NA 

Q 40 

NA 

Viton  DR-8380 

..  NA 

‘SE 

.016 

NA 

400 

1720 

140.0 

-50 

NA 

82 

0 

Carboxy  nitroso  rubber 

..  'NI 

NI 

NI 

NI 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Polyquinoxaline,  laminated. 

..  NA 

SE 

.007 

SE 

NA 

1700 

NA 

-323 

NA 

NA 

NA 

Fluorinated  urethane 

..  NA 

NA 

NA 

SE 

NA 

NA 

NA 

NA 

1.87 

100 

NA 

Polyimide  laminate 

..  NA 

NA 

NI 

NA 

NA 

5200 

NA 

NA 

1.76 

NA 

NA 

* Tissue  ignitor.  All  listed  materials  are  nonflammable  in  air. 

’’  Physical  test  method  according  to  American  Society  for  Testing  Materials  (ASTM)  standard  D 412. 
° Physical  test  method  according  to  ASTM  standard  624. 

^ Physical  test  method  according  to  MSC  test  method. 

' Physical  test  method  according  to  FED  STD  601,  method  14011. 

‘ Physical  test  method  according  to  ASTM  standard  D 2240. 

« Physical  test  method  according  to  ASTM  standard  D 815. 

'■  Physical  test  method  according  to  FED  STD  191,  method  5030. 

‘ Not  available. 
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Physical 

characteristics 

ri 

M 

in 

a 

C 

1 

flT  St 

%1a  ^ 

So 
‘S  g 

w s.3 

Outgassing 

'O 

*3  CO 

o " 

S ^ 

g O 

S ’S.M  S.M 

o o ^ ^ ^ 

Cost,  dollars 

Application 

Availability 

Supplier 

NA 

0.070 

1.3 

2.7 

1.0 

2000/lb 

Hoses  and  headrests 

Commercial 

Mosites  Rubber,  Ray- 
bestos-Manhattan. 

3.3 

C‘4.4) 

.075 

1.4 

.9 

1.0 

3750/lb 

Tubes  and  hoses 

Commercial 

Mosites  Rubber. 

3.7 

(“4.6) 

.080 

.4 

.6 

1.0 

3760/lb 

Tubes  and  hoses 

Commercial 

Mosites  Rubber. 

6 (»6) 

.069 

1.2 

.4 

1.0 

3750/lb 

Tubes  and  hoses 

Commercial 

Mosites  Rubber. 

NA 

NA 

1.0 

.7 

1.0 

2220/lb 

Nonflammable 

coatings 

Commercial 

Raybestos-Manhattan. 

NA 

NA 

1.2 

1.3 

3.0 

2220/lb 

Boot  soles  (softer 
than  L-3203-6) 

Commercial 

Raybestos-Manhattan. 

NA 

NA 

NA 

NA 

NA 

130.39/ 

gal 

Fireproof  coating 

Commercial 

Raybestos-Manhattan. 

0 

.126 

.8 

.4 

0 

NA 

Tubing,  hoses,  and 
molded  parts 

Commercial 

E.  I.  du  Pont 

0 

.125 

.9 

.4 

0 

19.35/lb 

Tubing,  hoses,  and 
molded  parts 

Commercial 

E.  I.  du  Pont 

NA 

NA 

NA 

NA 

NA 

NA 

Fireproof  coating 

Commercial 

E.  I.  du  Pont 

N^ 

NA 

NA 

NA 

NA 

NA 

Tubing,  hoses,  and 
molded  parts 

Commercial 

E.  I.  du  Pont 

NA 

.126 

.5 

.4 

0 

37.10/lb 

Tubing,  hoses,  and 
molded  parts 

Commercial 

E.  I.  du  Pont 

NA 

.0055 

NA 

NA 

NA 

NA 

Fireproof  coating 

Commercial 

E.  I.  du  Pont 

NA 

NA 

NA 

NA 

NA 

NA 

Conformal  coating 

Commercial 

E.  I.  du  Pont 

NA 

.125 

1.0 

.6 

.4 

NA 

Extruded  elastomer 

Commercial 

Detroit  Rubber 

NA 

NA 

2.7 

1.0 

24.0 

500/lbs 

Nonflammable, 

solvent-resistant 

elastomer 

Not  currently 
being  pro- 
duced 

Thiokol  Chemical 

NA 

.126 

NA 

NA 

NA 

900/gal 

Structural  com- 
posite 

Commercial 

Narmco  Research  and 
Development  Divi- 
sion, Whittaker  Corp. 

NA 

NA 

.6 

8.0 

89.0 

1800/lb® 

Flame-resistant, 
flexible  adhesive 

NASA  con- 
tracts only 

Narmco  Research  and 
Development  Divi- 
sion, Whittaker  Corp. 

NA 

.125 

NA 

NA 

NA 

6.97/sq 

yd 

Structural  com- 
posite. 

Commercial 

E.  I.  du  Pont 

> Self-extinguished. 

^ With  grain. 

' Silicone  ignitor. 

■“  Centigrade. 

“ Stability  (viscosity  60  cP) — no  change  in  14  days. 
'>  Shore  D. 

p Stability — no  change  in  14  days, 
o Shore  C. 

'No  ignition, 
s Approximate. 
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Table  6 

Combustion  of  High  Temperature  Nylon  (Nomex)  in  Mixtures 
Containing  41%  Oxygen 


Warp  Direction 

Fill  Direction 

Total 

Pres- 

41%  O2/N2 

41%  02/He 

41%  O2/N2 

41%  02/He 

sure 

(psia) 

Ignition 

Delay 

(sec) 

Burn 

Rate 

(cm/sec) 

Ignition 

Delay 

(sec) 

Burn 

Rate 

(cm/sec) 

Ignition 

Delay 

(sec) 

Burn 

Rate 

(cm/sec) 

Ignition 

Delay 

(sec) 

Burn 

Rate 

(cm/sec) 

15 

10.0 

0.64 

22.4 

0.54 

12.0 

0.52 

24.6 

Wm 

65 

5.1 

1.02 

24.0 

0.89 

- 

- 

22.2 

115 

5.8 

1.87 

18.0 

1.76 

6.8 

1.43 

15.8 

■■ 

215 

5.0 

3.2 

15.0 

2.31 

- 

- 

- 

■■ 

315 

4.2 

5.77 

14.9 

2.82 

- 

- 

8.9 

1.58 

Only  two  instances  of  the  effect  of  helium  versus  nitrogen  as  the  inert  gas  in  the 
flammability  of  solid  materials  have  been  found  (10,12)  other  than  that  from  this  Labora- 
tory (6).  Klein  (12)  concluded  that  the  burning  rate  of  cotton  cloth  in  atmospheres  of  oxy- 
gen and  helium  differs  very  little  from  atmospheres  of  oxygen  and  nitrogen  at  pressures 
of  0.5  atm.  or  less.  Huggett,  et  al.  (10),  concluded  that  nitrogen  is  more  effective  than 
helium  in  reducing  flame  spread  rate  (at  760  mm  Hg  and  less).  In  our  earlier  work  (6)  it 
was  observed  that  "most  of  the  materials  tested  had  a decidedly  greater  burning  rate  in 
the  helium  mixtures  than  in  nitrogen  mixtures."  In  the  present  work  this  statement  can 
still  be  made  (Fig.  9),  but  in  one  important  case  shown  in  Fig.  10,  high  temperature  ny- 
lon (FM-9)  burned  much  faster  in  41%  Oj/Nj  than  in  41%  02/He.  This  case  is  discussed 
in  more  detail  in  the  next  section  of  this  report. 


EFFECT  OF  THE  NATURE  OF  THE  MATERIAL 

The  first  report  of  this  series  (6)  clearly  indicated  that  materials  vary  in  their  de- 
gree of  flammability  — from  highly  flammable  (easily  ignitable  and  fast  burning)  to  non- 
flammable under  the  test  conditions.  However,  the  effect  of  variables,  such  as  pressure 
and  diluent,  on  flammability  is  influenced  by  the  nature  of  the  material  being  studied. 

The  following  studies  will  confirm  these  facts. 

A temperature-resistant  nylon  (FM-9)  was  studied  in  41%  O2  mixtures  in  both  nitro- 
gen and  helium  up  to  total  pressures  of  315  psia.  The  data  are  given  in  Table  6 and  a 
comparative  plot  in  Fig.  10  shows  increased  burning  rates  for  Nomex  nylon  in  41%  O2/N2 
over  helium.  In  contrast  with  this  data  Fig.  6 shows  that  filter  paper  burned  faster  in 
41%  02/He  than  in  41%  O2/N2. 

In  Fig.  11  a plot  is  made  comparing  rates  for  Nomex  and  the  filter  paper  (FM-1)  in 
41%  O2/N2.  This  graph  shows  that  Nomex  burned  much  faster  than  filter  paper  in  this 
atmosphere  at  higher  pressures.  For  example,  at  315  psia  Nomex  burned  about  four 
times  as  fast  as  the  filter  paper.  The  significance  of  this  difference  is  underscored  by 
the  fact  that  Nomex  would  not  burn  in  ordinary  air  (21%  O2)  even  at  315  psia,  whereas 
the  filter  paper  ignited  readily  in  air  at  pressures  as  low  as  8 psia.  The  differences  in 
pyrolysis  rates  between  Nomex  nylon  and  paper  under  various  conditions  probably  account 
for  their  different  flammability  behavior.  Plans  have  been  made  to  study  this  phase  of 
the  work  in  more  detail. 
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TABLE  II.  - EFFECTS  OF  OXYGEN  CONCENTRATION  ON 


FLAME  SPREAD  RATE 


Fuel 

Test 

Gas 

velocity, 

cm/sec 

Gas 

pressure, 

atm 

Oxygen 
concentration, 
mole  fraction 

Average  flame 
spread  rate, 
cm/sec 

Plexiglas 

9 

13 

6.8 

0.905 

2.55 

10 

15 

7.3 

.824 

2.54 

11 

16 

7.1 

.738 

1.75 

12 

13 

6.8 

.579 

1.83 

13 

14 

6.8 

.351 

.77 

14 

14 

6.8 

.239 

.30 

Nylon 

15 

21 

6.6 

0.943 

1.37 

16 

14 

7.5 

.892 

1.07 

17 

16 

7.5 

.808 

.93 

18 

16 

6.6 

.717 

.70 

19 

16 

6.6 

.600 

.66 

20 

14 

7.2 

.552 

.67 

21 

16 

6.6 

.324 

.24 

Teflon 

9 

13 

7.4 

0.905 

0.01 

10 

15 

7.1 

.824 

.01 

11 

15 

7.4 

.695 

(a) 

12 

15 

6.9 

.583 

(a) 

13 

13 

6.9 

.526 

(a) 

^No  flame  propagation  apparent  in  these  tests. 


TABLE  ni  - EFFECTS  OF  GAS  VELOCITY  ON 


FLAME  SPREAD  RATE 


(Oxyccn  concentration.  1 . 0 molo  fraction . | 


TABLE  IV.  - EFFECTS  OF  PRESSURE 
ON  MASS  CONSUMPTION  RATE 


[Gas  velocity,  16  cin/sec;  oxygen  concen- 
tration, 1. 0 mole  fraction.  ] 


Fuel 

Test 

Gas 

Mass 

pressiu-e. 

consumption  rate. 

atm 

g/sec 

Teflon 

1 

8.0 

0. 165 

2 

36.5 

.265 

3 

70 

.365 

Nylon 

1 

8.0 

0.120 

2 

36.5 

.125 

3 

70 

.195 
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